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Abstract

H Abstract

Fabricating electronic devices from natural, renewable resources has been a common goal in
engineering and materials science for many years. In this regard, carbon is of special
significance due to its biological compatibility. In the laboratory, carbonized materials and their
composites have been proven as promising solutions for a range of future applications in
electronics, optoelectronics, or catalytic systems. On the industrial scale, however, their
application is inhibited by tedious and expensive preparation processes and a lack of control
over the processing and material parameters. Therefore, we are exploring new concepts for the
direct utilization of functional carbonized materials in electronic applications. In particular,
laser-induced carbonization (carbon laser-patterning (CLaP)) is emerging as a new tool for the
precise and selective synthesis of functional carbon-based materials for flexible on-chip

applications.

We developed an integrated approach for on-the-spot laser-induced synthesis of flexible,
carbonized films with specific functionalities. To this end, we design versatile precursor inks
made from naturally abundant starting compounds and reactants to cast films which are
carbonized with an infrared laser to obtain functional patterns of conductive porous carbon
networks. In our studies we obtained deep mechanistic insights into the formation process and
the microstructure of laser-patterned carbons (LP-C). We shed light on the kinetic reaction
mechanism based on the interplay betweenthe precursor properties and the reaction conditions.
Furthermore, we investigated the use of porogens, additives, and reactants to provide a toolbox
for the chemical and physical fine-tuning of the electronic and surface properties and the
targeted integration of functional sites into the carbon network. Based on this knowledge, we
developed prototype resistive chemical and mechanical sensors. In further studies, we show
the applicability of LP-C as electrode materials in electrocatalytic and charge-storage

applications.

To put our findings into a common perspective, our results are embedded into the context of
general carbonization strategies, fundamentals of laser-induced materials processing, and a

broad literature review on state-of-the-art laser-carbonization, in the general part.
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Zusammenfassung

H Zusammenfassung

Die Herstellung elektronischer Geréte aus natiirlichen, erneuerbaren Ressourcen ist seit vielen
Jahren ein gemeinsames Ziel in den Ingenieurs- und Materialwissenschaften. Kohlenstoff
kommt dabei aufgrund seiner biologischen Vertraglichkeit eine besondere Bedeutung zu. Im
Labor haben sich karbonisierte Materialien und ihre Verbundwerkstoffe als vielversprechende
Losungen fiir eine Reihe zukiinftiger Anwendungen in der Elektronik, Optoelektronik oder
katalytischen Systemen erwiesen. Im industriellen MaBstab wird ihre Anwendungjedoch durch
langwierige und teure Herstellungsverfahren und mangelnde Kontrolle iiber die Verarbeitungs-
und Materialparameter gechemmt. Daher erforschen wir neue Konzepte fiir die direkte Nutzung
funktionaler karbonisierter Materialien in elektronischen Anwendungen. Insbesondere die
laserinduzierte Karbonisierung / Kohlenstoff-Laserstrukturierung (KoLaSt) entwickelt sich zu
einem neuen Werkzeug fiir die prizise und selektive Synthese von funktionellen Materialien

auf Kohlenstoffbasis fiir flexible On-Chip-Anwendungen.

Wir haben einen integrierten Ansatz fiir die direkte laserinduzierte Synthese von flexiblen,
karbonisierten Filmen mit spezifischen Funktionalititen entwickelt. Zu diesem Zweck haben
wir vielseitige Vorldufertinten aus natiirlich vorkommenden organischen Ausgangsstoffen und
Reaktanten entwickelt, um Filme aufzutragen, die mit einem Infrarotlaser karbonisiert werden
um dadurch funktionelle Muster aus leitfahigen porosen Kohlenstoffnetzwerken zu erhalten. In
unseren Studien haben wir tiefe mechanistische Einblicke in den Bildungsprozess und die
Mikrostruktur von laserstrukturierten Kohlenstoffen (LP-C) erhalten. Wir beleuchten den
kinetischen Reaktionsmechanismus basierend auf dem Zusammenspiel zwischen den
Vorlaufereigenschaften und den Reaktionsbedingungen. Dariiber hinaus untersuchen wir die
Verwendung von Porogenen, Additiven und Reaktanten, um eine Toolbox fiir die chemische
und physikalische Feineinstellung der elektronischen und Oberflacheneigenschaften und die
gezielte Integration von funktionellen Einheiten in das Kohlenstoffnetzwerk bereitzustellen.
Basierend auf diesem Wissen haben wir Prototypen resistiver chemischer und mechanischer
Sensoren entwickelt. In weiteren Studien zeigen wir die Anwendbarkeit von LP-C als

Elektrodenmaterialien in elektrokatalytischen und Ladungsspeicheranwendungen.

Um unsere Erkenntnisse in eine allgemeine Perspektive zu bringen, betten wir unsere
Ergebnisse im allgemeinen Teil in den Kontext bekannter Karbonisierungsstrategien,
Grundlagen der laserinduzierten Materialbearbeitung und einer breiten Literaturiibersicht zum

Stand der Technik der Laserkarbonisierung ein.
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H Motivation

Since I started my active research, it has been a main driving force to study and identify routes to
alternative sustainable materials and processes. This originates from the obvious need to change
the existing environmental and societal situation, on the one hand, and froma deep fascination about
nature’s rolemodel, onthe other. Thelattershould bethe guideline for the design of our industrial
and economic processes to ultimately achieve a full integration of the manufactured world into
the natural organism. There are principally two ways to achieve a stable equilibrium between
human desires (economy, energy, wealth) and the conservation of environmental conditions
(climate, environment): change manufacturing (materials and processes) or change society. Since
the latter option is extremely difficult to achieve due to social psychological reasons, the first option
becomes the only viable choice. This brings natural sciences and engineering to the scene, as the
very fundamental industrial processes and basic infrastructure of the world’s economies need to be
revised. That implies that current materials research should strictly focus on processes and
materials that 1) reduce the use of resources, 2) replace expensive and hazardous materials, 3)

support circular value creation, and 4) reduce transport.

From experience, we know that every technology that brings a solution also brings a problem,
which, in turn, brings an opportunity. We should take this as a principle for a dynamic industry
with temporary technological solutions to drive a steady development towards integration into

natural processes. In this regard, carbon in its various forms plays a central role.

Humankind was given the present of huge oil and coal reservoirs to develop a fast-growing
chemical knowledge of carbon. As a result, tremendous materials advances have been made and
nowadays a majority of industrial products are made of plastics or crude-oil based materials.
Changingtheir productionand disposal is alonglever formaking a difference. Rather than focusing
on unidirectional synthesis of functional materials, we have to take a holistic view on origin,

production, and fate of the materials.

In the past years, these relationships have moved into collective awareness and are gaining
economic value. The importance of carbon in the delicate global chemical system is demonstrated
by its doublerole at the global market places in the form of positive (minerals, coal, oil, grain,
wood) and negative resources (CO,-certificates). At the same time it demonstrates the need of
implementing artificial circular carbon economies. To wisely integrate our industrial processes

into natural carbon cycles we need to adopt strategies for carbon utilization on the large and the
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Motivation

small scale. Such application gaps are, for example, the valorization of biomass through direct

production of useful products, e.g. by carbonization.

Tailor-made functional carbonized materials are used in many fields of industry, such as
filtration, electrodes, construction etc. There is even great potential for the use of carbonized
materials is active materials in electronic devices. With the advent of the carbon nano-allotropes
graphene and carbon nanotubes in the past decades advances in carbon-based electronic
applications have been made and are now even finding their way into commercialization. The
scarce utilization of carbonized biomass, however, is mainly due to a lack of suitable processing

methods, poor reproducibility, and often low performance.

With Laser-induced carbonization a new processing technology evolves which promises to solve
many of the current issues about application of carbonized materials. Laser-induced carbonization
provides many advantages, such as high-speed processing, low energy consumption, and direct
device integration. Of course, every application demands different requirements. For instance, the
large scale production of bulk carbon materials for high-throughput applications (filtration) are
hardly realizable with laser-carbonization. However, for small-scale electronics laser-carbonization
can be considered a green method for the direction valorization of biomass or carbon waste. In

contrastto many other synthetic routes, only little use of solvents or petrochemicals are required.

Early investigations on laser-induced carbonization were conducted already in the 1980s and
90s, but the discovery of carbon nanotubes and graphene drew the attention to their investigation.
With the rising interest and advances in flexible electronics and the trending topic of biomass
valorization in the past decade, laser-carbonization moved back into the focus of materials scientists

as it displays an interesting approach to achieve functional carbon films for a range of applications.

This work aims to explain the fundamentals of laser-induced carbonization at the current state of
our research and some prospective applications. It is meant to provide a comprehensive picture of
the underlying principles and move the topic into the context of carbon materials synthesis. In the
General Part a survey on the fundamentals of carbonization and methods for the selective
tailoring of the properties of carbons are given. Throughout this section important terminology is
explained. Then the state-of-the-artin laser-induced carbonization will be discussed based on a
broad literature review and will be put into perspective of fundamentals known from laser-assisted
materials processing. In the Results Part our insights into materials properties and their applications
are discussed. Remaining questions and future directions are presented in the Conclusions and

Future Directions section.

VIII



General Part

H General Part

The Complexity of Carbonization

Carbonization - General Aspects

Carbonization is a process of converting organic compounds or molecules into carbon-rich
materials. This is a process occurring naturally during the evolution of mineral coals, which are
mined on large scales for energy generation (Figure 1A). Such natural carbons contain between
25 and 100% carbon and are classified into different categories based on their carbon content
and heating value according to the American Society for Testing and Materials (ASTM). The
categories range from lignite (25-35%) through subbituminous and bituminous coal (35-86%)
to anthracite (86-97%) and finally graphite (97-100%). Other major components of natural
coals and mineral carbon are moist, polyaromatic hydrocarbons (PAH), volatile organic

compounds (VOC), or polymeric residues.()

Artificial carbonization processes are also used for the commercial production of fuels. The
most common artificially carbonized materials, which have been known for millennia are
charcoals, which are madeby pyrolysis of woodattemperaturesof ~300-400°C under exclusion
of oxygen from the reaction atmosphere (Figure 1B).? In this process, the mass fraction of
carbon is increased to >80% from originally ~50%. The properties and composition of the
carbonized wood are dependent on several factors, such as the drying grade, the contents of
pitch, or the reaction temperature. An overview to the commonly used terminology used for the

description of carbons and their components is given in a [UPAC recommendation.®

Figure 1. Photographs of A) a lignite coal mine, B) an ancient charcoal production process, C) a bonfire, and D)
a flame of a candle.

As an illustration of an every-day carbonization process the phenomenon of a flame evolving
in a fire or a candle. Volatile compounds evolving from the precursor material (e.g. wood or

wax) evaporate as they are heated by the flame (Figure 1C and D). Once they reach
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temperatures >200 °C, these compounds decompose and form volatile reactive intermediates.
At the outer zones of the flame complete combustion leads to the release of the gaseous
thermodynamic products H,O and CO, and the release of heat which feeds the reaction with
activation energy. A limited supply of oxygen towards the center of the flame leads to
incomplete combustion and the promotion of C-C bond formation ofthe evaporated precursors,
following different polymerization schemes (e.g. conjunct polymerization).® At temperatures
of 1000-1200°C in the center of the flame, ionic carbon clusters (soot) are formed. The
appearance of the flame is due to the phenomenon of thermal emission (black body radiation)
of these carbon clusters at temperatures of ~1400 °C. The structure of the carbon clusters (the
carbonized product) is complex and varies with the type of precursors and temperature

fluctuations in the flame.

The previous example illustrates that carbonization is generally a complex process in which
many reactions occur simultaneously and/or sequentially, such as dehydrogenations,
condensations, isomerizations, decarboxylations, polymerizations, aromatizations,
deoxygenations, denitrogenations etc. Each of these reactions is favored in a specific
temperature window and is highly sensitive to the reaction environment, meaning such complex

reaction cascades are based on a very delicate energy balance.®

One of the main characteristics of carbonized materials, natural or artificial, is the degree of
carbonization, i.e. the increase in carbon content during the reaction. The degree of
carbonization can be quantified and visualized in the H/C-O/C diagram developed by Van
Krevelen.© It was originally developed to assess the maturity and workability of kerogen and

petroleum.®

Artificially carbonized materials are commercially used in a variety of applications, for
example in construction, as sorption materials, catalyst supports, electrodes, or electronic
sensors. The research on carbonized materials as active catalysts, electrodes for energy storage,
semiconductors, or flexible electronics is currently blooming. One of the biggest challenges
about carbonization reactions is to control the properties of the reaction product by

understanding the influence of the precursors and reaction parameters (Figure 2).
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Figure 2. lllustration of the carbonization process using wood, polymers, or organic molecules as precursors.
The properties of the final “carbon ” depends onthe properties of the precursors and the reaction conditions

during pyrolysis.

As any chemical reaction strongly depends on the temperature, | Temperature dependence

. . . . . of chemical reactions
the manifold of chemical reactions during carbonization

e Arrhenius-equation

naturally make a strong difference in the reaction product. In a

pyrolysis (see Pyrolysis) process the precursor propetties (composition, compounds, additives)
as well as the reaction conditions (temperature, heatingrate, environment) govern the properties
of the final carbon materials, such as yield, composition, structure, and electronic or mechanical

properties (Figure 2).

A famous example are carbon fibers produced from polyacrylonitrile (PAN) that are used as
mechanical construction elements due to their extraordinary materials properties (tensile
strength, stiffness, light-weight, chemical and thermal resistance).® Carbon fibers are made by
electrospinning PAN into fibers and subsequent pyrolysis. A special feature of PAN as a
precursor is its duroplastic nature, i.e. it degrades before it melts, therefore, its shape is retained
during thermal pyrolysis. The reaction to carbon fibers is well understood. It occurs in three
steps: cyclization, dehydration, and denitrogenation (N;-elimination). The first reaction is slow
and occurs in a temperature range between 200 and 300 °C in air. The latter two reactions occur
at higher temperatures up to 1100 °C under exclusion of O, in the atmosphere and depend
strongly on the molecular weight and crosslinking of the precursor. To ensure a complete
reaction, slow heating rates of 30 — 120 °C h-! are used. This example illustrates the importance
and the role of the reaction parameters, such as temperature, atmosphere, heating rate, and

precursors.

Besides the extraordinary properties of carbonized materials and their sheer endlesspossibilities

for tuning, carbon bears the great advantage of being a ubiquitous element. Especially carbons
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made from biomass have the potential of becoming game changers in avoiding inconvenient
global supply chains.® In the following sections, the general synthetic approaches to
carbonized materials and their properties as well as some examples of the tuning knobs in the
production of carbon materials are discussed. This section is meant to provide the basis for

understanding laser-induced carbonization discussed in the main part.

Pyrolysis - Microstructure and Properties of Carbonized Materials

The most commonly used technique to produce carbon materials is pyrolysis (thermolysis).(10
Pyrolysis generally describes the thermally induced chemical decomposition of organic matter
in absence of oxygen (O,). As outlined in the introductory section, high enough temperatures
cause the breaking of covalent bonds and induce rearrangements of bonds to form
thermodynamically stable products. This principle has been applied to a vastnumber of starting

materials, both polymers and molecular precursors.(!D

In the following sections, concepts of tuning and manipulating the properties of carbons are
highlighted. Primary parameters are heating time, reaction temperature, heating rate, and
pressure. It is important to view into the chemistry of each carbonization reaction individually.

However, some generalizations can be made.

During pyrolysis, several intermediate states of carbonare passed through. The different phases
are structurally distinguished by the degree of graphitization. An illustration of a generalized
transformation scheme from organic precursors through the different “carbon” stages to
graphitic carbon was originally provided in “Fibre Reinforcements For Composite Materials”
by Bunsell.(12 The graphic in Figure 3 shows an adopted version of this scheme by Schuepfer

et al.(13)

<20°C precursors

W J200°C amorphous-sp2+sp®

.&%—; ", ﬂiOQ_C_ amorphous-sp?
S ey
L T
"':Y A
iR N
X

non-graphitic M -

graphitic ,___:,‘

Figure 3. lllustration of the different stages of crystallinity during a carbonization process from molecular
precursors to graphitic carbon.”*"”
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As this figure shows, the structure and composition of carbonized materials is strongly
dependent on the reaction conditions, especially the temperature. To estimate and understand
the structure and properties of carbonized materials, a comparison to the properties of the
reference materials, i.e. the precursors and the respective carbon allotropes, graphite and

diamond, should be made.

As outlined above, graphitic carbon is composed of purely sp> | 5_ .

hybridized carbon. Since sp-hybridizationentails aplanarstructure, | o orbitalhybridization

graphitic carbon occurs in a layered ordering with a simple | ® Cvstalstructures

hexagonal crystal structure in each plane (Figure 4A). Pure graphite is known for its
black/silverish appearance and its anisotropic physical properties due to covalent versus non-
covalent bonding in the different crystal directions. Along the crystal planes of graphite it is
electrically and thermally conductive. Graphite has a sublimation point of ~3600 °C and is the
thermodynamically stable carbon allotrope.(4 Naturally, it forms under unoxic conditions in

millions of years at high pressures and temperatures from organic materials.(1%)

Synthetically, graphite is produced by heating carbon-rich precursors, such as coals or coal tar
pitch to temperatures of ~3000 °C.(15 Synthetic graphite offers usually a poly-crystalline
texture. Generalizations on the graphitization process of different precursors are extremely
difficult to make. However, some boundary conditions in terms of structure are commonly
observed. While the term carbonization generally describes an increase of the carbon content
and subsequently the formation of more or less extended graphitic domains, a true
graphitization(!9 is observed at temperatures higher than ~2200 °C (atmospheric pressure).
The degree of graphitization is controlled by the chemical structure of the starting materials.
Importantly, not every starting material graphitizes. Therefore, the starting materials are
distinguished as graphitizing or non-graphitizing carbons(!”). The latter convert into non-
crystalline, glass-like carbon (glassy carbon(®) with significant portions of fullerene-like
domains and some sp3- or sp-hybridized carbons. Graphitizing carbons pass through a so-called
liquid crystal phase (mesophase(!?) at intermediate temperatures (Figure 4B). So-called non-
graphitic carbon®? is often observed to form in the temperature range between 1400 — 1700
°C.

In these intermediate phases graphitic domains (crystallites) of different extensions are found.
Descriptors of these phases are the stacking thickness (L.) and crystallite diameter (L,) of the
graphitic domains, and their defect density (Figure 4C).(13 Among the most prominent

structural defects are vacancies, five- or seven rings (Stone-Wales) defects, edge sites,




General Part

deformations, or heteroatoms.@! The overall electron mobility of ideal graphite is on the order
of 3000 cm?-(Vs) ! at liquid nitrogen temperature.? In contrast, the electron mobility in glassy
carbon with a higher defect density is on the order of 100 cm?2-(Vs)1.23

As mentioned above, graphite exhibits a high intrinsic electric | Basics

conductivity of ~2 x 10° S‘m'! in the basal plane. Therefore, | e electrical conductivity in
metals and semiconductors

graphitic carbons as such are interestingmaterials for electronic

or electrochemical applications. As a fundamental part of the structure in graphite, the
properties of a single sheet — graphene — have been investigated intensively. In contrast to
conventional semiconductor materials, isolated defect-free graphene exhibits very high charge-
carrier mobilities of up to 200 000 cm?-(Vs)1.29n graphite, interplane interactions and defects

in the sp2?-carbon lattice have a drastic impact on the electronic properties due to charge-carrier

scattering.
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Figure 4. A) Visualization of the carbon crystal structure (left: graphite, right: diamond) as a result of the
atomic hybridization;*® B) Phasediagram of carbon;'" C) Illustration of turbostratic graphite versus oriented
graphite.*

At the other extreme, diamond is a purely sp3-hybridized form of | gigics

carbon with a whitish or transparent appearance due to an electronic | e band structure of
semiconductors

band-gap of 5.45 eV (Figure 4A). Importantly, under ambient

conditions, pure diamond is metastable and transforms into graphite at pyrolysis temperatures
of ~1500 °C (Figure 4B). Mineral diamond is formed at extreme pressures and temperatures
between 1200 and 1400 °C. Mimicking the natural formation, synthetic diamond is produced
from graphite in the so-called “high-pressure high-temperature process” at pressures of >60
kbar and temperatures of >1500 °C. The transformation process takes typically several weeks.
Alternatively, films of diamond are produced by chemical vapor deposition (CVD) from

methane in a hydrogen plasma atmosphere.??

A mixture of sp?- and sp3-hybridized carbon without any appreciable long-range order is

referred to as amorphous carbon (a-C)®. The materials properties mostly transition smoothly




General Part

between those of graphite and diamond. Amorphous carbonis typically obtained at pyrolysis
temperatures of 700 — 1200 °C. In a-C, several phases co-exist. For example, small graphitic
domains on the order of a few nanometers are present in a-C in an overall disordered fashion.
Moreover, the graphitic domains may be disordered or twisted (randomly oriented), meaning
that the graphite planes do not follow a stacking order. This arrangement of the microstru cture
is called turbostratic graphite (Figure 4C).27? Such intermediate carbons (carbonized

materials) offer a wide variety of properties which are interesting for different applications.??)

Porous Carbons

As the process of carbonization is accompanied by decomposition reactions, i.e. creating
gaseous leaving groups, every carbonization reaction comes with a mass loss of the material.
Thereby, in most materials porosity is generated during carbonization. For many applications,
this is an advantage as the porosity brings a high surface area to the material. Due to their
intrinsic light weight and high surface areas, such materials are used in technologies such as
filtration, separation, construction, energy storage, catalyst supports etc. The production and
tuning of specifically porous carbon materials has become a separate field of materials science

and engineering.

The most prominent example of porous carbon materials are activated carbonsC? (Figure SA
and B). These are typically made by oxidative treatment of coals from different precursors,
most commonly coconut husks, bamboo, or wood. @D First, thermal pyrolysis at temperatures
of 600-1200 °C in inert atmospheres is used to carbonize the starting materials. A subsequent

chemical treatment — activation — of the carbonized material with strong acids or bases and

repeated thermolysis produces materials with specific surface areas
Definitions (IUPAC)

2.6-1 i (32 i
ofupto 3000 m?-g-! due to micropores (<2 nm).?) A typical feature e micropores: <2 nm

of porous carbons is a hierarchical porosity where the poresare | ® mesopores:2-50 nm
e macropores: > 50 nm

hierarchically arranged spanning pore scales from macro over meso

to micropores (Figure 5C). Thereby, the entire surface areaof the porous materialsis accessible

for liquid or gaseous adsorptives. Such highly light-weight carbons are often referred to as

carbon aerogels©* or carbon foams, with reference 0 | g, face Area

their solid state porous morphology dispersed in a | e freestandinggraphene: 2600 m>g’
e football field: 6400 m?

gas.(9
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A

Figure 5. A) Photograph of activated carbon powder and pellet;*> B) Scanning electron micrograph of activated
carbon,;®® C) Illustration of the hierarchical porous structure of porous carbons.)G?

Another important feature of carbons besides their physical surface structure, is their chemical
surface properties. In any surface or interface application, the surface functionalities play an
importantrole. As carbons are typically derived from oxygenated hydrocarbons as precursors,
a high degree of oxygenation of the surface is observed. Noteworthy, the presence of defects
and dangling bonds obtained in low temperature (<1000 °C) carbonized materials also affect

the surface properties and facilitates the adsorption of or reaction with environmental oxygen.

Depending on the precurors and the involved
Definitions (IUPAC)

reactions during the carbonization process,©® .
g p ’ e adsorptive: substance to be adsorbed“"

different surface oxide groups evolve (Figure | ® adsorbent:adsorbingsurface (substrate)“”
e adsorbate: adsorptive on adsorbent*?

6A). Among them are acidic groups, such as

carboxylic acids, phenols, lactols or basic groups like anhydrides, quinones, ketones, or ethers.
The amountof oxygen on the surfaceof a carbonmaterial influences the surface polarity. This,
in turn, has an impact on the sorption behavior of adsorptives (analytes or reactants) to the
surface of the adsorbent (carbon material). The adsorption characteristics of gases of different
polarity, for example N,, SO,, CH3;0H, H,0, show a clear dependence on the type and number

of oxygen-containing functional groups.(?

A lactone 8 HO lactols B M-oxide

carboxyls
quinones

Imidazaole

anhydrides

Figure 6. Hypothetical schemes summarizing the mostimportant A) surface oxide groups in carbons“ and B)
nitrogen-functionalities in carbons.*¥
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Nitrogen-Doped Carbons

Besides oxygenation,any other functionalities that form covalent bonds with carbon can change
the structure and the properties of the carbons. Similar to oxygen, nitrogen can be incorporated
into the bulk and surface structure of carbons. The most prominent nitrogen species found in
so-called nitrogen-doped carbons (NC) are pyridinic, pyrrolic, and graphitic nitrogen as well

as surface functional groups like amines, nitro, nitrogen oxide or cyano groups (Figure 6B).

Nitrogen doping of carbons is typically achieved by carbonization of nitrogen-containing
precursors at temperatures lower than 1000 °C.#4 Again, a prominent example is PAN
pyrolyzed at temperatures < 1000 °C.® Other well-known precursors are nitrogen-containing
biomass, such as gelatine, amino acids, etc or nitrogen containing polymers. ) Specific doping
of porous carbon materials is also achieved by co-pyrolysis with small reactive nitrogen-rich
precursors like urea, melamine,or nucleobases. Another commonroute for the synthesis of NCs
is the pyrolysis of carbon precursors in reductive ammonia atmosphere. Typical nitrogen

contents of such NCs range between 1 and 10 at%.

The binding and the chemical configuration of the nitrogen groups in the carbons depends on
the synthesis (carbonization) temperature. Typically a decrease in the nitrogen content is
observed with increasing temperatures. % The temperature range between 700 and 1000 °C is
characteristic for the largest changes in nitrogen content and configuration, for which the
pyrolysis of PAN is an illustrative example.®? The different N configurations show different
temperature stability. It is generally observed that both pyrrolic and pyridinic N convert to
graphitic N starting at temperatures > 500 °C.

Nitrogen functionalities not only change the surface structure of carbons but also influence the
electrical conductivity and the stability against environmental oxidation. A bigimpact of NCs
was noted in application as high-capacity electrodes in electric double-layer capacitors. On the
other hand, the nitrogen functionalities provide specific bindingsites for the adsorption of small
molecules from the gas or liquid phase. A multitude of research studies described high

adsorption capacities to CO, in NCs.“®)
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Figure 7. A) Model and schematic local structure of a single-metal active centers coordinated in NCs; B)
Typical SEM image of the family of N-coordinated metal-doped (M—N—C) carbon electro-catalysts.*”

A potential field of application for NCs is as supports or substrates in electrocatalytic systems.
For example, the carbonization of polyaniline (PANI) supported with a high-surface area
activated carbon (ketjenblack-600) at 900°C is a neat method for the reproducible production
of high-surface area NCs. Furthermore, this carbonization procedure can be simply modified
by adding metal salts to PANI to yield single-metal atom sites as active centers for catalytic
reactions.®%3D) The direct carbonization (pyrolysis) of bipyridine-based corrdinated polymers
with a variety of transition metals is an alternative method to selectively incorporate single-
metal atom sites into NCs. Such electrocatalysts show a high performance towards the selective

reduction of CO; to CO (Figure 7).49

Carbothermic Reduction

A well-known concept to increase the graphitization degree and the carbonization yields is by
utilizing carbothermic reduction reactions. This method is commonly used to recover metals
from metal oxides in the presence of carbon as a reducing agent.G? In carbon chemistry,
oxidized metal compounds, mostly metal oxides, are added to the precursor mixtures. In the
carbothermic reduction, metal oxides are reduced to their respective metals in the presence of
carbon during which the carbon is oxidized to gaseous CO(g) (equation (1)). This reaction
catalyzes the rearrangement and crystallization of the remaining amorphous carbon into
graphitic carbon. The reduced metal is either washed out of the carbon phase or evaporates at
temperatures above its boiling point. The most prominent examples for carbothermic reduction
agents are ZnO or Fe;0;.53:54 The former is well-known to undergo carbothermic reduction at
temperatures >670 °C. At temperatures >907 °C, the boiling point of zinc, the metallic zinc
evaporates.©®3 Iron has a much higher boiling point of >3000 °C and needs to be chemically

removed from the carbon, if not desired as an integral part.
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Zn0 +x C — Zn +(x-1) C+CO (1)

In addition to the supporting graphitization, ZnO has been used as a hard-templating (see Pore
Engineering) agent for the synthesis of hierarchical porous carbon with tailored porosities made
from sucrose.®> The carbothermic reduction at temperatures up to 950 °C initiated the
formation of micropores which lead to specific surface areas of ~3000 m?2-g!, which proved
useful as anodes in lithium-sulfur batteries. These carbon materials served also as a support for
ordered N-doped carbons based on hexaazatriphenylene-hexacarbonitrile (HAT-CN), which

was used in sodium-ion capacitors.%

Pore Engineering

Besides the abovementioned method ofactivation (in activated carbons) anumber of strategies
to modify the porosity in carbons have been developed. A common technique is the addition of
porogens or templating agents, where pre-organization, growth, or alignment of the carbon
phase is achieved using structure-directing agents (SDA) with specific geometries.®? Thereby,
control over the pore structure and the textural properties is gained. The templating approaches

are categorized into three groups: soft-, hard-, and salt-templating (Figure 8 and Figure 9).

Structure formation via soft-templating is typically achieved by the ordered assembly of
carbon precursors supported by amphiphilic compounds suchas surfactants or polymers.©% The
handling of soft templates is delicate for the synthesis of carbon materials.% Universally,
strong interactions (e.g. hydrogen-bonding) between the carbon precursor and the SDA are
required to prevent phase separation. A requirement to the carbon precursor is an ability to
crosslink and form a precursor “backbone” with a higher thermal stability than the SDA to
facilitate the removal of the SDA prior to carbonization. Many synthesis routes for mesoporous
carbons using soft-templating methods have been developed.®? For example, carbonization of
self-assembled of organic molecular species (resorcinol-formaldehyde) in a composite

consisting of a resin and a block copolymer.
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Hard-templating Soft-templating
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Figure 8. A) Schematic illustration of the hard- and soft-templating approach.

@ precursor

Hard-templating (also-called nanocasting) is a method where rigid templates (nanoparticles)
are impregnated into the precursor during carbonization.? The carbonization occurs around
the sacrificial hard-templates and afterwards the template is chemically removed. The thus
created pores typically adopt the shape of the hard template. This allows for specific pore
engineering. Examples of hard templates are zeolites or mesoporous silica. The most prominent
examples are mesoporous carbons such as the famous CMK-1.69 Two types of hard-templates
are distinguished, the endo- and exotemplates, where the carbon network is either formed

around or within the pores of a template, respectively.

Salt-templating is another method for the engineering of the pore structure in carbon
materials.©D Typically, non-carbonizable inorganic salts are homogeneously blended with the
carbon precursors. Upon heating, the salt melts and mixes with the carbon precursors or the
carbon precursors dissolve into the molten salt phase. At high enough temperatures,
carbonization occurs in a sol-gel mechanism. After carbonization, the remaining salt phase is
removed by washing with H,O. The porosity is principally dependent on the concentration of
the solubilized carbon precursors in the salt phase. Also, the type and the size of the salt ions
are discussed as a critical parameter for the lower limit of the resulting pore size of the final
carbons. The melting points of various alkali halide salts range between 470 and 800 °C and
are significantly reduced in eutectic mixtures with zinc halide salts. Typical examples are
eutectics of lithium chloride/zinc chloride (294 °C), sodium chloride/zinc chloride (270 °C), or
potassium chloride/zinc chloride (230 °C).D Thereby, meso- and microporous carbons from

ionic liquids with surface areas of up to 2000 m?2-g! were achieved.

An example is given by the carbonization of adenine at 900 °C in a mixture of NaCl/ZnCl, as
a salt-porogen to yield NCs with very high specific surface areas of ~2900 m?2-g1.2 The
eutectic mixture of NaCl/ZnCl, was a prerequisite for the successful formation of micropores

during carbonization and the mass fraction of NaCl was critical to the morphology of the final
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NC (Figure 9). These NCs were optimized for the performance as catalyst (active and support)

for the oxygen reduction reaction in fuel cells.
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Figure 9. A) Schematicillustration of the pore formation depending on the amount of NaCl present in the
NaCl/ZnCl; mixture; B) HRTEM images of adenine-based NCs carbonized in the NaCl/ZnCl; salt melt with

different fractions of NaCl — 33, 60, and 80 mol%.®

Principles of Combustion

Carbonization is achieved through pyrolysis, a high-temperature process conducted in the
absence of oxygen. On the contrary, in the presence of oxygen combustion reactions take place,
i.e. the reaction of the carbon structure with oxygen to the thermodynamic products H,O, CO,,
under liberation of heat.(3 In most industrial applications, the desired reaction product of a
combustion reaction is heat, as for example, in power plants, steam engines, boilers, furnaces,

gas turbines, jet, car or rocket engines, etc.

In carbon chemistry, and particularly with regard to laser-induced carbonization, it is essential
to understand the fundamentals of combustion reactions. Most elements or materials undergo
reactions with oxygen. Here, it will be described by the example of carbon materials. The
combustion process follows certain principles. Every carbon material adsorbs oxygen from the
environment which is described as additive oxidation. This is followed by so-called over-
oxidation, by which the carbon material decomposes and reacts to CO,. This principle was
described in the early last century: “the combustion of carbon compounds and fuels is an
elementary oxidation that is initiated by an additive oxidation and over-oxidation, that is the

ignition.” (64

Once ignition occurs the combustion proceeds in a self-accelerating manner. This process is
often described as autocatalysis, as the reaction product “heat” acts as a catalyzer. The heat
generated during combustion increases the reaction temperature which further increases the
reaction rate of combustion. As a practical example, the ignition temperatureof coalis~450 °C.

Above this temperature, the combustion reaction is self-sustaining.
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Notably, the reaction rate depends on the temperature. At room temperature the reaction rate of
any carbon with molecular oxygen is extremely small but not zero. The reaction rate increases
with temperature and upon ignition the reaction rate increases rapidly. The reaction rate after
ignition depends on whether oxygen is homogeneously distributed in the bulk phase of the

carbon or only present in the gas phase above the carbon surface. In the latter case the reaction
rate of combustion is diffusion limited. The apparent flames in such a heterogeneous
combustion origin from heat and reaction products that diffuse out of the carbon phase. In case

of ahomogeneous combustion, the oxidation occurs simultaneously throughout the entire bulk

phase. This type of combustion often leads to explosive propagation.

Alternative Carbonization Methods

A recent review article on sustainable materials stated that “the development of synthesis
processes with lower energy penalties coupled with the search for sustainable, greener catalysts
(i.e., catalytic graphitization) and reducing agents (for graphene production) are challenges that
need to be overcome”.(% It describes the paradox of carbon materials. On the one hand,
carbon materials are considered a sustainable alternative. On the other hand, the high-energy
demand of their synthesis and their processing to achieve reproducible standards in device
performance are still major drawbacks for their widespread application. Common approaches
towards lowering the production costs are reducing the carbonization temperatures or the

energy input.

An alternative method towards lowering of the reaction temperatures and using milder conditions
in general, is hydrothermal carbonization (HTC), which has been extensively investigated in
the past decade.(©6-67) It generally describes the carbonization of materials in the presence of water
at temperatures between 150 and 350 °C. In the HTC process, typically water-soluble
carbohydrates or other polar carbon precursors are used as starting materials to obtain micron-
sized particulate carbonized materials. To this end, autoclave setups are used. It is worth
mentioning that this type of heating can be achieved by microwave reactors, which is a major
benefit in terms of energy consumption.©® The reaction sequence proceeds typically through
three stages: dehydration, polymerization, and carbonization. Conducting the reaction in aqueous
media promotes the formation of colloidal carbon with an abundance of polar functional groups

on their surface. This, in turn, provides a good degree of dispersibility in polar media.

For example, porous NC was synthesized from glucoseamine hydrochloide as precursor by

hydrothermal treatment at 180 °C.©% After synthesis, the dried material was activated by KOH
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treatment to increase the porosity and even induce the formation of micropores. Under these
conditions, the oxygen content in the NCs was retained at a high level of ~40 wt% giving the
NCs a high polarity which was beneficial for the charge storage in aqueous electrolyte-based

electric double-layer capacitors (EDLCs).

Another alternative heating process that can be utilized for direct on-substrate carbonization is
the so-called rapid thermal processing (RTP). As a heat source, a number of high-power
halogen lamps are used. Thereby, very fast heating rates of up to 400 K -s-! and cooling rates of
50 K-s'! can be achieved. Since, many sub-reactions during carbonization proceed slower,
RTP is only applicable for dispersed precursors or film-based applications where rapid heat
transfer through the entire bulk of the material is facilitated.(’) Therefore, in terms of carbon
preparation, RTP is mainly used for the synthesis of single- or few layer graphene on catalytic
surfaces.(’273) However, the energy-inefficiency of conventional carbon preparation routes
(pyrolysis) prompts for the study of RTP as an alternative direct processing method of porous

carbon.

A recent example demonstrates the synthesis of microporous carbons in a film-based soft-
templating approach (Figure 10). Phenol formaldehyde, as a carbon precursor, was embedded
in a sacrificial template based on polydimethylsiloxane-b-poly(ethylene oxide).’") The films
with a thickness of ~0.5 pm were annealed at 950 °C for a few minutes with heating rates of
~150 K-s'!. In a first annealing step at 450 °C, the template degradation was accomplished,

while the second annealing step at 950 °C ensured the complete carbonization.

BBCP and Phenol- Mesoporous
A formaldetiyde resin Carbon

RTA @B

i) Crosslink

i) RTA

Substrate

Figure 10. A) Schematic diagram of the preparation of a mesoporous carbons via RTP (b) RTP system.
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Summary — Methods for tuning the properties of carbon
reaction conditions
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incorporation of heteroatoms
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carbothermic reductions / chemical activation

Laser-Carbonization - Context

On-Substrate Carbonization

The fundamentals described in the previous section demonstrate the complexity of
carbonization and introduce some of the most essential tuning knobs for the selective
modification of the properties of carbonized materials. Especially, with regard to alternative
carbonization methods direct, on-substrate fabrication methods are highly demanded. One
upcoming alternative method is laser-induced carbonization. In fact, carbonized materials and
carbonized biomass, in particular, are mainly investigated for bulk material applications, such
as sorption materials, construction materials, or bulk electrodes (Figure 11). In film-based or
flexible electronics, their application is often hindered by their processing limitations due to
their general insolubility and delicate surface chemistry. Such limitations are avoided by direct
carbonization of precursor materials on the spot of application. Lasers provide a versatile and
precise (photonic) heat source for carbonization and, therefore, bear the potential for local

processing to fill the application gap of carbonized materials.

‘ conventional carbon 9

pyrolysis laser-patterning

,v-’/éarbon ized"

"\ Materials Film-based or
separation Applic-_éfi’cﬁs" Flexible Appllcat.lons
electronics
mechamcs.and energy energy
construction conversion  storage
catalysis

Figure 11. Outlineof the application fields of conventionally carbonized materials and potential application
fields of laser-patterned carbons.
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In light of the advantages of laser-induced carbonization it is worth investigating the underlying
fundamental mechanisms and the possibilities for tuning and modulating the properties of
carbonized films. Many everyday applications rely on small amounts or film-based materials,
such as electrodes in batteries, sensors, or catalytic surfaces (e.g. in fuel cells). In these cases,
direct on-chip fabrication techniques are an advantage over classical bulk synthesis. This is
probably the most important benefit of laser-induced carbonization: the direct production of
active carbonized materials on the spot of application and the ability to create desired patterns

(Figure 12).

Additionally, by direct laser-induced carbonization the use of solvents and reagents can be
drastically reduced. In contrast to conventional bulk-carbonization methods, tedious post-
processing procedures are avoided. As outlined in the previous section, carbonization only
occurs at high temperatures, although several alternative concepts have been shown to reduce
the reaction temperatures. In this regard, laser-induced carbonization bears a significant
advantage of reduced energy costs. For example, the thermal pyrolysis of a material in a tube
furnace at ~1000 °C (operated at 1000 W for 2 h) per month would amountup to 60 kWh. In
contrast, operatinga CO;-laser at 1 W (high estimate) for 2 h per day would make only 0.06
kWh, only ~1/1000 of the respective energy costs.

I il carbon laser patterning laser patterned carbon film
primary tiim (CLaP) (LP-C)
" E
properties reaction conditions properties
= COmpounds = wavelength - speed = yiekd + electrical
« composition = pOWer « environment « composition * surface
« additives « porosity « mechanical

Figure 12. lllustration of the laser-carbonization/ laser-patterning process and the dependencies of LP-C to the
properties of the primary film and the reaction conditions.

However, this approach also bears challenges which require fundamental investigations. A major
challenge is the precise control over the reaction conditions and laser parameters. The laser power
is the most critical parameter in laser-processing of materials. Typically, power values on the order
of 1 mW areused to sufficiently carbonize organic precursor films. However, in this power regime
lasers are often subject to intensity fluctuations which may result in large deviations of their product

materials properties. Another major critical aspect is the rapid energy impact which leads to
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several side effects, most importantly, evaporation and ejection of parts of the precursor film.
Moreover, the unidirectional energy input and the limited penetration depth of the laser beam
lead to structural and chemical gradients within the product film. Finally, regarding the production
of LCMs for direct use in their respective applications, some precautions regarding the substrate
have to be taken into account. Each substrate responds differently to heat or beam impact and thus

influences the properties of the product film (see Beam—Material Interactions).

Advantages of laser-induced carbonization:

+ fast and direct production of carbonized materials
localized and precise printing of carbonized structures
reduced use of solvents and reagents

reduced energy consumption

+ o+ 4+ o+

structural and chemical gradient in the product film

Disadvantages or Challenges of laser-induced carbonization:
— requires a precise laser-setup to control the reaction temperature
— no bulk production
— substrate dependent

— structural and chemical gradient in the product film

Terminology

In recent years, the sub-field of using lasers to synthesize carbon patterns for film-based
applications has been established in materials science. It has become increasingly popular as a
fast and precise method to create 2D-patterns of functional materials. A variety of starting
materials and precursors have been identified. These are referred to as primary films. In all
cases, organic starting materials were converted into functional solid-state materials with an
increased carbon content. Therefore, the term laser-induced carbonization or simply laser-
carbonization is an appropriate description which summarizes all materials studied. The term
carbon laser-patterning (CLaP) may be used to describe the general process of “writing”
carbon patterns with a laser beam. The resulting functional carbonized films will be generally
referred to as laser-patterned carbon (LP-C). In case of specifically addressing particular
properties, for instance intrinsic functionalization or composite materials, variations e.g. laser-
pattered nitrogen-doped carbon (LP-NC) are used. The material itself regardless of the
pattern or structure is referred to as laser-carbonized materials (LCM). It applies generally,

also when materials are carbonized with a laser beam, but not obtained in 2D -patterns. This
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term also accounts generally for carbon composite materials that were produced in presence of
additives or reactants. Alternative terminology used in the literature includes laser induced
graphene (LIG) which was established to describe laser-carbonized polyimides. For
consistency, the term laser-carbonized polyimide (LC-PI) will be used in this text. Another
special case is laser-reduced graphene oxide (LR-GO), which is an accurate description of the

laser-carbonization (laser-reduction) of graphene oxide films.

Laser-Carbonization - Historical Overview

The first reports on the laser-induced structural modification of organic materials (polyimide)
appeared in the 1980s.7475 Throughout the following decades publications on the topic
appeared sparingly and mostly with focus on investigating the laser-induced decomposition of
polymers for materials processing.(76-81) The potential of the general method to specifically
apply carbonized patterns has been recognized with the rise of interest in carbon-based printed
and flexible electronics during the 2010s (Figure 13).42 Especially, the utilization of so-called
LC-PI from polyimides (Kapton) and LR-GO in flexible electronic devices inspired the
research on direct laser-writing or laser-patterning of carbon films. Several review articles on
laser-reduction / laser-carbonization of PI or GO exist.(3>-8%)

e l\i\

nun 2014

carbon nanotubes
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Figure 13. Timeline of laser-patterned carbons showing some examples of modern kick-off studies on the topic
of laser-carbonization. A) “Writing ” conductive patterns of grapheneinto graphene oxide primary films with a
790 nm femtosecond laserin 2010°%; B) “Writing” conductivepatterns of LC-PI into commercial PI primary
films with a 10.6 um COx-laserin 2014°V; C) Laser-induced carbonization of carbon nano-fabrics based on

PAN®,

The research in the field experienced a great acceleration more than ten years ago after the

publication of the first reports on using lasers to reduce primary films of GO.©29) In these
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studies LR-GO films were obtained either in the form of stacked few-layer graphene or as 3D-
graphene foams.®%94 This discovery fell into a period where extensive research on the
fundamental properties of graphenes and their processing methods was conducted.® A few
years later in 2014, the first modern report on laser-induced carbonization from commercial PI
films sparked the interest in the scientific elucidation of the laser-carbonization process®b,
although, the firstreports on laser-carbonization of PI date back to 1983.74 Originally, an argon
laser was used to convert PI into a conductive structure. During that time the carbonization of
PI was broadly investigated.©%97) In 2016, laser-induced carbonization has also been suggested
as an alternative strategy to induce the carbonization of polyacrylonitrile (PAN) fiber mats.
The latter demonstrates several limitations of laser-induced carbonization (see Laser-
Processing of Materials). For example, the cyclization reaction is too slow to be induced by the
rapid temperature increase of the laser-beam as it is limited by the diffusion of O,. To achieve
effective carbonization, the heating rate by the laser was finely adjusted to ~50 K-s'!. Secondly,
the absorption of the infrared laser beam (968 and 998 nm) in the PAN precursor needed to be
enhanced by impregnation with IR-absorbers (graphene nanoplatelets).

The laser-induced carbonization of other polymers as starting materials for efficient laser-
carbonization, suchas polysulfones, were also reported.®® Around the same time as the revival
article on LC-PI appeared, the laser-induced carbonization of polyfluorene was reported.®)
Another prominent precursor for laser-induced degradation is poly-dimethylsiloxane (PDMS)
which converts into silicon carbide structures upon laser-irradiation.(190-102) [n the past few
years, the approachof laser-carbonization has been applied to other natural polymeric materials,

such as cellulose, wood, paper or coconut fibers directly.(103-105)

Direct carbonization of molecular starting materials has not been reported. Generally, the
high energy impact of the laser beam causes the evaporation of volatile molecular species and
prevents the effective formation of a carbon network. In our reportin 2018, we described the
thermal conversion of molecular precursors into so-called carbon nanodots (CND), which is
considered a pre-carbonized or a pre-condensed intermediate. After pre-carbonization at ~300
°C, organic materials are less volatile and, additionally, the energetically unfavorable
dehydration reactions are completed (see Results Part: Carbon Network-Forming Agents).
Laser treatment of such pre-carbonized products lead to conductive porous carbon films. This
discovery prompted us to study the process and mechanisms of laser-carbonization to improve
the materials performance in film-based electronic devices (see Results Part: Laser-

carbonization — Approach).
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To obtain a fundamental view and understand the complexity of laser-carbonization, especially
the processing parameters and the beam—precursor interactions (Figure 12), the most relevant

fundamentals of laser processing in a general sense will be highlighted in the next section.

Laser-Processing of Materials - General Aspects

Beam-Material Interactions

Laser-processing of materials is a complex field of many | p.ginition

different aspects. Several challenges of material | LASER: light amplification by

. . stimulated emission ofradiation
processing have been solved by using lasers as a
Basics

processing tool. Nowadays, lasers are commonly used in . o
e working principles of lasers

industrial materials processing for different purposes. The
processes enabled by lasers can be categorized into vaporization of material (cutting, drilling,
or piercing) melting of materials (welding) or microstructural optimization (patterning or
finishing) (Figure 17A).099) Here, a general overview of the main aspects of materials

processing with significance to laser-carbonization will be given.

Different models describing the beam-materials interactions have been discussed. Some
fundamental aspects are commonly described as depicted in Figure 14000: A laser beam
provides sufficient energy to evaporate material to form a keyhole. Around the keyhole, the
material may be molten (melt pool). The energy impact causes plastic deformation to the
surrounding material. Within the keyhole, the laser beam undergoes multiple reflections and is
eventually (re)absorbed. Above the keyhole, a plasma plume consisting of ejected material and

gases is present.

laser baam

l l l l l lga:—;atmospher&

—— plasma plumea

plastic deformation

Figure 14. lllustration of some common beam-material interactions."'"
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Mechanistically, laser-carbonization may be described with the same principle models. Similar
to general observations during materials laser-processing, tentatively, the processes occurring
during laser-carbonization may be divided into three steps: Absorption of the high energy of
the laser beam causes evaporation of the precursor materials forming the keyhole. From there,
the process gets very complex. Competing processes such as melting, bond-dissociation,
plasma absorption, and high gas pressure occur simultaneously. The evaporated material most
likely consists of ionic carbon clusters or a colloidal carbon plasma. The complexity of the
process and the consideration of all reaction parameters and materials properties makes

modeling of the processes occurring during laser-carbonization highly challenging.

Dueto this complexity, processing materials with laser beams requires a solid knowledge about
theunderlyingbeam-matter interactions. It is known from industrial materials processing that
every material shows a different response to the impact of a laser beam due to their materials
characteristics. Primarily, the direct laser beam—materials interactions need to be considered,
1.e. primary light-matter interactions such as absorptivity andreflectivity. These two parameters
depend on the materials and surface properties and define the so-called laser coupling
according to equation (2).

P=a’PA+ﬂPR

(2)
a+f =1

Pis the incidentlaser power, P, is the portion of power absorbedand Py is the portion reflected,
while a and /8 are the absorptivity orreflectivity, respectively. Several examplesforthe interplay
between materials parameters (e.g. aluminum, stainless steel, etc.) and laser irradiation are
given in the literature.(19”) The same principle applies for organic or carbon precursor films.
However, as laser-carbonization has been scarcely investigated mechanistically,

comprehensive databases are still lacking.

Once absorbed, the thermal properties of the materials, such as heat capacity and heat
conductivity are decisive for the energy conversion and transport within the material
Moreover, intrinsic materials properties like melting point and evaporation point are
essential. For example, a low melting point lead to a strongly different heat dissipation during

the reaction due to enthalpic effects during melting.

Finally, gases or volatile species evolving during the laser beam induced reactions form a
colloidal plasma that interacts with the laser beam and reacts with the product material.

Therefore, evaporationrates, the density of the evaporated products, their reactivity and their
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interaction with the laser beam need to be considered. All these parameters also apply for

carbonization reactions.

In this regard, the reaction atmosphere is another critical parameter especially in carbonization
reactions. Despite the fast reaction rates induced by the laser, the reaction is largely dependent

on the presence of reactive gases such as oxygen, ammonia, or hydrogen in the atmosphere.

To summarize, the key materials characteristics that are essential to understand or tune a

reaction are:

1) absorptivity / reflectivity of the laser beam (reflectivity very low in organic materials)
2) thermal properties - heat capacity and heat conductivity

3) melting point and evaporation point

4) interaction with the products (absorption, reflection, e.g. plasma, gases, dust, or melt)
5) reaction atmosphere

Laser Parameters

Lasers are primarily a light source and provide photonic energy. In most materials the high
photonic energy density is absorbed and converted to heat. Therefore, lasers are considered an
alternative localized heat source. A picture or a simple experiment to have in mind when
thinking about laser-induced heat or specifically laser-carbonization is condensing sunlight
with a magnification lens to burn a piece of paper (Figure 15A). The black residue at the rims

of the burned spot is carbonized cellulose fiber (paper).
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Figure 15. A) Focusing sun light onto a piece of paper with a magnification lens (https://www.labbe.de); B)
Schematic illustration of the working principle of a processing laser.

Lasers used for materials processing function in a similar manner. A laser source generates a
beam with tunable intensity which is directed along a mirror system and a focusing lens to the
workpiece (Figure 15B). The position and speed of the laser beam is controlled by a moveable
x-y axis while the focal distance and focal length is controlled by the specifications of the
focusing lens and a movable specimen stage. These laser-setups are operated either in the

vector mode or in the bitmap mode. In the former, the x-y-control follows the lines or paths
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in a vector graphic while in the image mode a bitmap with a certain resolution, given in dots
per inch (dpi), is rastered (Figure 15C). The bitmap mode is generally applicable for scanning
(converting) larger areas (engraving). However, higher precision in the patterns and the power
control is achieved in the vector mode. When using the vector mode to carbonize larger areas,
the line separationneedsto be defined (Figure 15C). Noteworthy, the interaction cross-section
is dependent on the materials specific absorption at the laser energy and the thermal diffusivity,

therefore the line separation varies with the material in the primary film.

As mentioned above, laser radiation can be considered an alternative heat source to synthesize
carbonized materials. Similar to conventional heating methods, the temperature of the laser-
induced carbonization reaction is adjusted by the energy input which is a direct result of the
power density and the reaction time, i.e. the time the laser beam resides on a spot. In comparison
to conventional heating a laser-induced reaction is extremely fast, i.e. occurring on the time
scale of milliseconds. To understand the heat-induction, some fundamental aspects
distinguishing laser heating from conventional joule heating need to be considered. For the
sake of conciseness of this text, a laser should just be simply viewed as a source of bundled

photonic energy.(10%)

Lasers are among the energy sources with the highest power density. The high power densities
in a laser beam are a result of the condensation of photons of a certain wavelength. These
properties, the power density and the wavelength, are the two main criteria that are relevant
for (carbon-)materials processing. The power density depends on the beam diameter (spot
size) in the focus of the laser. The beam diameter is determined by the focusing lens and the
wavelength of the laser.(19) For example, a 1 W laser that is focused to a spot size of 0.2 mm
results in a power density of 3200 W-cm= according to equation (3).

1w
- (0.01 cm)?

3)

This is to be compared to a value of 1000 — 15000 W thatare used in conventional tube fumaces

for laboratory use carbonization reactions.

In materials processing, the fluence (energy density) is provided as a figure of merit. As a
universal value, the fluence, i.e. the energy delivered per unit area, is a direct result of the laser
power and the spotsize (the focus). The laser fluence F'is adjusted by setting the incident power

P and the scanning speed v (Figure 16A). The fluence is given as either lineal /7, or areal F; in
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J-cm or J-cm2, respectively. The values are determined directly from the preset output power,

the scanning speed, and the focal diameter (spot size) according to equations (4) or (5).(107)

P

F== 4) Fy= (5)

P
v-d
Thereby, precise and reproducible fluence values for the area of a laser-carbonized line on a

primary film are given (Figure 16B).

Notably, the effective energy distribution is also dependent on the beam profile with either
Gaussian or non-Gaussian (flat-top) intensity distributions (Figure 16C). The profile of the
beam largely influences the energy density distribution delivered to the workpiece (precursor
film). For Gaussian beams often the peak energy density is provided as it is significantly higher
than the average energy density.(19%) Moreover, techniques to produce line shaped beams with

cylindrical lenses are sometimes used to expose a larger focus onto the workpiece.
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Figure 16. A) Graph illustrating the Gaussian or flat-top beam profiles of a laser beam"'"; B) Laser-beam
scanned overthe surface of a workpiece; C) Laser-modified area determined by the scanning speed and the
beam diameter.

The effective output power (incident power) is determined directly with a power meter prior
to processing, since each laser system has its own specifications. In many commercial laser
setups, the output power is generically given in % of the maximum power. However, the real
output power often scales non-linearly with the user settings as it is dependent on the repetition

rate or scanning speed.

The scanning speed enters directly into the equation of the exposed energy density and is
therefore a critical parameter. In terms of laser-carbonization, however, the reaction time plays
a pivotalrole. Therefore, the scanning speed should be viewed as a parameter with an in dividual
impacton the processingas it determines the reaction time. Material characteristics such as heat
capacity and heatconductivity are dependenton the scanning speed and determinethe reactivity

of a material.
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The spot size, or more specifically the beam diameter, is determined by the characteristics of
the focusing lens and the laser wavelength. The wavelength depends on the laser source and its
active medium and ranges from the ultraviolet (100-380 nm) over the visible (380-780 nm) and
the near infrared (780-3000 nm) to the mid-infrared (3-50 um). An overview of laser sources
commonly used in materials processing is given in Figure 17A. Among the many classes of
lasers, the most relevant for materials processing are:

6) gas-laser (e.g. CO,-laser, A=10.6 um)

7) rare-earth solid-state lasers (e.g. Nd:YAG, A =1064 nm)

8) diode lasers (e.g. diode GaP, A = 540 nm)
9) excimer lasers (e.g. KrF, A =248 nm)
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Figure 17. A) Chartof commercial lasers categorized by their averagepower and wavelength indicating their
common fields of application;"'" B) Map of typical laser processes as a function of power density per unit
interaction.")

Notably, the COz-laser is the most widely used type in materials processing, in general, and
for carbonization reactions, in particular. It is available for different power ranges from the
microwatt (mW) to the megawatt (MW) regime, making it the work-horse in materials
processing. With regard to CO;-lasers, significant offsets and fluctuations in the low energy
regime are typical for direct current (DC)-pumped laser sources. Since laser-carbonization is
conducted in the low output power regime between 0.1 — 5 W, radiofrequency (RF) laser
sources are the preferred choice, as these provide a higher laser beam stability in the low power
regime. Reactions in the material, especially when using long wavelengths lasers, are induced
by the so-called photothermal effect: Photonic energy is absorbed by the material and
transformed into lattice vibrations. This effect is dominant at long wavelength excitation. Upon
excitation, e.g. in the infrared (CO,-lasers), specific molecular bond vibrations may be directly

excited when in resonance.
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The absorptivity of short wavelengths (e.g. ultraviolet light) by organic materials or
semiconductors is generally higher than for long wavelength, because the photonic excitation
energy in the UV is in the resonant range of chemical bond energies and is thus able to directly
induce bond dissociation (photolysis). Additionally, shorter wavelengths are generally stronger
absorbed due to plasmonic resonance of most materials at higher energies. Moreover, in short
wavelengths excitation, nonlinear optical effects like multiphoton absorption have to be taken

into account (Figure 18).

Although the effective focal diameter strongly depends on the laser optics, shorter wavelengths
can be generally focusedto smaller spot sizes, which is an advantage for miniaturization in
small-scale materials synthesis. However, also the response (absorptivity, reactivity) of the
materials is largely dependent on the wavelengths. Some materials are transparent or show a

high reflectivity for certain wavelengths.
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Figure 18. Absorption spectra of an organic precursor for laser-carbonization (CA/U(300), see Results Part:
Carbon Network-Forming Agents) in the UV/vis/NIR and MIR regions.

Another non-negligible beam property that should be considered is the operation mode of the
laser, i.e. continuous wave (CW) or pulsed mode. Especially for the latter, the energy per
pulse is an importantcriterion for the product properties. Typical repetitionrates in pulsed lasers
range between Hz and GHz depending on the type of laser. For example, a beam propagation
speed of 500 ms-mm-! (2 mm-s!) and a pulse repetition rate of 1000 Hz, would result in 500
pulses/mm. Changing the propagation speed to 50 ms-mm! gives 50 pulses per mm. This may
have a significant impact on the product properties. In many commercial engraving setups the
repetition rate is given either in pulses per distance (e.g. per inch: PPI) or pulses per time (e.g

per second in Hz).

To summarize, the most important beam properties (laser parameters) that account for laser-

induced materials processing in general, and laser-carbonization, in particular, are:
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1) photon-energy/wavelength of the laser

2) incident power

3) processing speed

4) pulse sequence, repetition rate

5) spot size and focal position
Systematic mechanistic studies based on a statistical range of materials and process parameters
are still lacking. A comprehensive model for laser-carbonization based on different precursor
materials and laser setups would certainly help to understand the principle mechanisms and

gain control over the materials properties. In the next section, a survey over individual

mechanistic studies on laser-carbonization will be introduced.

Mechanistic Studies - Literature Survey

A good number of studies were devoted to the investigation of the laser-induced carbonization
mechanism. Among the best studied materials are LC-PI and LR-GO. Notably, the reaction
mechanism for all precursors, and these most prominent ones in particular, is highly individual.
The laser-induced reaction of GO is considered a deoxygenation or a reduction rather than a
classic carbonization as described in the first section. On the other hand, the carbonization
mechanism for Pl is very specific and not directly transferable to other polymers or precursors
as the intrinsic materials properties of each precursor are substantial. Notably, PI is a polymer

with an extraordinary thermal stability and duroplastic properties, i.e. without melting point.

Table 1 provides an overview of the essential laser parameters that were used in different studies.
The properties of the LCMs such as morphology, crystallinity, surface area, conductivity etc. are
largely dependent on the reaction parameters. Especially the laser parameters like wavelength
(4), incident power (P), scanning speed (v), fluence (E), pulse duration (7), pulse frequency
orrepetition rate (f), spotsize (d) and beam shape were in the center of the studies. Other reaction
parameters like reaction atmosphere and pressure are also critical. Moreover, the properties of
the precursor materials, like extinction coefficients, composition, heat conductivity and heat
capacity as well as reactivity of the precursor films are important to consider. Some insights into
the decomposition mechanism of the precursor films were also obtained by analyzing the
composition of the ejected material or gases during laser-carbonization. In the following

paragraphs, the influence ofthese parameters on the properties of the LCMs are briefly described.

A first comprehensive mechanistic study on the laser-carbonization of PI was published in
1985, in which several process components, such as laser wavelength, fluence, or the

composition of the ejected materials were individually studied.® In principle, laser-
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carbonization, although performed with UV or visible lasers, followed a photo -thermal rather

than a photo-chemical mechanism which was confirmed by a sharp reaction threshold in the

excitation energy. In other words, the initially induced electronic absorption leads to a rapid

transformation into vibrational heating of the precursor film and subsequently a temperature-

catalyzed carbonization reaction.

Table 1. Overview on selected studies on laser-carbonization listing the type of precursors used, the target of
study (application), andthelaser parameters. In case various laser settings were tested in a study, the maximum

energy densities or parameter for best device performance were selected.

;\ v P T f d FA
prec. target of study m s W Hz um  J-em® atm ref.
cellulose force sensors 10600 15 2.4 - - - - - 20192
cellulose (fiber) mechanism 10600 40 5 - - 40 - - 2019
cellulose (fiber) mechanism 522 0.25 0.2 192fs 63M 1.6 - - 20217
GO mEDLC 1/05312 125 - 220fs 500k - - - 201815
GO mEDLC 780 - - - - - - amb 201204
GO optoelectronics 800 - 10 100 fs 1k 170 0.035 - 201489
GO mEDLC 10600 200 26.5 500 S 1k line - - 20181
GO mechanism 780 0.005 0.013 70 fs 50 M 2 0.0083 - 2019™7
GO fl. electronics 790 - 0.003 120 fs 8o M - - - 2010
1064 0.38
GO mechanism 532 1 - 6 ns 30 sk 015 - 2020"®
355 0.085
266 0.05
lignin mEDLC 10600 - - - - 100 - - 20189
lignin/PVA /urea biosensors 10600 - - - - - - amb 2020%°
ligno-sulfonate fl. electronics 10600 - - - - - - - 20200
ligno-sulfonate mEDLC 10600 8o - - - - - - 202102
PAN mechanism /996988 spot 800 - - 30k - N2 2016
paper multi-sensors 532 15 0.4 W 18 - - 202019
PI strain sensors 10600 1300 6.75 - - 60 6.2 - 2015024
PI acoustic sensors 450 8.5 0.5 W 100 - - 20170
PI mEDLC 10600 150 6 - 20k 220 - - 2016129
PI mEDLC 10600 - 4.8 14 ps - - - amb 20157
PI mEDLC/photodet 405 - 0.27 CcwW - - Ar 201608
PI mEDLC 405 - 0.22 - - 3 - - 201619
PI mEDLC 10600 - 4.8 - - - - amb. 201619
PI biosensors 1030 1.0 0.6 - - - - - 20181
PI biosensors 10600 127 0.3 - - - - - 20201?
PI gas-sensors 10600 180 - - - - - - 201903
PI biosensors 10600 59 5.6 - - 180 2.3 - 20194
PI humidity sensor 405 none 0.16 >2 s - - - - 20201
PI biosensors 1;);;) 0.5 (;)--0235 400 fs 120 k 5 5 amb 2016139
PI gas-sensors 10600 1.6 0.57 357 Us - 100 - - 201877
PI mEDLC 800 1 0.08 35 fs 8(1) ll(\/[ 100 - - 202109
PI (boron) mEDLC 10600 89 4.8 14 us 120 amb. 20159
PI (doped) biosensors 10600 500 12.5 - - - - 202204
PI (Pt) electrocatalysis 10600 - - - - - - - 201704
PI (tube) multi-mech. 10600 15.3 0.85 - 20k 62.7 - - 2019
wood electrocatalysis 10600 150 8.6 - - 1000 - ?Irz/ 20170%)
wood, coconut, 10600
potatoes, mechanism 9300 150 - - - - - N2 201804
cardboard 1060
wood/leaves fl. electronics/ 10600 10 0.8 - - - - - 2019%)

mEDLC/T-sens.

*A: laser wavelength, v: scanning speed, P: laser power, ©: pulse duration, f: frequency, d: spot diameter, F:
areal energy fluence, atm: reaction atmosphere, ref: reference.
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Extinction Coefficients

The thermochemical decomposition of the precursor films (PI) with particular emphasis on the
light-matter interactions and the extinction coefficients have been investigated in an exemplary
study in 2019.(34 The absorbance of the incident beam by the film is critical for the efficient
transformation of photonic into thermal energy. Accordingto this study, the extinction of the
laserbeam in the PI film follows the Beer-Lambertlaw. The extinction coefficients are typically
determined at the laser excitation energy (10.6 um 2 940 cm™!) by Fourier-transform infrared
spectroscopy (FT-IR). This is the resonant energy range of C-H and C-H, vibrations. However,
plasmonic absorption of particulate or polymeric precursors is also present in this energy

regime. A quantitative analysis of the extinction coefficients of PI are still lacking.

Ejected Material

The type and properties of the ejected material duringlaserimpactonto PI was first qualitatively
analyzed by gas chromatography—mass spectrometry (GC-MS).(’> Besides soot (colloidal
carbon plasma) that evolves during the laser-carbonization reaction, typical pyrolysis reaction
products such as H,O, CO,, CO were observed and trace amounts of hydrocarbons. The soot
re-condenses to form a carbon-like material, which deposits at the cooler zones. The formation

of soot is effectively suppressed in the presence of O, as a combustion accelerator.

Composition and Additives

The extinction coefficients and other materials properties such as heat capacity and heat
conductivity but also reactivity depend on the chemical composition of the precursor films.
Additives play an important role in the laser-carbonization process as they change both the
chemical and the physical properties of the precursor material. For example, a study in which
cellulose nanofibers (CNF) were carbonized with a 10.6 pm laser showed efficient conversion
only in the presence of sodium as a counter ion in the CNF.(13) [t was argued, that the sodium
lowers the activation energy of the dehydration step during carbonization. It is, however, more
likely that sodium transforms into sodium oxide during laser-carbonization and induces a

carbothermic reduction.

Effective carbonization of a variety of precursor materials (filter paper, cloth, and other
cellulose-based materials) were enabled by previous heat pretreatment, for instance, exposure
to a propane torch.(143) Thereby, the precursor materials were partly carbonized (charred, pre-

carbonized) into amorphous carbon. The materials with an amorphous carbon surface absorbed

30



General Part

enough laser energy to be fully carbonized. This illustrates also the effect of product absorption

during laser-carbonization.

Scanning speed, Incident power, and Fluence

In most studies, the primary laser settings like power P [W], scanning speed v [mm-s-], or
fluence F [J-cm?] have been optimized. According to several studies, the efficiency of laser-
carbonization is predominantly dependent on the fluence F exposed to the precursor film, and
is usually given as areal F; in J-cm? (Table 1).099 Commonly, the laser parameters are
optimized for fluence values in the range between 0.01 — 5 J-cm™ for different wavelengths.
The divergent range of these values is attributed to inconsistencies in the methods of

determination and varying laser technology.

Specific investigations on the influence of the laser parameters on the structural properties of
LR-GO prepared witha 10.6 um laser were includedin a study from Tran etal.(1'9 The scanning
speed was varied between 100 and 200 mm-s!and the power between 18.6 and 26.5 W. These
parameters result in linear fluences between 0.93 and 2.65 J-cm-! or areal fluences between 238
and 680 J-cm2, respectively (line beam shape), according to equations (4) and (5). A threshold
fluence was necessary to induce sufficient laser reduction, which again points to a thermal
rather than a photo-chemical mechanism. The highest capacitance was achieved at the energy
density around the minimum threshold, showing that milder reduction conditions yield a higher
integrity of the LR-GO network. In a study from Wan et al. the parameters of a femtosecond
laser used to reduce GO films were systematically investigated.1'”) The specifications of the
laser are =780 nm and 70 fs pulse width at a repetition rate of 50 MHz. The power was varied
between 3 and 13 mW and a clear dependence of the degree of carbonization, i.e. the portion
of carbon, on the laser power was found. In a more recent study, the scanning speed and output
power were screened and correlated into matrices showing the effectiveness of laser-
carbonization in dependence of output power and scanning speed.(140) By testing a set of three
precursors (molecularly engineered PlIs), the authors demonstrated that the precursor material
is sensitive for both parameters individually. The final morphologies, electrical conductivities,
and sensitivities towards dopamine of the LC-PIs vary strongly with these parameters (Figure

19A).
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Figure 19. A) Upper: Carbon lines written with laser power of 180 to 200 mW (scale bar: 100 um); Lower:
Carbon lines written with 30 mW starting from carbonized points (scale bar: 100 um); Right: Schematic of the
point-to-line strategy;"*® B) Correlation map of laser power with scanning speed on different Pls. Yellow: Non-
carbonized, green: electrically conducting porous morphology, red: resistive wooly nanofibers. "™

An interesting phenomenon demonstrating the influence and limitations of the precursor film
in terms of heat capacitance and heat conductivity was described recently by Guo et al.(13%) In
this study, PI was carbonized with an 800 nm femtosecond laser. It was found that a critical
lower threshold value for fluence and certain repetition rate were necessary to achieve
effective heataccumulationand thus carbonization of the PI. An initial carbonizationpoint with
fluence above the threshold was set. All subsequent carbonization lines starting from this point
were “written” at fluences three times lower than the fluence threshold for bare PI (Figure
19B). Thereby, the effective power consumption was reduced and the line width was minimized
toonly 6.5 pm. Generally, lower and upper threshold values for effective laser-carbonization
or ablation, respectively, are found in several studies. The thresholds are dependent on the
extinction at the wavelength of the laser. An overview is given in Table 2. Notably, the
threshold was also found to be dependent on the scanning speed. (116.140) For the laser-induced
reduction of GO a lower threshold was determined to be significantly lower than for the
carbonization of PI. The lower carbonization fluence threshold may be correlated to the
threshold temperature of 200-230 °C for the reduction of GO obtained in reference

experiments.(17)
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Table 2. Overview on the threshold values of the laser fluence found in different studies.

wavelength fluence fluence
precursor (lower threshold) (upper threshold) ref.
nm ]-Cm'2 ]~cm'2
GO 243 0.010 (84)
GO 243 0.006 (144)
GO 248 0.07 (145)
GO 266 0.050 (118)
GO 355 0.085 (118)
GO 532 0.15 (118)
GO 1064 038 (118)
PI 248 0.027 (75)
PI 308 0.070 (75)
PI 351 0.12 (75)
PI 800 0.9 (138)
PI 10600 13 (134)
PI 405 83.4 (single pulse) (135)

The laser fluence is principally ameasure for the reaction temperature and has thus a significant
influence on the properties of the LCM films such as their structural and electronic properties.
For example, the decomposition temperature of PI (commercial Kapton) is ~500 °C in air and
decomposes almost exclusively to CO, and CO.(149 The energy threshold could be a measure
for the decomposition temperature. The fluence range within the lower and upper thresholds
determines the effective temperature window. Within this window the film composition,
morphology, and electronic properties are directly dependent on the fluence. For example, the
porosity of LC-PI shows significant differences depending on the fluence. 34 Also for GO, the
reduction efficiency is clearly dependent on the laser fluence. The lower and upper fluence

thresholds were determined in systematic studies.(®4.118)

Wavelength and Resolution

Systematic studies on the effect of the laser wavelength to the reduction of GO show that
deoxygenation is more effective in the short wavelengths region towards the UV while the
reduction to the sp?-carbon lattice is more effective atlonger wavelengths. These insights enable

a differentiation between photochemical and thermochemical effects.(118)

Although, in the early investigations on the laser-carbonization mechanism of PI short UV -
lasers (248, 308, and 351 nm) were used, the most commonly used laser source for laser-
carbonization of PI is the CO, laser (A=10.6 pm) (Table 1). Other wavelength such as 405 nm
are increasingly used due to the higherachievable patterning resolutions. The resolutionof LC-

PI has been improved from ~100 pm to ~12 pm and even 6.5 um.(13%138) A comparison of these
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studies clearly shows that the effective power/ fluence threshold is largely dependent on the

wavelength of the laser.

Focus

The effective reaction temperature is varied with the fluence, which peaks in the focus of the
laser beam. The effective fluence exposed on the precursor film can be reduced by defocusing
the laser beam. Chyan et al. demonstrated that defocusing of a 10.6 um laser has a strong
influence on the properties of LCMs from different precursors, such as PI, Kevlar, cardboard
etc (Figure 20A).(143) The overlapping regions of the individual laser lines thus experienced

multiple exposure which enhanced the electrical sheet conductivity of the product films.
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Figure 20. A) Imagevisualizing the influence of the focus of the effectively irradiated area'*>; B)Image visualizing
the difference between CW and pulsed laser modes, the pulse duration and rep etition rate."'®

Repetition rate / Pulse Duration

Pulsed lasers are frequently used for laser-carbonization. Their characteristics are defined by
the pulse frequency (repetition rate) and the pulse duration (Figure 20B). Both parameters
were shown to have an influence on the properties of the LCMs. Pulsed laser beams show
decisive advantages in terms of power control over continuous wave (CW) operated lasers.(110
To test this effect, the pulse duration and repetition rate of a CW CO,-laser was modulated by
a beam chopper and studied towards the performance of LR-GO in EDLCs (Figure 20B).(10
It was found thatthe beam modulation from 100 Hz to 1 kHz resulted in a better laser-reduction
efficiency as indicated by an improved capacitance. The laser-reduction mechanism of GO was
systematically studied in 2014 and optimized for the application of LR-GO films as electrodes
in transparent organic photovoltaics.® Here, the effective fluence was varied between 3.5 and
35 mJ-cm2. Moreover, the number of pulses of a 248 nm KrF laser showed a significant
influence on the efficiency of the laser reduction especially in terms of charge-carrier mobility.

A 405 nm fiber-coupled laser integrated into a scanning electron microscope (SEM) chamber
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allowed for the in situ investigation of the laser-carbonization process of PI.(35) The
carbonization upon applying single pulses with pulse widths between 2 ps to 100 ms were
investigated. The results provide insights into the reaction kinetics of PI. Short pulses of <100
us no effective carbonization was observed. The diameter of the irradiated spot increases with

increasing pulse width up to pulse durations of <I ms.

Beam Shape

Besides the beam profile, the beam shape is a variable in the laser-carbonization process. To
improve the throughput of laser-carbonization a line-beam CO, laser reduction process of GO
was investigated in 2018.(19 To this end, a cylindrical lens was employed to achieve an
effective line shape 0f 3.9 x 0.23 mm?2. Parameters such as pulse duration and repetition rate of
the 10.6 um laser were finely adjusted to meetthe optimum requirements of the laser-reduction,

with the pulse-to-pulse pitch being the effective critical parameter.

Reaction Atmosphere

The presence of O, during laser-carbonization was initially found to play no direct role in the
reaction rate or the ablation process.” However, later it was found that the reaction atmosphere
has a significant influence on the surface properties of the carbonized film. Differences appear
mainly in the oxygen content on the surface, which is significantly higher in the presence of
oxygen. Subsequently, the surface polarity is much higher which was confirmed by contact
angle measurements.(134147) In general, the presence of O, promotes the combustion reaction at
high reaction temperatures (see Principles of Combustion). Due to a more complete combustion
reaction the remaining carbon shows a higher degree of graphitization which is reflected lower

defect and disorder related signals (D, D3, and D4) in the Raman spectrum. (34
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Applications - Overview and Literature Survey

Overview

The electrically conductive carbon materials obtained from laser-carbonization are generally
useful for application in film-based or flexible electronics. Their intrinsic porous structure
makes them applicable in high-surface area applications such as electrodes in electric double-
layer capacitors (EDLC) or batteries, electrocatalysts, electrochemical sensors etc. All these
applications rely on large interface materials and the interaction of gaseous or liquid media with

the electronic surface or specific active sites on the surface of the materials.

In this section, the most prominent fields of application for LP-Cs will be introduced, namely
EDLCs, electrocatalysis, and sensors. These are also the applications of the LP-Cs developed

and investigated in this thesis (Figure 21).

Laser-Patterned Carbon Electrodes (LP-C)

Sensors Energy Storage Electrocatalysis

Figure 21. Overview of themost prominent fields of application for laser-carbonized materials: Electrochemical
sensors, electrochemical energy storage, and electrocatalysis.

LP-C in Electric Double-Layer Capacitors

Introduction

Among the most widely studied applications of high- Basics

surface area carbons in flexible electronics are EDLCs. | o cjectrochemical double-layers

e jonic conduction

EDLCs are energy storage devices where the energy : :
e interface reactions

storage is achieved through electrostatic charge deposition
at the electrode/electrolyte interface.(14®) The charge stored at the biased electrode surfaces and
the proximate layer with an equivalent counter ion population continuously increases with the
potential difference between the two, limited only by the standard electrochemical potentials of
the electrolyte ions and/or the stable voltage range of the electrolyte solvent (Figure 22A).

Therefore, for high-performance EDLCs, high surfaceareas with a hierarchical porous structure
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are preferred. Such requirements are generally fulfilled in LCMs.(149 In the light of future
flexible and wearable electronics as well as on-chip fabrication of electronic devices, particular
focus was laid on the development of so-called micro-EDLCs (mEDLC). mEDLCs are
developed in a planar fashion in order to be integrated onto different substrates in form of in-
plane interdigitated electrodes (Figure 22B). For further reading on the operation principles,
device performance parameters, engineering and limitations one of the plenty review articles
on the topic is recommended. (39151 Laser-carbonization is a direct synthesis method suitable

for the fabrication of porous carbon-based electrodes on different substrates.

A

electrolyte

high surface
area electrode

isolator

1l

1
sandwich interdigitated
arrangement arrangement

Figure 22. Schematic illustrations of the working principle of an electrochemical capacitor in the sandwich or the
2D printed — interdigitated arrangement.

State-of-the-art

In an early reportonusing LR-GO as an active electrode material interdigitated electrodes were
prepared with a simple commercial Lightscribe drive (A = 780 nm).®4152 Homogeneous GO
films with thicknesses of up to 10 um, cast from aqueous GO dispersions, were applied onto a
flexible substrate and mounted onto a DVD (digital versatile disc). In the disk drive, the GO
was reduced by the laser to obtain porous 3D-graphene films (Figure 23). The electrode
performance was tested in a sandwich or in a 2D-interdigitated electrode arrangement resulting
in areal capacitances of 2.3 mF-cm= (at 16.8 mA-cm?3). In 2016, a laser-reduced rGO/ZnO
composite was prepared by laser-treatment of a Zn(NOs), impregnated GO film.(53
Interdigitated electrodes were laser-patterned on PET substrates with a 780 nm LightScribe
drive and showed a high capacitance retention at random bending angles. To improve the
flexibility and stretchability of the LR-GO electrodes, a femtosecond laser (A = 1030 or 515
nm) was used to pattern GO films into vertically oriented LR-GO in the shape of interdigitated
electrodes.(1 A gold layer was sputter deposited on top of the LR-GO to reinforce the

electrical connections during mechanical deformation.
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Figure 23. Schematic diagram showing the fabrication process foran LR-GO based mEDLC applied on a PET substrate
producedin a commercial LightScribe DVDdrive. Copper tape is applied along the edges to improve the electrical contacts,

and the interdigitated area is defined by Kapton tape. An electrolyte overcoat is then added to create a planarmEDLC.*+>

To increase the throughput of the laser-fabrication technique, | g . 4.4 (lectrochemical

a line-beam shape was utilized in a CO,-laser to reduce GO | characterization

cyclic voltammetry
galvanostatic and potentiostatic

in quasi-rectangular cyclic voltammograms ateven very high impedance spectroscopy
chronoamperometry

etc.

films.(11©) The LR-GO exhibits capacitive behavior reflected

scan rates of 5 Vs, Areal capacitances of ~90 mF-cm? (at

1 A/g) were achieved.

In 2015, itwas demonstrated, that LC-PI, processed witha 10.6 pm CO,-laser from commercial
Kapton tapes show a high electrochemical performance in both vertically stacked and in an in-
plane arrangement.(127) Stable areal capacitances of ~10 mF-cm?2 (at 0.01 mA-cm2) were
achieved. The vertical stackingwas enabled by laser-carbonization on both sides of the PI tapes
and using polyvinyl alcohol (PVA) membranes as separators. On the other hand, in-plane
geometry wasrealized by laser-patterning interdigitated electrodes on one side of the membrane

and applying PVA as a polymeric electrolyte.
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Figure 24. Fabrication and characterization of LC-Pl-based mEDLCs. (a) Schematic illustration showing the
fabricationprocess forassembling a single and stacked LC-Pl-based mEDLCs; (b) Opticalimageofa fully assembled
single LC-Pl-based mEDLCsmanually bent. (c) Cross-sectional SEMimage of a PI substrate with both sides laser-
induced to form graphene. (d) SEMimage of the LC-PI films showing a porous 3 Dnetwork. (e) TEMimage of a LC-PI
film showing nano-sized wrinkles andripples. Insetisa HRTEM image of a LIG nanosheet showing graphene edges.
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The performance of the LC-PI-based mEDLCs was improved by electrodeposition of pseudo-
capacitive components, such as MnO,, FeOOH, or polyaniline (PANI) onto the laser-
carbonized PI to reach energy densities comparable to micro-batteries.(139 Similarly, boron
doping of the LC-PI electrodes by adding boric acid to the PI precursor, improves the
capacitance and the energy density.(139 Similar performance is achieved with a 405 nm laser,
by which a much smaller spot size of only 3 um was realized.(129) Notably, the performance of
the mEDLCs was significantly improved by air-plasma etching of the LC-PI electrodes, which
modifies the surface properties and the porosity of the LC-PI. To test and improve the
mechanical flexibility, LC-PI was transferred to a stretchable PDMS substrate and showed only
little impact on the performance in the bent or in the stretched state.(129 It has been shown, that
the capacitive performance of LC-PI-based mEDLCs can be significantly improved by
conductingthe laser-carbonization in an inert gas atmosphere. (128 Thereby, higher conductivity,

higher surface area and a change in the pore-size distribution were achieved.

Challenges

Obvious challenges are improving the electrochemical performance of the mEDLCs in terms
of energy and power densities, cyclability, high retention upon bending, high flexibility etc.
Clearly, energy densities in energy storage devices needs to be improved to meet the
requirements of long-term energy storage. To be applicable in future flexible electronic devices
a fundamental understanding of the surface properties of LP-Cs is necessary. The
specifications of any device needs to be adopted to the market-specific demands. Every
commercial EDLC is designed for the specific demands of the intended application. For
example, the capacitive frequency window is crucial. Therefore, universal strategies for
selective tuning of the LP-C materials parameters must be a goal of current research. The
applicability of LP-Cs on different substrates is another requirement. To adopt a general
concept for a variety of precursors, universal strategies to apply carbon precursor films on
different substrates need to be identified. Although minimal feature sizes of only a few um
have been achieved, miniaturization is still a challenge in most LCMs. The abovementioned
examples, PI and GO have been widely investigated as precursors of LP-Cs, however, their
high costs may be a limiting factor for widespread application. Additionally, limited tunability

in terms of surface and electronic structure are inherent.
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LP-C in Electrocatalysts

Introduction

In electrocatalysis, the rates of chemical reactions at the | p_ .

surface of an electrode are enhanced by the potential of the | o  ¢jectrochemical double layers

e heterogeneous catalysis

electrode. Here, the activation energy of an electrochemical ,
e standard electrode potential

reaction is dependent on the potential of the electrode. The
type of reactions commonly catalyzed with electrocatalyst electrodes range from the selective
organic reactions over fuel cells, CO, reduction, or N, activation to materials synthesis, to name

only a few.(154.155)

The concept of electrocatalysis may be best explained using the example of water splitting
(electrolysis) or hydrogen-oxygen fuel cells (proton exchange membrane (PEM) fuel cell
Figure 25). Electrodes can be used to facilitate the decomposition of H,O into H, and O, or the
controlled synthesis of H,O from H, and O,, respectively, using electrical energy. In this first
case two electrodes immersed in H,O are connected by a DC power supply. At high enough
potential, the reduction reaction, the hydrogen evolution reaction (HER: 2 H,O(l) +2 e- —
Ha(g) + 2 OH+(aq)) occurs at the cathode (negatively charged) while the oxidation, the oxygen
evolution reaction (OER: 2 OH-(aq) — %2 O,(g) + H,O(1) + 2 ¢°) occurs at the anode (positively
charged) (Figure 25A). In the reverse reaction, the excess of energy stored in the gaseous
components H, and O,, is used in a controlled fashion to gain electrical energy in fuel cells.
Here, the hydrogen oxidation reaction (HOR: H,(g) — 2 H" +2 e°) occurs at the anode and the
oxidation reductionreaction(ORR: 2 0,(g) + 2 H* +2 e-— H,0) occurs atthe cathode (Figure
25B).(156)

',
HER

cathode anode anode cathode

Figure 25. A) Workingprincipleof a PEM fuel cellinvolvingthe hydrogen oxidation reaction (HOR) and the
oxygen reductionreaction (ORR); Working principle of a water electrolyzer involving the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER).
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The most important assets of electrocatalysts is their activity and selectivity for specific
reactions, butalso stability for commercial applications.(157:15%) The activity is measured by the
current density generated during the reaction. It is related to the accessible number of active
sites, i.e. the available surface area of the catalyst or catalyst support (see Results Part: Figure
30). Other factorsare the type of active sites and the quality of mass, ion, and electron transport
phenomena by modulating the electronic, and structural properties of the active material or the
diffusion processes of the electrolyte. Therefore, efforts towards strategic performance
improvements focus mainly on the identification of new active sites or stabilizing nano-
structuring of the catalyst support. A common way to increase the activity of electrocatalysts is
the dispersion of active sites on high-surface area electrode supports. Another common feature
influencing the performance of an electrocatalytically active material are their electronic

properties, such as work function, or charge-carrier properties.(159)

Notably, for economic reasons, the fabrication costs are an essential criterion for the wide-
spread availability of commercially used electrodes. Therefore, a good amount of research is

devoted to the identification of cost-effective materials and processes.

In the past decades, carbon nanomaterials such as carbon nanotubes or graphene have been
extensively studied as electrocatalyst materials or conductive supports for electrocatalysts and
contributed to a fundamental understanding of electrochemical carbon-electrolyte
interfaces.(199 Both these materials exhibit very large surfaceareas and chemically reactivessites
for the deposition of electrocatalytic sites. Moreover, their intrinsic electric conductivity

enables them to act as electrode materials.

Besides carbon allotropes, other carbon-based electrodes based on, for example, pyrolyzed
carbons or carbonized materials, in general, are moving into the focus of attention. 161 The
simplicity and versatility of their synthesis enabled the discovery of highly active, yet cost-
effective catalyst electrodes. General strategies to improve the activity in carbonized materials
include the introduction of active sites by heteroatom doping, nano-structuring, pore
engineering, surface functionalization, defect engineering, or hybridization and composite

synthesis.

State-of-the-art
Only a few examples of LCMs applied in in electrocatalytic systems have been published. In a
study from 2017, a double-sided LC-PI membrane was used as electrodes to facilitate full

water-splitting (Figure 26). The membrane was fabricated by direct laser-carbonization of PI
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and subsequent electrodepostion of either a NiFe,(OH),.+3, (NiFe) | Basics

catalyst or a combination of Co3(PO,); and CoOy (Co-P) catalyststo | e electrodeposition

facilitate either the hydrogen evolution reaction (HER) or and the
oxygen evolution reaction (OER), respectively. Alternatively, in situ formation of Pt
nanoparticles during laser-carbonization of PI was studied as HER electrode by mixing
Pt(IT)acetylacetonate (Pt(acac)) and polyamic acid as precursors and subsequent drying and
thermal curing. (14D In a separate study, it was shown that laser-carbonized natural wood also
serves as a support material for the electrodeposition of the aforementioned HER or OER

catalysts showing similar performance.(103)

The importance of surface oxidation of the LP-C by exposure to an oxygen atmosphere during
the laser-carbonization for efficient OER or ORR was highlighted in 2018. The oxygen-
containing functional groups on the surface provide active sites, on the one hand, and reduce

the activation energy by facilitating adsorption of reaction intermediates.162)
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Figure 26. A) Fabrication process of the laser-carbonized PI/ NiFe or Co-P electrodes. Commercially available
Kapton (PI) was directly laser-carbonized. Thenthe catalysts were electrochemically deposited on the laser-
patterned carbon; B) Schematic drawing of theintegrated water-splitting electrodemembrane; C) A photograph

of the water-splitting electrode membrane."'*"

Challenges

In the light of oxidation orreduction reactions utilized in fuel cells, current scientific challenges
are amongothers improvements of the catalytic performance of carbons and their composites.
Although, many carbon or carbon composite materials show a decent performance, the exact
mechanisms are still unknown. Systematic mechanistic studies to derive universal principles
would help to develop the field of carbon-based electrocatalysis but are largely missing
Reproducibility is another critical issue. The synthesis conditions of the carbon materials, in
particular, the composite materials need to show a high experimental batch-to-batch control.

This counts especially for heteroatom-doped carbons. The synthesis strategies need to come
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along with high economic efficiency to avoid the use of expensive fabrication methods and the

use of extensive amounts of solvents.

LP-C in Sensors

General Principles of Sensors

The working principle of any sensor, i.e. the detection of a stimulus, is based on three steps:
signal detection (stimulus), transduction (information), and processing (data) as presented in
Figure 27. In biological (ionic) systems, e.g. the human body, signal detection occurs in the
cells, the information is transduced in form of an action potential along the nerve system, and
the data is processed in the brain. In artificial (electronic) sensor systems, the signal detection
happens at the interface of a sensor material and the information is transduced by electrical

connections and processed with a computer.

signal detection transduction processing

cell body @xon terminals o

P (synapses) 5 5 Y
natural J o y= - : ionic
e <
» - £ -
electronic
pS

Figure 27. Scheme explaining the working principle of natural and artificial sensors by the example of olfactory
detection.

Sensor

artificial head

connector

The general types of signals or stimuli that are detected can be categorized into five groups:
electromagnetic radiation, electromagnetic fields, temperature, mechanical, and chemical. For
a range of these stimuli, the human body is equipped with specifically trained organs providing
our five known senses: visual, auditory, olfactory, gustatory, somatosensory. However, all
artificial or natural sensors, and particularly the human senses, are limited to certain detection
ranges. For example, the reception of electromagnetic radiation by the human eyes is limited to
the visible part of the spectrum. Another example is the limitation of the gustatory or olfactory

senses to certain molecular receptors where specific molecular such as CO, are excluded.
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Artificial sensors provide information about the environment that is not detected by our human
senses and thus allow to create awareness and enable forecasts, for example, in medical

diagnostics, weather monitoring, safety, security, emission control, robotics, or bionics.

Carbon materials have been investigated as active sensor materials mainly for chemical and
mechanical sensors. However, their general responsiveness to external stimuli makes them
applicable also in other sensor types. Here, nano-carbon allotropes, such as graphene and carbon
nanotubes have been intensively investigated as active materials in these devices.(193) As a
viable alternative LP-Cs offer all the benefits like large surface areas and tunable surface

chemistry, but come with much lower costs.

Introduction - Mechanical sensors

Mechanical sensors are devices sensitive to mechanical environmental changes like
displacement, movement, pressure, flow, acceleration etc. Typical measurement principles are
based on the quantitative monitoring of changes of a physical parameter of a material upon

deformation such as electric properties, resonance, density, etc.

Typical functional (semi)conductive materials for flexible electronics include metal or
semiconductor nanowires or nanoparticles (e.g., silver, gold, metal oxides). 164167 Their
nanoscale morphology and properties are decisive for their flexible performance and
advantageous for their utilization in thin skin-like devices.(1%®) For the fabrication of reliable
devices, methods such as chemical vapor deposition, photolithography, screen printing, PDMS
transfer techniques, or transfer printing are commonly used.(9 In most cases, these
nanomaterials are coupled with or processed into flexible and stretchable polymers such as
PDMS matrices.(17%:17D For film thicknesses on the micrometer scale inner material sheer forces

typically cause cracking or delamination.(72)

A great potential is attributed to organic electronic materials based on conductive polymers,
such as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), polyaniline, or
polyacetylene due to their easy processability, structural tunability, and light-weight.(173-175)
However, several drawbacks, such as poor environmental stability, poor repeatability, or low
mechanical stability, arise with their utilization.(17¢) Great achievements in developing flexible
electronic devices havebeen made with nanocarbons such as carbon nanotubes or graphene. 17~
180) These materials are generally well-suited for thin-film flexible electronic devices due to
their intrinsically low dimensions and tunable electronic properties, which has been

demonstrated in a plethora of studies.(131.182) A broad overview about carbon-based materials
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used in flexible electronics is covered in a recent book on “flexible carbon-based
electronics”.(179 Among the greatest challenges for the production of flexible devices are long-
term stability and large-scale production. In the course of the past decade, mechanical sensor

devices based on LP-C have been developed.

State-of-the-art - Mechanical Sensors

In 2017 a concept of detecting sound waves with LC-PI films (A = 450 nm) was reported.(1%
Acoustic wave detection is usually realized with piezoelectric sensors. The LC-PI acts as a
sensitive electrically resistive membrane and is able to detect vibrations in the frequency range
between 100 and 40,000 Hz. It was shown, that the thickness of the membrane controls the

frequency range.

In 2015 aconceptof producingstrips (2 x 30 mm) of LC-PI films (A= 10.6 um)and embedding
them into elastic membranes such as PDMS or silicone was developed.(12¥) The LC-PI showed
a high conductivity and stable electric conductivity towards stretching to up to 100%

longitudinal strain.

Introduction - Chemical sensors

Chemical sensors are devices for the specific detection of chemical species, thus the mimicking
of the gustatory or olfactory senses. Famous examples of synthetic chemical sensors are devices
for the global and local monitoring of emission of toxic or greenhouse gases or the indoor air
quality control towards hazardous volatile organic compounds (VOC). On the other hand,
devices for the quantitative detection of biomarkers in body fluid analysis are used for medical

diagnostics, like the monitoring of human vital parameters. (183)

Modern, portable and wearable sensors become increasingly important for non-invasive
medical diagnosis and physical performance optimization. Therefore, a high interest in the

development of new inexpensive and sustainable materials for modern sensors exists.(184)

Important assets of modern sensors are flexibility, portability, integratability, sensitivity,
selectivity, accuracy, short response time, and reliability.(185:186) As a matter of course, such
devices should be available atlow costand be based on sustainable materials and manufacturing
processes. An ideal sensor device fulfils all requirements but in reality each sensor device is

designed to fulfil the requirements for a specific application.

As mentioned above, important classes of analytes are environmental and in dustrial gases such

as CO,, CO, NOy, SOy etc, as well as biomolecules and biomarkers, such as glucose, acetone,
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urea etc. For different applications, chemical sensors rely on different operation principles
based on signals, such as electronic/electrochemical measurement, spectroscopic, or chemical
reactions. Typical electronic sensor architectures, distinguished by their operation mode, are
chemiresistors, chemical capacitors, or electrochemical sensors, field-effect transistors, or
chemical diodes.(!37) For widespread untrained application the most promising, because simple,
are electronic sensors and chemiresistors, in particular. Here, interaction of an analyte with an
active material leads to a change of the electronic properties of the material, which is read out
and translated to a quantitative value (Figure 28A). Examples are liquid/solid or gas/solid
adsorption of analytes to the surface and a subsequent change in either conductivity,

capacitance, work function, or permittivity (Figure 28B).

A ® B LP-carbon
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' ®
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sansar malsngal
ansdauctan \ , oo
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Figure 28. A) Working principle of a chemical sensor; B) lllustration of chemical sensors used for gaseous or
liquid detection or on flexible substrates.

Importantly, the field of flexible electronic sensor devices experienced a notable acceleration
due to the rapid development of artificial intelligence (Al) and machine learning algorithms.
These allow for the efficient training and utilization of small scale sensor array technologies
that are the basis for the realization of so-called electronic noses (Figure 29).(138.189) First
mobile commercial products based on sophisticated nanotechnology are currently in the final

phase of development.
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Figure 29. Schematic illustration of the working principle of sensor arrays.: Analyte mixtures interact with
individual sensors in the array andtheir responses give a response pattern. The read-out is trained with known

data sets.

Common commercial materials used for the detection of chemical species are mostly based on
metal semiconductors, especially metal oxides. Operation temperatures of 200 — 400 °C make
these materials highly sensitive indeed but their devices energy-consuming and expensive.
Alternative materials, such as carbon nanotubes and nanoparticle composites are promising for
room-temperaturedetection of volatile analytes, however, those typically come along with high

production costs.90)

New functional materials, such as hierarchical porous carbons constitute interesting
alternatives for the use in everyday-use or disposable sensor arrays.(191-193) As outlined above,
CLaP is a well suited method to produce electronically conductive porous carbon films and
provide the possibility to incorporate functional sites for the selective interaction with
analytes.(19 This process avoids the inherent difficulties of processing carbonized materials

into flexible conductive films and provides a scalable method for the production of stable

electronic sensors. In particular the possibility for tuning the | Basics

properties of LP-C by simple modification of the precursor | ® semi-conductors
Schottky-junctions
p-n-junctions
charge-carrier properties

formulas has demonstrated a significant enhancement of the

sensitivity of LP-C.(199) A common strategy to tune the electronic

properties of carbon materials is the integration of electronic heterojunctions, e.g. Schottky
barriers or p-n-junctions and thereby modulate the charge-carrier density to achieve higher
response upon electronic/chemical interaction with analytes.(10) These aspects make this

process generally interesting for commercial applications.

State-of-the-art - Chemical Sensors
A 1030 nm femtosecond laser system was used to produce laser-carbonized interdigitated

electrodes in a PI film.(3D Each of the electrodes (sensor units) were post-functionalized with
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either Au-nanoparticles, rGO, or polyaniline (PANI) and the impedance of each of the
electrodes was analyzed in the presence of different analytes, namely salt (NaCl), sugar
(sucrose), or vinegar. Thereby a cross-sensitive sensor array for the selective detection of

different flavors was fabricated and read out by statistical principal component analysis (PCA).

The principle of capacitive sensing with interdigitated LC-PI based on the electroosmotic effect
was also utilized for the selective sensing of Bisphenol A.(130) To achieve a higher surface
polarity the laser-carbonized electrodes were plasma treated. Subsequently, aptamer-receptors
were immobilized on the LC-PI electrodes. In this study, laser-carbonization was accomplished

with a dual laser irradiation using a 532 nm CW and a 1030 nm femtosecond laser.

Another example demonstrates the quantitative detection of gaseous ammonia in a simple
resistive device architecture based on LC-PI (A= 10.6 um).(137) The sensors response was AR/Ry
=3.5% ata concentration of 75 ppm ammonia. The response and recovery times were 214 and

222 s, respectively, with a sensitivity of 0.087 % -ppm-.

In a similar fashion gas sensors were fabricated for distinguishing gases based on their thermal
conductivities.(133) To this end ultrafine filaments of LC-PI in 60 pm wide channels produced
and their resistance was measured in different gaseous environments, namely CO,, argon, air,
or helium. A voltage applied across the channels causes Joule heating which depends on the
thermal conductivity of the gases. For example, the sensors detected 3600 ppm Ar in He and

the response times were as low as 8 s.

Furthermore, LC-PI served as an electrocatalyst support for Pd nanoparticles for the selective
amperometric detection of methane gas.(1°7) The Pd nanoparticles serve as electrocatalysts for
the electro-oxidation of methane. A porous quasi-solid state electrolyte, namely ionic liquid/
polyvinylidene fluoride provided a permeable membrane to support the diffusion of methane to
the electrode. The cell was operated at0.6 V. With this architecture, a sensitivity of 1.1 pA/ppm

towards methane with a response time of 40 s was achieved.

Direct gas sensing with LCMs by detecting adsorption events has not been described (to the

best of current knowledge).

Challenges

A general difficultyis the design of specific active sites in a sensor material that show a sensitive
response and is broadly applicable. Challenges for the application of LP-C in sensor
architectures are primarily the tuning of the surface properties. Thereby, the chemical

adsorption characteristics can be modified. Functional groups are responsible for any kind of

48



General Part

interaction between analytes and the active material. Therefore, it is of pronounced importance
to identify new precursor materials for the selective integration of functional groups
Mechanistic carbonization studies are necessary to create of a fundamental understanding of
the sensor detection principles, i.e. the analyte-material interactions and the electronic
transduction. This entails a combination of mechanistic studies with systematic tuning of the

chemical composition and surface chemistry of LP-Cs.

Importantly, the sensing principle based on adsorption and desorption typically proceeds at low

response times. Mechanisms for improving the response times need to be identified.

As outlined above, the major features of chemical as well as mechanical sensors are flexibility,
portability, integratability, sensitivity, selectivity, accuracy, shortresponse time, and reliability.
With regard to all these assets, the engineering aspect is to improve the mechanical properties

towards high flexibility and stretchability as well as optimized substrate interactions.

Summary — Challenges for LP-Cs in electronic interface applications
control the porosity and surface area

control the mechanical properties

control the surface chemistry

control the integration of active sites

© O O O O

control the charge-carrier properties
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H Results Part

Scope

With regard to the challenges described in the previous section, the aim of this work is the
identification of universal synthetic strategies to modify LP-Cs for the application in flexible
electronic devices. As outlined in the General Part, molecular precursors are generally difficult
to be carbonized with a laser beam. Also, the lessons learned from the experience in
conventional carbonization reactions and strategies to engineering the properties of carbons
(The Complexity of Carbonization) are only partly transferrable to laser-carbonization. The
fundamental knowledge from laser-carbonization of polymeric precursor materials, mainly PI
and GO, provide a basis for selecting the approaches in our studies. However, as described in
the literature review (Laser-Carbonization — Context) clear distinctions between the starting
materials, exemplarily shown for GO and PI, in terms of formation mechanism and product

properties have to be made.
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Figure 30. Schematic illustration of the properties of LP-C (mechanical (B), structural (C), chemical (D),
electronic (D)) in dependence of the composition and properties of the primary film, the substrate, and the
reaction conditions (4).

Generally, laser-carbonization affords carbon films with a hierarchical porous morphology as
depicted in Figure 30C-E. Dependingon the composition and physical and chemical properties
of the primary film as well as the reaction conditions different structural properties, like
porosity, surface area, crystallinity, and morphology are obtained. The resulting mechanical
properties are dependent on the degree of carbonization and the structural properties, but also

on the substrate properties (Figure 30B). In fact, the LP-C/ substrate interactions are a critical
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component of the overall mechanical performance. A general observation is the formation of a
structural and chemical gradient across the film (Figure 30C) due to the effective reaction
temperature gradient induced by the unidirectional energy impact of the laser beam. The chemical
composition and the chemical surface properties, like functional groups, active sites,and composite
structures are mainly dependent on the type of precursor and additional reactants (Figure 30D).
The principle electronic structure of the LP-C, i.e. conductivity, charge carrier properties, and
electronic band-gap depends on mainly the precursors and the reaction conditions. The latter are
also decisive for the degree of carbonization or graphitization, which influences the conductivity
(Figure 30E). Moreover, additives or reactants are used to implement heterostructures

(nanoparticles) into the LP-C, by which electronic heterojunctions are incorporated.

Designing properties:
+ chemical (surface groups, active sites, composites)
O precursors, reactants
+ structure (morphology, surface area, porosity)
o precursors, reaction conditions
+ electronic (conductivity, hetero junctions)
o precursors, reaction conditions, additives
+ mechanical (flexibility)
o precursors, reaction conditions, additives, substrate
+ substrate interaction

o precursors, substrate, additives, reactants

We strive to identify new strategies for the application and modification of LCMs and to derive
universal laws for the rational design of new functional LP-Cs. With respect to the broad
fundamental knowledge on engineering of specific properties of conventionally carbonized
materials, we make an effort for its transfer to laser-carbonized materials. To serve a wide field
of applications, especially in future electronic devices, several challenges regarding the tuning

of the materials properties are addressed.

In the herein introduced studies, we aimed on investigating methods to influence the above

mentioned properties. In the past three years, we focused on the following aspects:

new precursor materials

precursor preparation

new porogens and structure-directing agents (SDA)
laser-parameters

tuning the electronic properties

mechanistic studies
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In the following section (Laser-carbonization — Approach) the development of the individual
process components in our laser-carbonization approach will be outlined. In the section (Laser-
carbonization — Implementation) the results of our completed studies will be summarized and

each of the aforementioned aspects— fundamental properties and applications — will be addressed.

Laser-carbonization - Approach

Overview

An integrated two-step approach to prepare functionalized LP-Cs was developed (Figure 31).
The central element of the first step is the preparation of the primary inks which mainly consist
of carbonizable precursors, the so-called carbon network-forming agents (CNFA), and
additional components such as film-forming agents (FFA), porogens, additives, or reactants.
The CNFAs are prepared by pre-carbonization of organic precursors, typically in a temperature
regime between 300 and 400 °C under anaerobic conditions in a tube furnace (Figure 31A).
For some precursors, like lignosulfonates, the pre-carbonization step is unnecessary. The
CNFAs are dispersed in a solvent to produce an ink or a dispersion suitable for the selected
film-casting technique. A film-forming agent (FFA) is typically added to the ink to facilitate a

homogeneous film-formation or to improve the contact with the substrate. Additives, reactants,

or porogens may be added either directly to the ink, given their Basics

solubility or dispersibility in the solvent, or to the precursor prior | | film-casting techniques

to the pre-carbonization step (Figure 31A).

In the second step, these inks are cast as primary films onto a substrate, by film-casting
techniques like doctor-blading, spray coating, dip-coating, or drop-casting (Figure 31B). A
laser beam is then used to carbonize the primary films in the desired pattems. Subsequently, the
parts of the primary film not exposed to the laser beam are removed by rinsing with a solvent
(H,0). As outlined in Figure 30, the properties of the LP-Cs (composition, structure, electronic
properties, mechanical properties) are controlled by the characteristics of the primary film

(compounds, composition, additives) and the reaction conditions (laser settings, environment).
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A ink preparation B laser-carbonization
organic CNFA primary ink primary film LP-carbon
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Figure 31. Schematic illustration of the integrated two-step approach to prepare LP-C. Organic precursors are
pre-carbonizedto form CNFAs. The CNFAs are processedinto primary inks together with a solvent a film-forming
agent and optionally porogens and additives. Reactants are added either before pre-carbonization or into the
“carbon ink” before film-casting. Films are cast from the inks and the solvent is removed subsequently. A laser
beam is used to carbonize the film in the desired patterns.

Based on our discovery in 201809), we established a standard ink recipe that is composed of a
CNFA, a film-forming agent (FFA), and a solvent. In the past three years we systematically
investigated the influence of several ink components on the properties of the LP-Cs. An
overview of the components used in the presented studies is given in Table 3 and their role is

explained in the following paragraphs.

Table 3. Overview on the components of the inks used in the different studies.

reference CNFA solv. FFA porogen reactants additive substrate ref.
PET
fl. electronics CA/U(300) EtGly PVP Si-wafer S1
Al
. Glu(300) PET
microstructure Cyt(300) EtGly Si-wafer S3
CA/U(300)
humidity sen. CA/U(300) EtGly PVP PET Sq
VOC sensors CA/U(300) PVP (NH4)sMo0,0.,4 PET S5
VOC sensors CA/U(300) EtGly PVP Zn(ZI:I183)2 PET Sé6
mech. sensor CA/U(300) EtGly PVP Nal PET S7
CO2 sensor Ade(380) EtGly PVP  Glu(300) PET S8
CA/U(300) PET
ORR catalyst CA/U_Fe(300) EtGly PVP Nal Fe(NOs); Si-wafer So
mEDLC CA/U(300) NMP stl. steel S10
. GO
Patching CA/U(300) H.O stl. steel Su
mEDLC PAN CNT PCB board S12.
unpublished CA/U(300) CHCl; Pt(acac)- PET
unpublished Na-LigS EtGly diverse
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Carbon Network-Forming Agents

The CNFA is the central component of the primary ink. The principle chemical characteristics
of the final LP-C, like surface functional groups and internal bonding are defined by the
characteristics of the CNFA. As mentioned above, most molecular precursors evaporate upon
rapid heating in a laser beam. In our initial study, we found that evaporation can be prevented
by thermal pre-carbonization of the molecular starting materials.(19%) In most cases, this is an
essential step for the laser-induced formation of a conductive carbon network. In a similar
manner, the necessity of this step was described around the same time in a study from Chyan
etal..(143) Several natural compounds were only effectively carbonized in a laser beam after pre-
heating with a torch to initiate a pre-carbonization. The thus formed amorphous carbon was

then efficiently carbonized in the laser beam.

Pre-carbonization is a process comparable to torrefaction, i.e. mild pyrolysis of biomass at 200-
320°C. By pre-carbonization, three positive effects are evoked: 1) water is removed from the
precursors which would disturb the enthalpic balance of laser-carbonization reaction, 2) the
hygroscopy of the precursors is reduced, making the pre-carbonized products easier to handle
in ambient environments, 4) the increased molecular weight during cross-linking of the

molecular precursors prevents full evaporation upon laser impact.®

In the comparably low temperature regime in which pre-carbonization takes place, several
temperature-induced reactions (polymerizations, dehydrations, etc) occur simultaneously or in
cascades. Typical reactions of biomass observed in the low temperature range are Maillard
reactions, i.e. the condensation of amino groups and reducing sugars, an effect that is observed
for most organic substances upon heating in this temperature regime.(1%) These reactions are
also referred to as non-enzymatic browning reactions. As a consequence of these reactions, the
educts grow into micron-sized particles and become insoluble. To guarantee a fine dispersion
in the ink and a homogeneous casting of the precursor films, the CNFA is grinded in a ball mill
prior to dispersing in the ink. In our studies, we tested the following molecular precursors as
CNFAs: a combination of citric acid and urea (CA/U(300)), adenine (ade380), cytosine
(cyt300), glucose (glu(300)), and sodium lignosulfonate. Polymeric precursors include:
polyacrylonitrile (PAN) and graphene oxide (GO). The number in brackets indicates the pre-

carbonization temperature (Table 3).
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Solvents

The film-formation of the inks largely depends on the properties of the solvent such as boiling
point, vapor pressure, polarity, viscosity, and surface tension. A list with relevant properties of
selected solvents is given in Table 4. Our standard ink recipe was optimized for the application
of primary films by doctor blade coating on different substrates. This technique requires the use

of solvents/inks with high viscosity.

On the one hand, ethylene glycol (EtGly) as a solvent was chosen for its high viscosity. On the
otherhand, its inherent polarity provides good dispersibility of most CNFAs and high solubility
for additives and reactants. Another advantage of EtGly is its low vapor pressure to avoid
solvent evaporation during the ink preparation. To obtain homogenous inks, the mixtures were

stirred in closed vials for 24 h prior to use.

Notably, other castingtechniques, like spray coating, require the use of highly volatile solvents.
For example, suitable reactants for the incorporation of Pt nanoparticles are not soluble in polar
solvents like EtGly. The Pt precursor platinum(Il) acetylacetonate (Pt(acac)) is soluble in non-
polar solvents such as methylene chloride (CH,Cl,). In this case, a dispersion of the CNFA
(CA/U(300)) was prepared in a solution of Pt(acac) in CH,Cl,, which was then applied onto the

substrate by spray casting.

Table 4. Overview on the relevant properties of selected solvents for film-casting.

boiling vapor pressure dipole . . surface tension
. viscosity .
Solvent point @ 20°C moment Pa-s) @ 20°Cin
Q) (hPa) () mPas (mN-m)

1-butanol u8 6 17 2.59 25
2-butanone 8o 105 2.8 0.41 24.6
2-propanol 82 44 1.66 2.07 23
acetic acid u8 15 1.68 112 27
acetone 56 240 2.85 0.3 25.2
acetonitrile 82 97 3.5 0.34 29
chlorobenzene 132 12 1.54 0.75 33
chloroform 61 210 1 0.54 27.5
cyclohexane 81 104 o 0.89 24.9
dimethylformamide (DMF) 153 4 3.8 0.8 37.1
dimethylsulfoxide (DMSO) 189 0.61 3.9 2 44
ethanol 79 59 17 108 22.1
ethyl acetate 77 97 1.78 0.43 24
ethylene glycol (EtGly) 197 0.092 2.3 16.1 47.7
hexane 69 160 o 0.29 18
methanol 65 128 1.6 0.54 22.7
methylene chloride 40 475 1.6 0.42 26.5
t-butyl alcohol 82 41 17 3.35 25
tetrahydrofuran(THF) 66 200 1.63 0.46 26.4
toluene m 29 0.36 0.55 28.4
water 100 17.5 185 0.89 72.8
N-Methyl-2-pyrrolidone (NMP) 203 0 4.09 1.67 40.7
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N-Methyl-2-pyrrolidone (NMP) has also been used as a processing solvent in the primary inks.
In comparison to EtGly the viscosity is rather unfavorable. Additionally, NMP is reactive at
higher temperatures. During the solvent evaporation step, the temperatures must not exceed

120 °C.

Film-forming Agents

In our standard recipe a film-forming agent (FFA) was added for two reasons: The energy
balance and the beam-material interactions strongly depend on the quality and homogeneity of
the primary films (see Laser-Processing of Materials). Topological irregularities increase the
surface scattering and random reflections of the laser beam. The addition of a FFA ensures a
high degree of homogeneity of the films and thus reproducible conditions. The selected FFA,
polyvinylpyrrolidone (PVP) exhibits high solubility in EtGly and water. The presence of water-
soluble PVP in the primary films helps in removing the unexposed parts of the film from the

substrate after laser-carbonization.

Reactants, Additives, Porogens

In order to functionalize LP-Cs or tune their properties, additives, porogens, or reactants are
added. As indicated in Figure 31, two principle routes for the addition of reactants exist: 1)
addition of the reactants/additives/porogens to the organic precursors prior to pre-carbonization

and 2) addition of the reactants/additives/porogens to the primary ink (Figure 32).

Route 1 Route 2
¢ € € B’
e .‘.".’b + Og ef i
organic precursor  reactant/additive/porogen organic precursor
W pre-carbonization pre-carbonization A
i » os »
hetero-CNFA CNFA

reactant/
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functionalized + 0o . additive/
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s =
r O
.: : film . % . fim Cz :

Figure 32. Schematic illustration of the ink preparation. 1) The additive, reactant, or porogen is added to the
precursor priorto pre-carbonization; 2) The additive, reactant, or porogen is directly added to the primary ink.

yul
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The surface properties and porosity of the LP-C are influenced by the presence of porogens in
the CNFA during laser-carbonization. Due to the extremely fast reaction occurring on the order
of milliseconds and photo-induced effects, many conventional templating strategies are not
applicable. Soft-templating is generally difficult for the little control over the exact temperature
during the reaction. Hard-templates in the form of nanoparticles or salt-templating are better

suitable.

In our studies, we investigated two types of porogens: alkali metal halide salts and zinc oxide
nanoparticles. Alkali metal halide (AMH) salts oxidize at high temperatures to their respective
oxides. AM-oxides are principally highly reactive. In the presence of H,O they decompose to
the respective hydroxides. In the presence of carbon at high temperatures they undergo a
carbothermic reduction producingtheir reduced metal states while the carbon acts as a reducing

agent (see Carbothermic Reduction).

Sodium-halides are particularly well suited as porogenic agents for laser-carbonization. During
laser-carbonization temperatures >1500°C are induced. The melting point of the sodium-halide
salts are between 661 and 802 °C (Table 5). However, in this temperature regime oxidation and
carbothermic reactions occur. The reactions are most likely faster than the formation of liquid
phases above the melting point. All high-temperature reaction products of the Na-halides, i.e.
Na,O and Na, exhibitboilingpoints lower than the surface temperature of the LP-Cs. Therefore,
Na-halides perfectly fulfil the role of a porogen.

Table 5. Overview on some properties of metal salts suitable for the use as porogenic agents.

. melting solubility in alkali metal  boiling  alkali metal boiling
alkali metal . . . . . .
. point H,O (20 °C) halide oxide point halide point
halide salt oC L oC oC
g
NaCl 802 358 Na,O 1275 Na 890
NaBr 747 905
Nal 661 1793
KCl 77 347 K.O K 759
KBr 734 650
KI 681 1430
LiCl 610 832 Li,O 2600 Li 1330
LiBr 550 1450
Lil 469 1650
ZnCl, 325 4300 ZnO 1974 Zn 907
ZnBr, 402 4470
Znl, 450 4500
Zn(NOs), <50 1843

Another property of AMHs, which makes them beneficial for their porogenic activity in laser-

carbonization reactions is their intrinsic optical transparency ranging from the visible to the
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mid-infrared. Only a little fraction of the incident laser energy is absorbed by the AMH. When
added to the ink, these salts are dissolved and homogeneously distributed in the primary ink.
Upon drying, nano- or micro crystals of these AMH are formed. When irradiated with laser
light, the crystals transmit the laser energy to the CNFA surrounding the crystals. Therefore,

deeper penetration depth of the laser beam is achieved.

Similar behavior is observed for zinc salts. The ZnO hard-templating effect based on
carbothermic reduction of ZnO is well understood and is commonly used in thermally induced
carbonization reactions (see Carbothermic Reduction).? In laser-carbonization, the formation
of ZnO used for the hard-templating effect occurs in situ within the timeframe of the laser-
induced reaction: The homogeneously distributed zinc salt in the primary films forms ZnO
nanoparticles upon elevating the temperature. When the laser-induced temperature reaches ~
670 °Cthe ZnO is reduced to Zn by carbothermal reduction, duringwhich the carbon is oxidized
to gaseous CO(g). The remaining carbon is rearranged and recrystallized and thus forms highly
graphitized domains. At temperatures above the boiling point of zinc (907 °C), the liquid zinc

evaporates.

A special case of porogen is glucose, which increases the surface of the LP-(N)C by foaming
rather than acting as a regular porogen. Glucose is a well-known precursor for carbonized
materials that generates high surfaces by foaming. The foaming, i.e. formation of bubbles, is
commonly observed in thermally treated carbohydrates.2%9) When using glucose pre-
carbonized at 300 °C (glu300) as a CNFA in laser-patterning, a carbon foam is obtained.

Bubbles in a size range between tens of nanometers up to several microns are observed.

If the additive forms useful reaction products that remain in the LP-C, we refer to them as
reactants. The reactants are of either molecular or particulate nature and upon their addition a
composite LP-Cis formed. Forexample, by addition of metal salts orcomplexes (e.g. Fe(NOj3)s,
Pt(acac),, or (NH4)¢M070,4), nanoparticles are formed in sifu and are incorporated into the
LP-C network. Depending on the reaction conditions and the thermal reactivity of the metal
salts, the respective oxide or carbide nanoparticles are formed. These nanoparticles exhibit
active sites for electrochemical reactions that are utilized in electrocatalytic reactions or
pseudocapacitive energy storage or are influence the intrinsic electronic structure of the LP-
C.2% Due to the chemical and structural gradient obtained in the LP-C (Figure 30C), the
formed nanoparticles are heterogeneous in terms of structure and size. For example, different

oxide phases are obtained in the different temperature regions of the LP-C film. Moreover, the
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formation and incorporation of nanoparticulate species influences the formation mechanism of

the LP-C.

Additives are compounds that do not react during laser-carbonization but enhance or alter the
physical or chemical properties of the LP-C. For example, the presence of carbon nanotubes
greatly enhances the absorption of the laser energy and supports the dissipation of the thermal
energy into the primary film and, thereby, support the reaction of the CNFA. Moreover, the
incorporation of CNTs enhances the mechanical stability of LP-C.

Substrates

Depending on the targeted application, the choice of the substrate is critical. The penetration
depth of the laser energy is limited by the absorptivity (extinction coefficients), the heat
conductivity, and the heat capacity of the primary film. The remaining thermal energy arriving
at the substrate is either absorbed by, reflected from or dissipated through the substrate (see
Beam—Material Interactions). Similar to the primary film the fate of the thermal energy is
quantified by absorptivity, heat conductivity, and heat capacity of the substrate. The absorbed
thermal energy is either dissipated across the substrate or leads to reactions of the substrate
itself, such as physical melting, evaporation, or reactions (carbonization). In reverse, the heat
dissipation within the primary film also depends on the same physical properties of the
substrate, i.e. more heatis generated within the primary film when reflective substrates are used.
On the other hand, thermally conductive substrates may absorb the thermal energy and dissipate
it. Therefore, the intrinsic thermal properties of the substrate influence the carbonization and

the properties of the primary film.

The primary film formation and interaction (bonding) with the substrate also depend on the
surface tension (hydrophilicity) of the substrate. Decisive is the interfacial tension, between ink
and substrate. Ssubstrates may be grouped into different categories according to their
properties: electronically conductive, mechanically flexible or stretchable. In our studies, we

focused on the substrates listed in Table 6.
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Table 6. Overview onsome properties of thesubstrates used. ®® The values for absorptivity are taken from a
comparative study.””

thermal heat capacity  absorptivity melting boiling electrically
material conductivity J-(g-K)* @ 10.6 pm point point conductive
W-(m-K)" % °C °C
Al 237 0.90 ~3 (reflective) 660 v
PET 0.24 103 high 264 ~350
graphite ~400 0.70 3600 v
Si-wafer 149 0.71 reflective 1410 3260
glass 0.8 0.75 high ~1500 ~2200
Cu 401 0.39 ~2 (reflective) 1084 v
StSt 16 0.49 ~1 (reflective) 1510 v
PI (Kapton) 0.75 109 ~92 - ~520

Laser-carbonization - Implementation

Taking the abovementioned aspects into concert, the synthesis of LP-C can be considered a
complex interplay of several variables. In a series of studies, we investigated the influence of
these parameters on the structural, chemical, electronic, and mechanical properties of LP-Cs.
To improve and optimize the performance as active electrodes in electrochemical double-layer

capacitors, electrocatalytic oxygen-reduction reactions, and, especially, resistive sensors.

Principles of Laser-Carbonization

S1. Laser-Induced Carbonization of Natural Organic Precursors for Flexible
Electronics (link to article)

S. Delacroix, H. Wang, T. Heil, V. Strauss, Adv. Electron. Mater. 2020, 6,2000463.

Our fundamental universal approach for laser-carbonization, i.e. the primary ink formulation
and laser-patterning on flexible substrates was developed based on the standard CNFA —
CA/U(300). The CNFA was chemically and structurally characterized. A simple recipe for the
ink is then described for the creation of highly reproducible LP-C structures on different
substrates. Homogeneous ~20 um thick primary films were cast on different substrates and
characterized before and after laser-carbonization. The carbon content on top of the final films
is 97% and is of turbostratic graphitic nature. The penetration depth was firstanalyzed by micro-
tomography measurements. As reproducible laser-induced reactions depend on precise reaction
conditions, the influence of material properties, film thickness, and laser fluence were
thoroughly analyzed. Films on three different substrates, namely aluminum sheets, silicon
wafers, and polyethylene terephthalate (PET) are characterized by electrical impedance
measurements. Electrical conductivities of up to 5.21 S-cm! and maximum current densities of

44 A-cm? are achieved, which proved applicable as fine carbon circuits on PET as a flexible
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substrate. This study laid the foundations for the investigation of synthetic procedures to

producing conductive circuit elements based on carbon.

S2. Carbon nanodots revised: the thermal citric acid/urea reaction (link to
article)

V. Strauss, H. Wang, S. Delacroix, M. Ledendecker, P. Wessig Chem. Sci. 2020, 11, 8256—8266.

The standard CNFA used in our studies — (CA/U(300) — is made from a mixture of citric acid
(CA) and urea (U). The products of the thermal reaction of CA and U contain soluble reaction
intermediates with interesting fluorescent properties, commonly referred to as carbon nanodots
(CNDs), as well as insoluble carbonaceous products (char). The insoluble product of the

thermal reaction was the first CNFA used for laser-carbonization.(19%)

This study aimed for the investigation of the thermal reaction mechanism of CA and U in a
temperature range of 100-300 °C. Autoclave-microwave reactions in the melt were thoroughly
investigated as a function of the reaction temperature and the reaction products were
subsequently separated by a series of solvent extractions and column chromatography. The
insoluble reaction product (CA/U(300)) forms upon condensation of the soluble reaction
intermediates namely HPPT (4-hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6(2H,5 H)-trione) and
oligomeric ureas. These two components form strong hydrogen-bond networks which
eventually react to form solid, semi-crystalline particles with a size of ~7 nm and an elemental

composition of 46% C, 22% N, and 29% O.

S3. Laser-carbonization: Peering into the formation of micro-thermally
produced (N-doped)carbons (link to article)

H. Wang, S. Delacroix, O. Osswald, M. Anderson, T. Heil, E. Lepre, N. Lopez-Salas, R. B. Kaner, B.

Smarsly, V. Strauss, Carbon 2021, 176,500-510.
In this study, we identified and characterized additional precursors for the use in laser-
carbonization,namely cytosine and glucose, pre-carbonized at 300 °C to the respective CNFAs:
cyt(300) and glu(300). Together with CA/U(300), this set of CNFAs enabled a comparative
study to learn about the interplay between the laser parameters and the CNFAs. We conducted
an in-depth morphological and compositional study to understand how molecular precursors
must be prepared for the high-speed laser-induced carbonization reactions. The resulting LP-
Cs or LP-NCs are different from their conventionally pyrolyzed reference products (pyrolized

at 950 °C) mostly in terms of morphology and surface structure. A generally porous structure
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and a carbonization gradient induced by the top-to-bottom energy input were identified as the
most remarkable features of LP-Cs or LP-NCs, in general. Additionally, the microstructure, the
elemental composition and the resulting electronic properties differ to their respective
conventionally pyrolyzed reference products as demonstrated by X-ray photoelectron

spectroscopy (XPS) and wide-angle X-ray scattering (WAXS) analysis.

Moreover, we demonstrated that each precursor shows characteristic reaction response to the
laser-parameters like incident power and scanning speed by testing a variety of settings and
correlatingthem to the obtained electric conductivity ofthe LP-C/LP-NC films. These response
patterns are plotted as 2D-maps and clearly show an individual dependence of the scanning

speed, which indicates a kinetic reaction mechanism.

Laser-Patterned Carbon in Sensing

S4. Using Carbon Laser Patterning to Produce Flexible, Metal-Free
Humidity Sensors (link to article)

S. Delacroix, A. Zieleniewska, A.J. Ferguson, J. L. Blackburn, S. Ronneberger, F. F. Loeffler, V. Strauss,
ACS Appl. Electron. Mater. 2020, 2,4146-4154.

The standard procedure, based on CA/U(300) as a CNFA, was utilized to fabricate a relative
humidity sensor and investigate the fundamental electronic properties of LP-C. First
information on the electronic charge-carrier properties were obtained by Hall measurements,
which confirmed an intrinsic p-type semiconductingbehavior. The resistance of defined p orous
LP-C films is sensitive to atmospheric variations, namely, temperature and relative humidity
(=5 Q-%). Under dry atmosphere, the LP-C film act as a thermometer with a linear relationship
between temperature and relative variation of resistance (0.07%-K-"). The change in sensor
resistance at different relative humidities and temperatures, studied by electrical impedance
measurements, yielded a kinetic transitory regime of water desorption from the carbonaceous
surface. The equilibrium constants of water sorption K,4 was determined, and the standard

enthalpy of adsorption of water on the sensor surface was estimated to A,gH® =—42.6 kJ-mol.

S5. In Situ Synthesis of Molybdenum Carbide Nanoparticles Incorporated
into Laser-Patterned Nitrogen-Doped Carbon for Room Temperature VOC
Sensing (link to article)

H.Wang, S. Delacroix, A. Zieleniewska, J. Hou, N. V. Tarakina, D. Cruz, I. Lauemmann, A. J. Ferguson,
J. L. Blackburm, V. Strauss, Adv. Funct. Mater. 2021,2104061.
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The insights gained from the previous study prompted for the selective modification of the
structural and electronic properties of LP-C to enhance its applicability for sophisticated
resistive gas-sensing applications. To this end, a porogen, namely sodium iodide (Nal) was
employed to increase the specific surface areas of the LP-C. An increase in electronic
conductivity and surface area corroborate a deeper penetration of the laser-beam into the film
in the presence of Nal. Furthermore, the LP-C was impregnated with metallic MoC;— (<10 nm)
nanoparticles by adding ammonium heptamolybdate ((NH4)sMo070,4) as a reactant to the
primary ink (route 2, see Laser-carbonization — Approach). Thereby, doping-sensitive nano-
grain boundaries, i.e. Schottky junctions, between the p-type LP-C and metallic MoC,
nanoparticles lead to an improvement of the sensing response of AR/Ry=-3.7% or -0.8% for
1250 ppm acetone or 900 ppm toluene at room temperature, respectively. The positive effect of
the nano-Schottky junctions was confirmed by a significant decrease of the charge-carrier
densities in the conductive LP-C films determined by Hall-measurements. These response

values are competitive with other carbon-based sensor materials.

S6. Laser-Patterned Porous Carbon/ZnO Nanostructure Composites for
Selective Room-Temperature Sensing of Volatile Organic Compounds (link
to article)

H.Wang, P. Jiménez-Calvo, M. Hepp, M. Isaacs, [. Below-Lutz, B. Butz, V. Strauss, ACS Appl. Nano
Mater. 2023, 6,2,966-975.

To prepare LP-Cs for the selective detection of VOCs, the surface properties were modified.
CA/U(300)-based primary films were converted by CLaP in the presence of different
concentrations of Zn(NOs3),. The impact of Zn(NO3), on the fundamental properties such as
electrical conductivity and surface area were determined. The highest specific surface area
obtained was ~ 700 m? g'!. Subsequently, the resistive response upon exposure of acetone as a
polar analyte and toluene a non-polar analyte was evaluated for a series of samples. The best
performing LP-C sensors were characterized by transmission/scanning electron microscopy and
X-ray photoelectron/energy-dispersive X-ray/Raman spectroscopies. Cross-sectional HRTEM
analysis reveals the presence of ZnO particles embedded in the lower layer of the film with a
profile distribution along the graphitization gradient. The final optimized composites exhibited
a room temperature response of AR/Ry = 18.5% and 0.9% for acetone and toluene, using
concentrations of 2.5 and 0.4%, respectively. As a reference, LP-C sensors prepared with
readily prepared ZnO nanorods show a preferential response to non-polar toluene, which is

attributed to the formation of large graphitic domains on the surface of LP-C. A physisorption
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mechanism is suggested based on the polar and non-polar nature of the analytes used and their

surface interaction with the LP-C/ZnO composite materials.

S7. Trained Laser-Patterned Carbon for High-Performance Mechanical
Sensors (link to article)

M. Hepp, H. Wang, K. Derr, S. Delacroix, S. Ronneberger, F. Loeffler, B. Butz, V. Strauss, npj Flex.
Electron. 2022, 6, 3.

The electronic properties of LP-C films on flexible PET substrates upon defined mechanical
deformation were investigated in this study. The porous conductive LP-C films show a
quantitative and reversible change in resistance upon bending or application of pressure in
normal loading direction. Such properties enable their application as bending or mechanical
pressure sensors. Maximum response values of AR/Ry=388% upon positive bending (tensile
stress) and -22.9% upon negative bending (compression) are implicit for their high sensitivity
towards mechanical deformation. Normal mechanical loading in a range between 0 and 500
kPa causes a response between AR/Ry=0 and —15%. The reversible increase or decrease in
resistance is attributed to compression or tension of the turbostratically graphitized domains on
top of the film, respectively. A detailed high-resolution transmission electron microscopic
analysis of the cross-section of the LP-C films provides unprecedented insights into the

microstructure and chemical properties.

S8. Flexible CO2 sensor architecture with selective nitrogen functionalities
by one-step laser-induced conversion of versatile organic ink (link to
article)

H.Wang, C. Otieno Ogolla, G. Panchal, M. Hepp, S. Delacroix, D. Cruz, D. Kojda, Jim Ciston, Colin
Ophus, A. Knop-Gericke, K. Habicht, B. Butz, V. Strauss, Advanced Functional Materials 2022,32 (51),
2207406.

The chemical and structural gradient of the LP-C films induced by laser-carbonization enables
the fabrication of a layered sensor heterostructure with a porous graphitic transducer layer and
an active sensor layer. The lower effective temperatures in the sensor layer allow for the
preservation of thermally-metastable functional groups that serve as binding sites for specific
analytes. We used this concept to fabricate a layered nitrogen-doped carbon film with a high
content of pyrrolic or imidazolic nitrogen by laser-patterning of adenine-CNFA (ade380) for
selective sensing of CO,. Detailed, comprehensive microscopic and spectroscopic cross-
sectional analyses reveals the unique microstructure and chemical bonding within the LP-NC

film. The LP-NC films were optimized in terms of precursor preparation, laser-parameters,
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reaction atmosphere, porosity, and film thickness to achieve a linear response of up to AR/Ry =
-14.3% (10% of CO,). The access of gaseous CO; to the sensor layers was improved by adding
pre-carbonized glucose (glu(300) as a foaming agent, which was confirmed by elemental HR-
(S)TEM analysis. The thermodynamic analysis yields A,4H values of -35.6 kJ-mol-! and 34.1
kJ-mol! for H;O and CO,, respectively. In humid environments, for example, RH = 80% the
selective response to 10% CO; s still AR/Ry=0.53%. The CO, sensingperformance of the LP-
NC sensors is mechanistically largely unaffected by bending of the material and shows a stable

response.

Laser-Patterned Carbon for Electrocatalysis

S9. Modulating between 2e- and 4e- pathway in the oxygen reduction
reaction with laser-synthesized iron oxide-grafted nitrogen-doped carbon
(link to article)

H.Wang, M. Jerigova, J. Hou, N. Tarakina, S. Delacroix, N. Lopez-Salas, V. Strauss, J. Mater. Chem. A
2022, 10, 24156-24166.

In this study, we demonstrate the tuning of the oxygen reduction reaction (ORR) by iron/iron
oxide nanoparticle grafted LP-C electrodes. Depending on the preparation route, i.e. addition
of amolecular Fe(NOs), precursor before (Route 1) or after pre-carbonization (Route 2) of the
citric acid / urea precursors, either the 2e- or the 4e- pathway in the oxygen reduction reaction
is facilitated leading to either HO, or H,O as a reaction product, respectively. The kinetic
reaction conditions afford rarely observed Fe(0)/Fe,O; core-shell nanoparticles embedded in
LP-Cs with Fe,O3 occurring in the n- or a- phase, in dependence of the preparation route. The
in situ formation of Fe(0)/Fe,O3 core-shell nanoparticles from Fe(NOs), is facilitated by a
carbothermic reduction during the graphitization of the carbon network-forming agent (CNFA)
leading to a graphitized shell around the nanoparticles. Onset potentials for the 2e- or 4e
mediated ORR are as low as 0.77 or 0.70 V (vs. RHE) with a H,O, production efficiency of 4

or 99% respectively for electrodes with ~3 wt% iron.

Laser-Patterned Carbon for Supercapacitors

S10. Fast response electrochemical capacitor electrodes created by laser-
reduction of carbon nanodots (link to article)

V. Strauss, M. Anderson, C. L. Tumner, R. B. Kaner, Mater. Today Energy 2019, 11, 114-119.
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LP-C electrodes based on CA/U(300) were fabricated on stainless steel substrates and tested
for their performance in electrochemical double-layer capacitors. The effect of the reaction
atmosphere, Ar or O,, on the electrochemical characteristics was investigated. The electric
conductivity and the specific surface areas are only marginally affected by the reaction
atmosphere. The surface properties, on the other hand, are significantly altered as shown in a
drastic change of the frequency response of the EDLCs. Remarkable are the extremely fast RC
(resistance-capacitance) time constant of T = 0.29 ms and a capacitance of 0.259 mF cm 2 at

120 Hz.

S11. Patching laser-reduced graphene oxide with carbon nanodots (link to
article)

V. Strauss, M. Muni, A. Borenstein, B. Badamdorj, T. Heil, M. D. Kowal, R. Kaner, Nanoscale 2019, 1 1,
12712-12719.

The CA/U(300) CNFA was used to improve the structural integrity of 3D-graphenes obtained
from laser-reduction of GO. To this end, different mass ratios of CA/U(300) and GO were
mixed in the primary films. Ata mass percentage of ~32%, the active surface area in the hybrid
starting materials was increased to 130% and the electrical conductivity enhanced by nearly an
order of magnitude compared to pure LR-GO. These improved material parameters lead to
enhanced device performance of the EDLC electrodes on stainless steel substrates. The
frequency response, i.e. the minimum phase angle and the relaxation time, were significantly
improved from —82.2° and 128 ms to —84.3° and 7.6 ms, respectively. For the same devices the
specific gravimetric device capacitance was increased from 110 to a maximum value of 214 F

g 'ata scan rate of 10 mV s\,

S12. On-Chip Direct Laser Writing of PAN-Based Carbon
Supercapacitor Electrodes (link to article)

A. Hoffmann, P. Jiménez-Calvo, J. Bansmann, V. Strauss, A. J. C. Kuehne, Macromol. Rapid Commun.
2022,2100731.

The direct laser-induced carbonization of polyacrylonitrile (PAN) has been impeded by the
slow reaction kinetics of the cyclization step of PAN (see Laser-Carbonization — Historical
Overview). In this study, we demonstrate directlaser-carbonization of PAN films by integrating
carbon nanotubes as additives to support the absorption of the infrared laser beam. The

PAN/CNT films were deposited on a printed circuitboard (PCB) as substrate and directly laser-

patterned into interdigitated electrodes which were characterized for their performance as
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Results Part

mEDLCs. By varying the laser power, the process can be tuned from carbonization to material
ablation. This allows to not only to convert pristine PAN films into carbon electrodes, but also
to pattern and cut away non-carbonized material to produce completely freestanding LP-C
electrodes. While the LP-C electrodes adhere well to the printed circuit board, non-carbonized
PAN is peeled off the substrate. Specific capacities as high as 260 pF-cm2 are achieved in a
mEDLC with 16 fingers.

68



Conclusions and Future Directions

H Conclusions and Future Directions

This work summarizes and contextualizes our investigations on laser-carbonization as a
synthesis tool for functional materials in flexible electronic devices. We developed an
integrated approach for laser-carbonization of molecular and polymeric precursors. With
regard to molecular precursors, we elucidated the fundamental importance of pre-carbonization
(condensation, polymerization) for their use as starting materials. In a series of studies we
created a comprehensive understanding of the formation mechanism of carbonized films
facilitated by the rapid photo-thermal reactions on the millisecond (kinetic) time-scale. We
provided insights into the film formation with chemical and structural gradients and
investigated the mechanical and electronic flexibility of laser-patterned carbon films on flexible
substrates. Furthermore, we developed a toolbox for the selective tuning of the properties of
laser-patterned carbons by addition of porogens, additives, or reactants to the primary films.
Thereby, properties like porosity, surface polarity, charge-carrier density, or chemical
composition are selectively modified. Based on the fundamental understanding of these factors
we developed prototype devices for chemical or mechanical sensors, electrocatalytic

electrodes, and capacitive charge-storage devices.

During the conduct of the herein presented studies, we faced several challenges. In particular,
the complex interplay of the many processing parameters (power, speed, atmosphere, focus,
substrate, precursors, pressure etc.) make generalizations on the precursor—product relationship
difficult. The analysis of the microstructure (porosity) and its correlation with the chemical and
electronic properties for such small amounts of materialis highly challenging. Advanced in situ
characterization methods are required to create a comprehensive and fundamental knowledge

for the customized design of functional material films.

As outlined in the General Part, comprehensive mechanistic studies including all
aforementioned aspects to derive universal processing parameters are still lacking. Understanding
the physics of laser-carbonization, similar to the insights generated in other disciplines of laser-
assisted materials processing, would greatly help in improving the design of devices. For
example, a systematic study on the beam-precursor interactions (wavelengths — extinction
coefficients, heat conductivity, etc) for a representative set of precursors is necessary to establish
a quick method to pre-determine the suitability of precursors. Based on the experience from
decades of carbonization research, we know that each system brings its individual challenges.

However, systematic studies to identify universal laws should be carried out.
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In our studies, the mutual dependencies between precursors, processing parameters, and the
properties of the LP-(N)Cs were evaluated and correlations to their functionality were
established. Our fundamental cross-sectional analyses revealed the most remarkable feature of
LP-(N)C, namely the chemical and structural gradient due to the unidirectional energy input.
In many applications, e.g. chemical sensors, this gradient may be a decisive advantage.
Sophisticated, selective spectroscopic characterization of the individual layers would enhance
the understanding of the formation mechanism and enable the tuning of the functional
properties. Furthermore, studies on the correlation between the surface properties and the
electronic properties on the micro and macroscale may provide important information on how
to design simple functional carbon-based sensors. Similarly, a systematic correlation between
pore size and functional groups are necessary to understand the chemical bonding and
activation of gaseous or liquid analytes. Furthermore, the specific LP-C/substrate interactions
have a major influence on the film properties and device performance. To this end, alternative
film-casting strategies should be developed. Importantly, the determination of the active
surface areas of such low amounts of material is still difficultto achieve with conventional

sorption-isotherm analysis. Simple lab-based alternative methods are highly demanded.

Challenges
e comprehensive mechanistic studies
e Dbeam-precursor interactions (extinction coefficients, heat
conductivity, wavelengths, etc)
e LP-(N)C/substrate interactions
e determination of the active surface areas
e correlation between pore size and functional groups

e correlation of functional groups and charge-carrier properties

The fundamental insights provided in this work initiate future directions for both academic

research and potential commercial applications. Two summarizing conclusions can be drawn:

1) Laser-carbonization is a potential method for the direct synthesis and utilization of
functional carbonized materials in film-based or flexible devices. It is competitive to
conventional pyrolysis. However, tailoring strategies need to be adopted to the
(kinetic) reaction conditions.

2) Besidesbeinga new fabricationand processingmethod, the kinetic reaction conditions
of laser-carbonization offer a unique opportunity to access new materials with
unknown properties.
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alkali metal halide
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carbon nanoparticle
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digital versatile disc
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electric double layer

electric double-layer capacitor
energy dispersive X-ray analysis
electron energy loss spectroscopy
electron paramagnetic resonance
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Fourier-transform infrared spectroscopy
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hydrogen oxidation reaction
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internal conversion
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PDMS
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PVP
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rGO
RTP
SDA
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SSA
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VOC
VOC
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laser-carbonized materials
laser-carbonized polyimide
laser-induced graphene

laser-patterned carbon
laser-patterned nitrogen-doped
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laser-reduced graphene oxide
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nitrogen-doped carbon
N-Methyl-2-pyrrolidone
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oxygen reduction reaction
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polyethylene terephthalate
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poly-dimethylsiloxane
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radio frequency
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rapid thermal processing
structure directing agent
scanning electron microscope
scanning electron microscopy
specific surface area

transmission electron microscope
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volatile organic compounds
volatile organic compound
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Laser-Induced Carbonization of Natural Organic Precursors

for Flexible Electronics

Simon Delacroix, Huize Wang, Tobias Heil, and Volker Strauss*

A precursor ink for carbon laser-patterning is developed using inexpensive,
naturally abundant molecular compounds, namely citric acid and urea, and
used to fine-print conductive carbon circuits on a flexible substrate. The pre-
cursor in the ink consists of organic nanoparticles obtained from the thermal
treatment of citric acid and urea. This precursor is thoroughly characterized
chemically and structurally. A simple recipe for the ink is then described for the
creation of highly reproducible laser-patterned carbon structures on different
substrates. Homogeneous ~20 um thick films are cast on different substrates
and characterized before and after laser-carbonization. The carbon content of
the final films is 97% and is of turbostratic graphitic nature. As reproducible
laser-induced reactions depend on precise laser conditions, the influence of
material properties, film thickness, and laser fluence are thoroughly analyzed.
Films on three different substrates, namely aluminum sheets, silicon wafers,
and polyethylene terephthalate (PET) are characterized by electrical impedance
measurements. Electrical conductivities of up to 5.21 S cm™ and maximum
current densities of 44 A cm~2 are achieved, which proved applicable as fine
carbon circuits on PET as a flexible substrate. This study opens a simple syn-

replace toxic, expensive, or conflict mate-
rials with environmentally and socially
more benign CNMs. Therefore, they are
still considered promising candidates for a
range of future applications in electronics,
optoelectronics, or catalytic systems.

Laser-fabrication methods have been
investigated as fast, energy-saving, low-cost,
and precise material processing techniques
in both science and industry and even a new
“age of photon-driven materials manufac-
turing” has been prognosed.’! In industry,
laser-processing techniques are mainly used
for cutting, welding, cladding, or surface
processing.®l 1t allows for high-precision
materials modifications with unprece-
dented accuracy, not only spatially but also
temporally, which is of particular interest
for the manufacturing of future small-scale
electronic and photonic products.

Also direct laser-induced materials

thetic avenue to producing conductive circuit elements based on carbon.

1. Introduction

New fabrication methods for functional materials have driven
the development of innovations and new products ever since.
In fact, the industrial and commercial application and innova-
tion of new products strongly depends on the identification of
new processing methods. In particular, with respect to the pro-
cessing and applicability of carbon nanomaterials (CNM), such
as carbon nanotubes, graphene, and their relatives, new fabrica-
tion concepts are required.? Although CNMs find commercial
applications in, for example, electrochemical sensors or energy
storage, they still fall short in expectations in commercial elec-
tronics in general. > On top of that, it is a desirable goal to
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synthesis has become an active field of
research. For example, laser-induced abla-
tion of graphite, discovered in the 1990s, is
commonly used for the targeted synthesis of CNMs.#l High-
power laser pulses hit a graphite target and create a carbon
plasma above the surface, which reacts to crystalline nano-
carbons. These laser-assisted synthesis methods differ from
conventional thermal methods in the reaction time-scales. Heat
transfer within micro- or milliseconds allows for reactions dif-
ferent to conventional heating methods.

Moreover, the precise spatial control with nano- to micro-
meter resolutions allows also for the fine patterning of mate-
rials. Generally, laser-patterning describes the micro-structuring
of organic materials like polymers or plastics by evaporating
material from their surface.’! Directed 2D-film patterning by
laser-induced material conversion evolved in the past years as a
new synthetic fabrication method.'”! In particular, the uncom-
plicated access to laser-assisted patterning of graphene oxide
and their relatives has given the field a significant push./!-18l
In most cases, graphene is produced by laser-induced reduc-
tion of graphene oxide (GO). Another famous laser-patternable
material is polyimide (PI), which carbonizes at high tempera-
tures.2l) Vast research efforts have been conducted on the
characterization and application of laser-patterned GO or PI
films.2224 However, the starting materials used are rather
expensive and the modification of the resulting materials prop-
erties is limited since the starting materials are polymeric.
Other materials could be used as precursor like paper or wood
but without the possibility of choosing the initial substrate.[?’!

© 2020 The Authors. Published by Wiley-VCH GmbH
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A promising alternative starting material recently identified is
phenolic resin,?*?7l but molecular starting materials are in fact
rarely used. Most organic substances evaporate upon heat treat-
ment with lasers due to the rapid heating to temperatures to
well above 1000 °C in just a few milliseconds.

It has to be noted that laser-assisted material modification
depends on several parameters, such as laser wavelength,
power and energy density, absorptivity, and thermal conduc-
tivity of the active material and the substrate. The wavelength
is critical for the interaction with the active material and the
substrate. For example, a clear advantage of CO, lasers is the
large penetration depth compared to short-wavelength lasers. A
disadvantage, on the other hand, is the rather poor printing res-
olution due to the long wavelength. Power and energy density
are governed by the spot size, the resolution, the laser power,
and the scanning speed. The latter two are a result of the chem-
ical and compositional properties of the materials. Therefore,
a careful consideration of all these parameters has to be taken
when applying laser treatment for materials modifications.

Recently, we identified an inexpensive molecular precursor
system that was processed to an ink for laser-assisted car-
bonization to yield highly conductive carbon networks.l?8l In
brief, citric acid and urea are pre-carbonized in an annealing
process at 300 °C. Inks produced from their reaction product
in viscous solvents were applied onto different substrates and
subsequently treated with a CO, laser to obtain fully carbon-
ized films. Notably, this carbon laser-processing method does
not require the use of catalysts. It became a question of scien-
tific value what makes a precursor system laser-carbonizable
as most organic substances evaporate in the high temperature
reaction zone of a CO, laser.

We take this as a motivation to investigate the components
of the inks and systematically investigate the laser-assisted car-
bonization process. First, we characterized the carbon precursor
spectroscopically and microscopically in terms of composition
and properties. We present a recipe for the production of a suit-
able ink and discuss the role of the laser-parameters to produce
carbonized films on different substrates. The films were then
characterized in terms of structure, composition, and electrical
properties in order to make it applicable in thin film electronics.

2. Results and Discussion

2.1. Preparation of the Carbon Precursor

As demonstrated in earlier studies and in the literature, cer-
tain materials are suitable as precursors for laser-carbonization
reactions. In contrast to conventional heating where carboniza-
tion is achieved within minutes or hours, laser-carbonization
occurs on a time scale of milliseconds. On this fast time scale,
even oxidation reactions by atmospheric oxygen are largely
suppressed;?*3% however, most organic materials, especially
low-molecular-weight compounds evaporate without forming
conductive carbon networks. It is still an open question what
materials qualify for laser-carbonizations. In our studies,
we found that a carbon precursor ink consists of three main
components: the carbon-network forming agent (CNFA), the
film-forming agent (FFA), and a solvent. In case of polymeric

Adv. Electron. Mater. 2020, 6, 2000463
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precursors, the CNFA and FFA are combined in one structure.
The FFA is an optional component for improving the wetting
and processing properties of the ink.

In the first step, a precursor acting as a CNFA for the laser-
assisted carbonization was prepared. A 1:1 mass mixture of
citric acid and urea was annealed at 300 °C in a chamber oven
producing a solid black foam referred to as CAU300. We refer
to this process as pre-carbonization, due to the fact that the
carbon content is increased from originally 33% in a 1:3 citric
acid/urea mixture to 49% in the precursor for the laser pro-
cess. The product was ground to a powder and further purified
by a multistep washing process in H,0 at 95 °C. The super-
natant contains molecular intermediates, which are soluble in
H,0. After two washing steps in H,0 at 95 °C, the superna-
tant appears still brown but the apparent fluorescence turns
from green to blue (Figure 1a). In the first washing step, unre-
acted low-molecular-weight intermediates were removed from
the reaction product as shown in the 'H-NMR patterns of the
supernatants (Figure 1b). The dominant peaks at 5.39 and 9.84
originate from a green fluorophore: 4-hydroxy-1H-pyrrolo[3,4-
c]pyridine-1,3,6(2H,5H)-trione (HPPT).?Y Only traces of these
intermediates are found after the second washing step. The
same supernatants were probed by UV-vis absorption spec-
troscopy. In the supernatant of the first washing step, a strong
molecular absorption with maxima at 330 and 407 nm appear,
which are assigned to the absorption of HPPT (Figure 1c).
These absorption features appear as weak peaks in the super-
natants of the subsequent washing steps. A closer look reveals a
significant red-shift of these peaks after washing. For example,
in the supernatants of washing steps 4 and 5, the second max-
imum appears red-shifted by 18 nm at 425 nm. The absorp-
tion features correlate to fluorescence in the visible. After the
first washing step, the fluorescence intensity is significantly
reduced and notably shifted to the blue (Figure S1, Supporting
Information). A trailing absorption into the long wavelength
region, between 500 and 900 nm, becomes more pronounced
indicating the presence of dispersed particles. The low-intensity
feature at 369 nm stems from the particles and may be assigned
to an intra-particle charge-transfer band.

After five washing steps, the remaining mass amounts
to =85% of the original mass. This product, referred to as
CAU300p (precipitate), was further characterized. Elemental
analysis of CAU300p yields 49% C, 20% N, 3% H, and 28% O.
The weight loss of CAU300 and CAU300p during heating of
the sample in inert atmosphere (Figure 1g) was analyzed. For
CAU300, a weight loss of =3% in the low temperature regime
<150 °C is ascribed to adsorbed H,O. At 343 °C, a large weight
loss peak is assigned to HPPT, which amounts 15% of the
sample. A further mass loss of 30% is noted in the temperature
range between 300 and 800 °C, which is assigned to CAU300p.
The residual mass at 1000 °C is 46% of the original weight.
Notably, the thermogravimetric analysis of purified CAU300p
shows an even more pronounced mass loss due to adsorbed
H,0 accounting for =10% of the original weight. The residual
mass is 40% of the original mass. This large decomposition
temperature range and the rather large residual mass indicate
polymerization at high temperatures.

After drying, the material appears as a light-weighted
black powder that is finely dispersible in a range of solvents

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Characterization of CAU300p. a) Photographs depicting the aqueous supernatants after each washing step; b) "H-NMR patterns of the
supernatants after each washing step in DMSO-d6; c) UV/vis absorption spectra of the supernatants after each washing step; d) photograph of
purified CAU300p (bottom) and freshly dispersed in H,0; e) TEM image of CAU300p; f) powder X-ray diffraction patterns of CAU300 and CAU300p;

g) thermogravimetric analysis of CAU300 and CAU300p.

(Figure S2, Supporting Information). Notably, after 24 h in H,0
or methanol, the solid particles start to settle and the liquid
phase turns weakly brown. This color change comes together
with a blue fluorescence like the one observed during the last
washing step of the process. In dimethyl sulfoxide (DMSO)
and dimethylformamide (DMF), CAU300p appears well stabi-
lized, as no solid phase was formed during centrifugation. This
difference of dispersibility of CAU300p in water or DMSO is
confirmed by dynamic light scattering (DLS) and transmission
electron microscopy (TEM) measurements. At 20 °C, the dis-
persion of CaU300p in water or DMSO showed particles with
mean sizes of 240 + 12 or 5.5 * 3.5 nm, respectively. The sample
in the TEM image in Figure le was prepared from an aqueous
dispersion of CAU300p and shows amorphous carbonaceous
networks. Preparing the same sample from a DMSO solu-
tion, finely dispersed individual particles with sizes of 3-8 nm
throughout the entire scanned area are seen (Figure S3, Sup-
porting Information). We attribute this effect to the basicity
of solvents like DMSO and DMF and their ability to stabilize
acidic particles.

In the powder X-ray diffraction (XRD) pattern, a single
sharp peak at 26.9 °20 (Figure 1f) is observed. The peak posi-
tion indicates a typical graphitic (002) reflection corresponding
to a lattice spacing of 3.33 A. With regard to the peak width
and according to the Scherrer-equation the crystallite size is
=5-6 nm.

Taking the aforementioned results into concert, we assume
an organic particulate structure of CAU300p. The sizes of
these nanoparticles are on the order of a few nanometers as
determined by TEM and DLS analysis. In most solvents, these
nanoparticles aggregate to larger structures. In basic solvents
such as DMSO or DMF, the particles are individually stabi-
lized. Structurally, the sample is predominantly amorphous
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with small crystalline domains. The green fluorophore HPPT
formed during the thermal reaction is present in the product
after annealing at 300 °C. Harsh washing conditions remove
free HPPT from the product. However, as indicated by the pres-
ence of their absorption features in UV-vis spectroscopy, some
HPPT may remain in CAU300p and may even be a main com-
ponent. However, the strong red-shifts indicate a significant
electronic interaction with other components. It seems likely
that the insoluble CAU300p results as a thermal product from
the decomposition or condensation of HPPT.

2.2. Preparation of the Carbon Ink and Printing

Our standard precursor ink is composed of CAU300p (48 wt%),
polyvinylpyrrolidone 1000 (PVP) (8 wt%), and ethylene glycol
(EtGly) (44 wt%). The first acts as a CNFA, the second as a FFA,
and the last is a viscous, non-reactive solvent.

The films were prepared by doctor-blading the ink onto
different substrates with a preset wet film thickness (i.e.,
50-150 um). The solvent was carefully evaporated at 80 °C
on a precision hotplate. The mass loss during solvent evapo-
ration was monitored for all substrates and found to be con-
sistently 44 + 2% of the original mass, which accounts for the
content of ethylene glycol. The final film thickness depends on
the substrate and ranges between 15-40 um resulting in areal
mass loadings of 1-4 mg cm (Table 1). In Figure 2, a scan-
ning electron micrograph (SEM) of the dried film cast from our
standard CAU300p/PVP/EtGly precursor ink onto aluminum is
presented. Upon evaporation of the solvent, cracks of <2 um in
the film evolve; however, these cracks are homogeneous across
the entire film (Figure 2b, left). The Raman spectrum of these
films shows two broad coalescing peaks at 1350 and 1590 cm™

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Quantitative analysis of the precursor and carbonized films in terms of film thickness and mass density and results of the impedance meas-

urements of laser-carbonized films on different substrates.

Film thickness  Areal mass density ~ Volumetric mass density ~ Fluence  Mass loss  Resistivity ~ Conductivity ~ Current limit ~ Max. current density
[uml [mg cm) [mg cm?] Jem? (%] [Qecm]  [Sem] [mA] [Acm
Al-1 19 1.29 677 7. 43 0.23 438 36 38
Al-2 24 1.42 592 7.1 56 0.23 4.33 2.6 22
Al-3 19 1.31 704 3.8 18 — —_ —_ —_
Al-4 22 173 799 9.5 69 0.27 3.72 4.1 38
Si-1 22 313 1422 7.1 44 0.19 5.21 4.85 44
Si-2 38 3.87 1027 7.1 32 0.56 1.80 4.1 14
Si-3 25 3.16 1263 3.8 23 — — — —
Si—4 22 3.10 1388 9.5 81 — — — —
PET-1 20 0.95 467 7.1 76 0.74 1.35 1.10 10.9
PET-2 22 1.36 627 7.1 81 0.33 3.06 2.35 22
PET-3 24 1.69 706 3.8 10 — — —_ —
PET—4 24 1.40 581 9.5 2554 — — — —

indicating the presence of small graphitic domains (compare
XRD in Figure 1).

After laser-treatment, the film appears with a metallic gleam,
as shown in Figure 2b right. The SEM image in Figure 2c reveals
a foam-like appearance with a hierarchical pore structure. The
elemental analysis, tested by energy dispersive X-ray analysis
(EDX) at seven different areas, yields a composition of 97 +
0.2% carbon and 3 + 0.2% oxygen (Figure S4, Supporting Infor-
mation). The Raman spectrum of the laser-treated film (below)
shows a pattern typically observed in turbostratic graphite sam-
ples.[’2 Most prominent are two sets of peaks at 1336, 1564, and
1602 cm™ and 2430, 2666, and 2906 cm™. The first set is com-
posed of the D, G, and D’ bands and the latter set is composed
of the D+D”, G’, and D+G bands. The pronounced D and D’
bands indicate the presence of defects in the graphitic lattice.
The G’ band was fit with a single Lorentzian with an FWHM of
49 cm™ underlining the turbostratic nature of the graphitic net-
work. To obtain a closer visual insight into the structure of the

precursor film

3
<
2
7}
c
2
£
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Raman Shift / cm”
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laser-carbonized films, a TEM image of a fragment of the film
is shown in Figure 2d. A crystalline, porous structure with pore
sizes between a few tens and a few hundreds of nanometers is
clearly visible. High-resolution TEM images and selected area
electron diffraction (SAED) reveal lattices fringes characteristic
for graphitic layers and a disordered, turbostratic crystal orienta-
tion (Figure S5, Supporting Information). The interplanar dis-
tance measured from the lattice fringes is around 3.4 A, which
corresponds to the interlayer spacing of the graphitic samples.

A reaction mechanism of the laser-induced carbonization
has been discussed earlier.?82% In brief, pre-carbonized organic
nanoparticles containing significant amounts of functional
groups are reduced in the hot reaction zone induced by the
laser. Upon rapid cooling, these reduced nanoparticles form
carbon-carbon bonds which results in a porous 3D-carbon
network. Here, we would like to elucidate on the influence of
some process parameters, like film thickness, absorptivity, laser
fluence, and substrates.

Intensity / a.u.

1000

1500 2000 2500
Raman Shift / cm™

3000

Figure 2. Characterization of films: doctor-bladed precursor films (CAU300p/PVP) and laser-carbonized films on aluminium sheets. a) SEM image of a
CAU300p/PVP film and a corresponding Raman spectrum recorded upon excitation at 532 nm; b) low-magnification micrograph showing the precursor
film on the left and the laser-carbonized film on the right; c) SEM image of a laser-carbonized CAU300p/PVP film and a corresponding Raman spectrum
recorded upon excitation at 532 nm; d) TEM image of a fragment of the laser-carbonized CAU300p/PVP film.
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Figure 3. FT-IR spectra of PVP (black) and CAU300p (red). The orange
line indicates the laser energy of the CO, laser corresponding to 10.6 pm.

A critical parameter for an effective heat transfer from the
laser beam to the precursor film is the absorptivity of the laser
energy (Figure 3). CAU300p shows a significant laser absorp-
tivity at the characteristic laser energy while the absorptivity of
PVP, the film forming agent, is negligible. High absorptivity
leads to higher amount of heat transferred from the laser to
the precursor material. Thus, for high extinction materials, a
successful carbonization is achieved at lower energy input.
The extinction coefficient of CAU300p at the laser wavelength
943 cm™ (10.6 um) was experimentally determined by trans-
mission Fourier-transform infra-red (FI-IR) absorption spec-
troscopy to be 0.56 L (g cm)™\. Given a mass loading of, for
example, 1.3 mg cm™2 and a thickness of 20 um, the laser light
is absorbed to 81.3% by the film according to the Lambert-Beer
law. For a smaller film thickness of, for example, 5 um and the
same volumetric mass loading, the laser light would only be
absorbed by 34.2%. That implies that the initial energy density
of 5.6 ] cm™ is reduced to =50% after a penetration depth of
8 um. It has to be taken into account that despite the successful
laser-induced carbonization reaction, a significant fraction of
precursor material evaporates due to heat absorption.

We tested the penetration depth on a thick precursor film
with a mass loading of 4.04 mg cm™2 prepared on a 11 X 25 cm
quartz slide. The quartz slide acts as a flat and solid support
for the precursor film during the micro-computer tomography
(1-CT) measurement. The images in Figure S6, Supporting
Information, show slices of a u-CT scan of the precursor film
before (left) and after (right) laser treatment. From these scans,
a film thickness of 75 pm for the precursor film was obtained.
Using a manual digital micrometer (MDM), the thickness was
measured to be 73 um. For the laser-carbonized film, a thick-
ness of 36 Um was obtained from the u-CT scans, whereas the
measurement with the MDM yielded 73 um.

Considering the high mass loading of 4.04 mg cm™ on the
quartz slide and the extinction coefficient of the precursor film
(0.56 L (g-cm)™), 92.4% of the laser energy is absorbed after a
penetration depth of 35 um (simplified by Lambert-Beer law).
The laser-converted films are highly porous, as seen in the SEM
images, and are expected to have a low contrast in the p-CT
scans. Therefore, we conclude that the 36 um film observed
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in the u-CT scan in Figure S6, Supporting Information, on the
right is the remaining unconverted precursor film. The laser-
converted film is on top but cannot be seen in the tomograms.

Besides absorptivity, also the heat conductivity of the pre-
cursor film and the substrate has to be taken into account. The
carbonization reaction from CAU300p to a conductive carbon
network, as observed in Figure 2c, occurs in the hot plasma
produced in the laser spot, but heat is dissipated across the
film. High heat conductivity of the precursor or the substrate is
expected to result in higher carbonization yield in the laser spot.
To test the influence of the substrate, films with different thick-
nesses on aluminum sheets, silicon wafers, and polyethylene
terephthalate (PET) were prepared by doctor blading. Alu-
minum sheets are flexible metal substrates with a high thermal
conductivity (237 W (m-K)™) and high transparency for the
laser beam.1**] Silicon wafers are insulating substrates with high
thermal conductivities (149 W (m-K)™) and high reflectivity at
the wavelength of the laser beam. In contrast, PET is a flexible
substrate with a low thermal conductivity (0.24 W (m-K)™) and
a high absorptivity at the wavelength of the laser beam.

The energy density (fluence) of the laser beam onto the film
is dependent on the laser parameters, such as effective output
power, scanning speed, and resolution. Notably, these param-
eters are strongly instrument dependent. Based on the effective
scanning speed and output power, we determined the effec-
tive fluences in our process to be in the range of 3-10 ] cm™
(see Experimental Section). These values are slightly higher
than typically used in laser-assisted micro and nanofabrication
methods used for organic materials.P!

The thicknesses of the applied films measured by MDM
were in the range between 19 and 60 um resulting in areal or
volumetric mass densities between 1 and 4 mg cm™2 or 500
and 1500 mg cm™ (Table 1). The different surface tension of
the three chosen substrates causes different spreading across
the area. For example, a higher volumetric mass density on Si-
wafers is observed. Similar spreading properties were observed
for aluminum or PET substrates. Notably, lower volumetric and
higher areal mass densities were observed for thicker films.
For all substrates, the areal mass density increases with higher
film thickness. Application of the ink on PET results in thinner
films, as spreading is facilitated by its low surface tension.

The films were irradiated with a CO, laser using different
laser fluences. The mass loss scales with the film thickness
and the effective energy density as shown in Table 1. Using
the standard laser settings with an effective fluence of 71 |
cm™ results in a mass loss of 43% on aluminum and 44% on
Si-wafers. On PET, 76% mass loss is observed due to partial
evaporation of the substrate. Higher fluence of, for example,
9.5 ] cm™ causes larger amounts of material to evaporate
during laser treatment. A special case is PET as a substrate,
as high fluence leads to its evaporation. In fact, at an effective
laser energy density of 9.5 ] cm™2, a significant amount of PET
evaporates as evidenced by a mass loss of >2000%.

We tested the electric properties of the laser-carbonized films
on the different substrates. Impedance measurements of films
with an area of 15 X 20 mm were performed and the serial
resistance R (€2) was determined from the impedance values.
In the tested frequency range between 0.1 Hz and 100 kHz,
probed at a constant current of 0.1 mA, the films performed like

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Resistance of the laser-carbonized CAU300p/PVP films in dependence of a) the frequency and b) the current amplitude obtained by imped-
ance measurements on different substrates. c) Nyquist plots of laser-carbonized CAU300p/PVP films of different thicknesses on aluminium substrates.

ideal resistors (Figure 4a). From these measurements, sheet
conductivities of 1.3-5.2 S cm™ were determined. Up to fre-
quencies of 100 kHz, no notable skin effect, that is, increase of
resistance at higher frequencies upon current density redistri-
bution, was observed. Last, the maximum current densities for
the films were tested, as an important characteristic of conduc-
tors in electric or electronic systems for the films on the three
chosen substrates. The resistance of the films with respect to
the applied electric current densities is plotted against the AC
current amplitudes in Figure 4b. Up to a certain threshold, the
resistance of the films scales constant with the applied current.
In general, the maximum current densities scale with the sheet
conductivities. Typical values for maximum current densities
of, for example, copper wires are 1x 10° A cm™.

In Table 1, the above discussed results of the impedance
measurements are summarized and the complete set of data
is shown in Figure S7, Supporting Information. Here, some
interesting effects are observed. Using standard laser flu-
ence of 71 ] cm™2, the sheet conductivity on Si is significantly
higher than on PET which could be attributed to the highest
mass density. The conductivity is better if more precursor is
reduced by the laser per square centimeter. For thicker films at
this fluence, the sheet conductivity decreases, which is attrib-
uted to a larger unconverted layer. The lower layers remain
unconverted and do not contribute to the overall conductivity
of the film.

For aluminium, higher laser fluence leads to lower sheet con-
ductivities, which are ascribed to higher material evaporation
and thus lower resulting volumetric mass densities. In contrast
to Si and PET as substrates, aluminum-supported films show
good electric conductivity when irradiated with higher laser flu-
ence of 9.5 ] cm™2, which can be explained by the higher trans-
missivity of aluminum for the laser beam.

To acquire insights into the interfacial charge transport
between the carbonized film and the substrate, we measured
the impedance between the carbon film and the aluminium
substrate. The charge transfer resistance is expressed in the dif-
ference of the two intersections at the Z’-axis of the semicircle
in the Nyquist plot (Figure 5c). Clearly, the charge transfer
resistance scales with the film thickness as it is reduced from
16200 (Al-2) to 4600 Q (Al-1). Larger amounts of unconverted
precursors at the film/substrate interface cause higher charge-
transfer resistance through the film. Notably, when using
higher laser fluences for the carbonization, a smaller charge-
transfer resistance of only 1084 Q is achieved (Al-4).
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To demonstrate the applicability of the laser-carbonized films
as electronic conductors, we applied precursor films on a PET
substrate by doctor blading an area of 100 x 50 mm. Conducting
paths with a width of 0.5 mm as shown in Figure 5 were printed
by the laser-patterning technique. The remaining material was
removed by rinsing with deionized H,O. Thereby, only the laser-
carbonized material remained on the substrate. The conducting
path form a circuit connecting a white LED with a 6 V power
supply. On one side of the circuit, two strips with a distance of
5 mm were connected by sandwiching with a counter piece,
which equally consisted of two 0.5 mm strips separated by 5 mm.
Upon applying pressure to the crossover of the two conducting
carbon strips, the circuit was closed and the white LED was lid.

Figure 5. Photographs showing laser-patterned carbon conducting paths
printed on a flexible, transparent PET substrate connecting an LED with a
6 V power supply being switched by applying pressure between the paths.

© 2020 The Authors. Published by Wiley-VCH GmbH
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3. Conclusions

We have thoroughly investigated the laser-assisted carboniza-
tion reaction of inexpensive, small organic molecules, citric
acid and urea. A pre-carbonization at 300 °C is necessary to
form organic nanoparticles with an increased carbon content.
We described a thorough workup and characterization of this
pre-carbonized reaction product of citric acid and urea. A recipe
for a precursor ink including these organic nanoparticles as
carbon-network forming agents was introduced. Using this
“standard ink,” we accomplished a full study on the reaction
parameters of the laser-carbonization. Substrates, absorptivity,
laser energy density, and film thickness were found to be highly
critical parameters for the laser-carbonization process.

The results of this study help to gain an understanding of
the criteria for laser-carbonizable materials. Printing fine pat-
terns of conductive carbon on flexible substrates is possible,
which makes this process generally attractive for flexible elec-
tronics. Fine-tuning of the carbon properties, like surface area
and conductivity, will be essential for future applications and is
currently under investigation.

4. Experimental Section

Chemicals: Citric acid (99.5% for analysis) and urea (Certified AR for
analysis) were obtained from Fisher Scientific GmbH. Ethylene glycol
(299.7%, AnalaR Normapur) was obtained from VWR Chemicals.
Polyvinylpyrrolidone (average mol wt. 10 000) was obtained from
Sigma-Aldrich.

Substrates: Silicon wafers were obtained from MicroChemicals. Wafers
used were either 4-in. boron-doped FZ-Si wafer, orientation (100), with
a thickness of 0.5 mm and a generic resistivity of 3-100 kQcm or 4-in.
FZ-Si wafer, orientation (100), with a thickness of 0.5 mm and a generic
resistivity of 10-1000 kQcm. Aluminium foil used was 35 um thick. The
PET substrate was Melinex sheets obtained from Plano GmbH.

Preparation of CAU300p: Citric acid and urea were thoroughly mixed
in an alumina crucible or a glass crystallization dish. The vessel was
covered with a lid to avoid spilling of the foaming reaction product,
and to allow evaporation of evolving gases, a small opening under the
lid was placed. The mixtures were annealed at 300 °C in a chamber
oven for 2 h. After annealing, the black reaction product was retained
and grinded to obtain a fine black powder. The mass of the product
(CAU300) is 34% of the original mass of citric acid and urea. Then,
CAU300 was dispersed in deionized H,0 and stirred at 95 °C for 24 h.
The dispersion was centrifuged to obtain a black precipitate and a
brown supernatant. The supernatant was removed and the washing
process was repeated four times. After the last washing step, the
precipitate was dried to obtain CAU300p, which amounted =85% of
the original mass.

Preparation of the Precursor Films: PVP was dissolved in EtGly to
obtain a 200 mg mL™" solution (PVP/EtGly). CAU300p was then added
and stirred for 24 h to obtain a 1 g L' dispersion. The resulting slurry was
used as a carbon precursor ink. A drop of the ink was applied onto the
substrate and the ink was doctor bladed with different wet thicknesses
between 50 and 150 um. Ethylene glycol was then evaporated at 80 °C
on a precision hotplate (PZ2860-SR, Gestigkeit GmbH) to obtain the
final films with thicknesses between 15 and 40 um.

Laser-Assisted ~ Carbonization: Laser-assisted carbonization was
conducted with a high-precision laser engraver setup (Speedy 100,
Trotec) equipped with a 60 W CO, laser. Focusing was achieved with
a 2.5 inch focus lens providing a focal depth of =3 mm and a focus
diameter of 170 pm. The center wavelength of the laser was 10.6 +
0.03 um. The scanning speed v, generically given in %, was converted

Adv. Electron. Mater. 2020, 6, 2000463

2000463 (7 of 8)

MATERIALS

www.advelectronicmat.de

into s cm~2 The resulting energy input per area (or fluence) onto the
film is given by

= —pxt
F=Pxv=Px4 )
where P is the effective power. The laser settings (speed, power, and
resolution) were adjusted to meet the requirements of the precursor
film and the substrate prior to the experiments (Figure S8, Supporting
Information). Typically, 10% power, 20% speed, and a resolution of

1000 dpi were chosen, for which resulted a fluence of F:7.'|6m%. The

effective output power of the laser was measured with a Solo 2 (Gentec
Electro-Optics) power meter.

Instrumental: Scanning electron microscopy was performed on a Zeiss
LEO 1550-Gemini system (acceleration voltage: 3 to 10 kV). An Oxford
Instruments X-MAX 80 mm? detector was used to collect the SEM-EDX
data. Transmission electron microscopy was performed using an EM 912
Omega from Zeiss operating at 120 kV. To prepare the TEM samples,
the carbon material was dispersed in methanol by sonication for 10 min
and applying 5 L droplets of the dispersion on a carbon-coated copper
TEM grid and drying at room temperature. Thermogravimetric analysis
was performed using a Thermo Microbalance TG 209 F1 Libra (Netzsch,
Selb, Germany). A platinum crucible was used for the measurement of
10 £ 1 mg of samples in a nitrogen flow of 20 mL min™" and a purge
flow of 20 mL min™" at a heating rate of 10 K min~'. Elemental analysis
was performed with a vario MICRO cube CHNOS elemental analyzer
(Elementar Analysensysteme GmbH). The elements were detected
with a thermal conductivity detector (TCD) for C, H, N, and O and an
infrared (IR) detector for sulfur. UV-vis—NIR absorption measurements
were performed with a Specord 210 plus from Analytik Jena using 10 mm
quartz cuvettes. Fluorescence measurements were performed with a
Fluoromax 4 from Horiba. Fourier-transform infrared measurements
were performed using a Nicolet iS 5 FT-IR-spectrometer in conjunction
with an iD5 ATR unit from ThermoFisher Scientific. Extinction
coefficients were determined by measuring a series of transmission
infra-red absorption spectra with known concentrations in the range
between 1.6 and 7.8 g L' pressed into KBr pellets. The absorbance
was plotted against the concentration and the extinction coefficients
were determined from the slope of the fitting curve. Raman spectra
were obtained with a confocal Raman Microscope (alpha300, WITec,
Germany) equipped with a piezo-scanner (P-500, Physik Instrumente,
Karlsruhe, Germany). The laser, A = 532 or 785 nm, was focused on
the samples through a 20x objective. The laser power on the sample
was set to 1.0 mW. The spectra were acquired using a thermoelectrically
cooled CCD detector (DU401A-BV, Andor, Belfast, North Ireland) behind
a 600 g mm™' grating spectrograph (UHTS 300, WITec, Ulm, Germany)
with a spectral resolution of 3 cm™. The WITec Control Five software
(Version 5.2, WITec, Ulm, Germany) was used for measurement setup.
X-ray diffraction was performed on a Bruker D8 Advance diffractometer
in the Bragg—Brentano mode at the Cu Ko wavelength. Nuclear-
magnetic resonance spectroscopy was measured on a 400 MHz Bruker
Ascend400. Impedance measurements were performed on a Solartron
1287 potentiostat in combination with a SI 1260 impedance unit. For
frequency measurements, the current was kept constant at 0.1 mA,
and for current sweeps, a frequency of 1000 Hz was used. Dynamic
light scattering was performed on a Zetasizer Nano ZS from Malvern
Panalytical at 20 °C (He-Ne laser 633 nm). Micro-computer tomography
(u-CT) was performed on a EasyTom 160 3D Tomography System from
RXSolutions. The scans were performed with a sealed microfocus tube
equipped with a tungsten filament and a flat panel detector with a Csl
(caesium iodide) scintillator. The wavelength of the generated X-rays
was 1.5418 A (Cu Ka).

Associated Content: General and supplementary information on
synthesis and characterization. Fluorescence spectroscopy of the
supernatants during the washing process, photographs of suspensions,
transmission electron micrographs, energy-dispersive X-ray analysis,
micro-computer tomography measurements, and electrical impedance
measurements.
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Fluorescence spectroscopy of CAU300p
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Figure S1. Fluorescence spectra of the supernatants after each washing step obtained in H,0 upon excitation at 350 nm.

Suspension of CAU300p in Different Solvents

after 5 min after1d

Figure S2. Photographs of suspensions of CAU300p in different solvents.

Transmission Electron Microscopy of the CAU300p




Figure S3. TEM images of CAU300p deposited on a Formvar covered TEM grid from a dispersion in H,0 (left) and (DMSO)
right.

Energy-Dispersive X-ray Analysis of Laser-Carbonized Films
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Figure S4. Left: SEM image of a laser-carbonized film on an aluminium substrate showing seven areas which were analyzed
by EDX; Right: Representative EDX-spectrum of area 7.

High-Resolution Transmission Electron Microscopy Laser-Carbonized
Sample

Figure S5. HRTEM pictures of laser-treated CaU300p. The interplanar spacing calculated from the selected area electron

diffraction in the insert in (A) and the lattice fringes in (B) are characteristic from graphitic layers.



Micro-Computer-Tomography Measurements

75 um 36 um !

before laser treatment after laser treatment

Figure S6. Micro-CT scans of the precursor film (left) and the laser-carbonized film (right).



Impedance Measurements of Laser-Carbonized Films
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Figure S7. Resistance of the laser-carbonized CAU300p/PVP films in dependence of the frequency (left) and the current
amplitude (right) obtained by impedance measurements on Aluminium sheets (top), PET sheets (center), and silicon wafers

(bottom).



Quantification of Laser-settings
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Luminescent compounds obtained from the thermal reaction of citric acid and urea have been studied and
utilized in different applications in the past few years. The identified reaction products range from carbon
nitrides over graphitic carbon to distinct molecular fluorophores. On the other hand, the solid, non-
fluorescent reaction product produced at higher temperatures has been found to be a valuable
precursor for the CO,-laser-assisted carbonization reaction in carbon laser-patterning. This work
addresses the question of structural identification of both, the fluorescent and non-fluorescent reaction
products obtained in the thermal reaction of citric acid and urea. The reaction products produced during
autoclave—microwave reactions in the melt were thoroughly investigated as a function of the reaction
temperature and the reaction products were subsequently separated by a series of solvent extractions
and column chromatography. The evolution of a green molecular fluorophore, namely HPPT, was
confirmed and a full characterization study on its structure and photophysical properties was conducted.
The additional
complementary optical and structural characterization. These two components form strong hydrogen-

blue fluorescence is attributed to oligomeric ureas, which was confirmed by

Received 18th March 2020
Accepted 16th July 2020
bond networks which eventually react to form solid, semi-crystalline particles with a size of ~7 nm and

DOI: 10.1039/d0sc01605e an elemental composition of 46% C, 22% N, and 29% O. The structural features and properties of all
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Introduction

Small organic molecules are common starting materials for
hydrothermal or pyrolysis reactions, bringing forth new
compounds and materials with intriguing properties which are
valuable for a wide range of applications.”” In particular, the so-
called “carbon nanodots (CNDs)” have emerged as an inter-
esting new class of photo- and electroactive materials and have
been studied as components in functional systems and devices
such as fluorescent sensors,*® light emitting diodes,' drug

delivery systems,""" charge storage systems,"®
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nuclear magnetic resonance spectroscopy, thermal mass analysis, and X-ray
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three main components were investigated in a comprehensive characterization study.

photosensitizers>** etc. However, there has been a consensus
among experts in the field that their structural identification
and the correlation between their structure and optical prop-
erties are the most critical open questions that need to be
answered.">™"”

As an initial standard model for luminescent organic parti-
cles, a carbonized core bearing a number of functional groups,
such as amides, carboxylates, hydroxyls and amines, was
considered.'® The presence of a large number of functional
groups would facilitate water solubility as shown in molecular
dynamics simulations, which is usually not observed for
graphitic nanoparticles.” In the past few years, a variety of
thermal reaction products from small organic precursors in the
context of CNDs have been discussed and the identified or
proposed product palette is wide ranged. For example, the
fluorescence of the thermal CA/ethylene diamine reaction
product was assigned to a specific molecular species.” Other
observations revealed the presence of pure graphitic C;N,
phases, when reacting a 1 : 6 mixture of sodium citrate/urea in
an autoclave.”” These were documented by characteristic XRD
peaks at 27.4 and 13.1° 26. In a later report, crystalline phases of
B-C3N, were identified by high resolution transmission electron
microscopy studies.*® Recent literature demonstrates the exis-
tence of molecular fluorophores occurring in the product
mixture.**>® A recently published review article collects studies

This journal is © The Royal Society of Chemistry 2020
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on revelations of molecular fluorophores as active species in
CND samples based on typical reaction partners such as citric
acid (CA)/ammonia, CA/urea (U), CA/cysteine, CA/ethylene
diamine, CA/ethanolamine and other non-CA starting
materials.”

The thermal reaction of CA and urea is of special importance
in this regard, as it brings forth a variety of products with
different structural and optical properties.?>**>73°31  For
example, the reaction of CA and U involves the formation of
citrazinic acid, a reaction that was described more than
hundred years ago®” and, interestingly, it has been shown that
citrazinic acid exhibits similar electronic deactivation behavior
to that of the hydrothermal CA/urea-reaction product.*
Depending on the reaction conditions, however, other or
additional products have been identified, such as crystalline
particles and HPPT, a green fluorophore.>>*”**

Several purification or separation techniques have been
proposed, including centrifugation, precipitation, extraction,
chromatography and dialysis. Dialysis is the most widely used
technique.>***?” Therefore, it has been demonstrated that the
overall fluorescence in these samples originates from molecular
fluorophores. The isolation of fluorophores is of pronounced
importance to provide easy access to inexpensive and water-
soluble photoactive compounds. In fact, new dyes and fluo-
rophores, in particular those featuring a large Stokes shift, are
essential for a range of applications, such as fluorescence life-
time imaging microscopy (FLIM), stimulated emission deple-
tion microscopy (STED) and phase-fluorometric sensing
(PFS)‘38740

Besides water-soluble fluorophores, insoluble,
fluorescent reaction products are also often produced during
solvothermal or thermal reactions, which are typically dis-
carded as carbonaceous particles or larger particles without
further use.**** This insoluble fraction produced during the
low-temperature thermal reaction of a CA/U mixture was found
to be an excellent precursor material in our recently introduced
laser-assisted carbonization process.*” A careful analysis of
these products is, therefore, meaningful as it reveals the
formation of an intermediate product on the way to a fully
carbonized material. In general, the structural identification of
such intermediate reaction products during low-temperature
thermal synthesis may help to achieve a comprehensive
understanding of carbonization reactions. The thermal CA/U
reaction may be used as an example reaction, as the reaction
conditions determine the reaction pathways to a broad product
palette and the properties of the final carbonization product are
a direct result of the structure of the low-temperature thermal
intermediates.

In this study, we analyzed the thermal reaction of citric acid
and urea in the melt by varying the reaction temperature. First,
the reaction products were analyzed by means of optical spec-
troscopy and nuclear magnetic resonance (NMR) spectroscopy.
Under any reaction conditions, the product consists of three
main components, two soluble fractions, referred to as “ther-
mally accessed fluorophores (TAFs)”, and an insoluble fraction
(nanoparticles). The three fractions were separated and purified
by a series of extractions and column chromatography. The

non-
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isolated compounds were structurally characterized by electron
spray ionization mass spectrometry (ESI-MS), 2D-correlation
nuclear magnetic resonance (2D-NMR) and Fourier-transform
infrared (FT-IR) spectroscopies, and thermogravimetric anal-
ysis (TGA). The insoluble fraction was characterized by means of
transmission electron microscopy (TEM), FT-IR, X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS) and TGA.
Based on these results, a reaction mechanism is proposed and
possible side reactions are discussed.

Results and discussion
Reaction conditions

We started our investigation by analyzing the solid-state
mixtures of citric acid and urea. Urea is a well-known
hydrogen bond donor that forms strong eutectic mixtures
with a variety of compounds.”® We performed differential
scanning calorimetry (DSC) with mixtures of citric acid and urea
at different compositions (Fig. 1). The mixtures form a eutectic
system with melting points significantly lower than those of the
pure compounds. The lowest melting points were measured for
molar ratios between 1: 5 and 1 : 3 (CA/U) at ~95 °C.

Mixtures with a molar ratio of 1 : 3 were reacted at different
temperatures ranging from 100 °C to 290 °C in a laboratory
microwave. Besides the temperature, the reaction time was also
found to have an influence on the reaction yields. For
comparison, we performed every synthesis for 20 min. To
ensure homogeneous blending of the precursors, the mixture
was stirred at 100 °C for 5 min, and then the reaction was
ramped up to the reaction temperature and kept for 20 min. At
temperatures >130°, a yellow product with blue fluorescence
was observed (Fig. S11). However, significant amounts of
unreacted precursors were still present in the products up to
reaction temperatures of 150 °C, as shown in NMR experiments.
At temperatures >150 °C, the visible fluorescence turns green. At
180 °C, the product yield increases dramatically and no reaction
educts are contained in the product (Fig. S2). In aqueous
solutions of the raw products, a notable Tyndall scattering effect
starts to occur at temperatures >190 °C.

./
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Fig. 1 Melting points of citric acid/urea mixtures obtained by differ-
ential scanning calorimetry.
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Fig. 2 Characterization of selected raw products of the thermal CA/U reaction (0.013 mg mL™?) at 110-210 °C: (a) UV-vis absorption spectra in
H,O:; (b) fluorescence spectra in H,O obtained upon excitation at 350 nm:; (c) *H-NMR spectra recorded in DMSO-d6.

In Fig. 2a and b the electronic absorption and fluorescence
spectra of selected raw products are shown. The spectra of all
raw product samples synthesized at different temperatures
between 100 and 290 °C are collected in Fig. S3.1 In the low
temperature regime between 100 and 140 °C, a distinct
absorption peak at 337 nm evolves, which corresponds to the
fluorescence peak at 440 nm. At 150 °C a second absorption
peak with a maximum at 406 nm starts to evolve together with
a set of peaks at <300 nm. The peak at 406 nm causes a second
fluorescence peak at 523 nm. At temperatures >180 °C, a notable
increase of the absorption at 406 nm with respect to the
absorption at 337 nm occurs. Simultaneously, the absorption
maxima shift from 337 and 406 to 327 and 411 nm, respectively.
These changes occur along with the appearance of a new
emission band with a maximum at 394 nm. This effect becomes
more pronounced at temperatures >250 °C (Fig. S31). Given the
differences in the electronic absorption of the reaction products
after the thermal CA/U reaction, we hypothesize a structural
transition of the reaction product, the evolution of a new
product, or electronic interaction between the species present.
For example, a sample reacted at 230 °C contains all three
products, since both the absorption peaks (327 and 411 nm)
and all three emission peaks (394, 440, and 523 nm) are present.
The correlation between the absorption and emission features
has been previously assigned to different nitrogen doping levels
of carbon nanodots or clusters of citrazinic acid.***

The 'H-NMR and “C-NMR spectra of a selection of raw
products synthesized at temperatures between 110 and 210 °C are
shown in Fig. 2c and S2.} At low temperatures, a peak at 5.47 ppm
arises, which remains dominant for any sample. The advent of
this peak correlates with the evolution of the previously discussed
absorption peak at 340 nm. At a reaction temperature of >150 °C,
a peak at 5.18 is observed, which indicates the formation of the
compound causing the absorption peak at 410 nm. At higher
temperatures, the two peaks shift to 5.45 and 5.35, respectively. In
the higher temperature samples (>150 °C), the educts, citric acid
and urea, are entirely consumed, as no related NMR signals were
observed (see Fig. S41). Moreover, no evidence for the presence of
citrazinic acid was found (see Fig. S5t).

Separation

The product mixtures were separated by a series of solvent
extractions followed by column chromatography (see Fig. S6+

8258 | Chem. Sci,, 2020, N, 8256-8266

and the Experimental section). For example, a reaction ofa 1: 3
mixture of CA/U conducted at 230 °C yields a reaction product
containing a minimum of three components. The three main
components were isolated and characterized. Initially, the dry
reaction product was dissolved in HyOnjjiipore and stirred well to
dissolve the soluble part. The mixture was then centrifuged to
separate the soluble part from the insoluble part. The super-
natant was dried under reduced pressure and then re-dissolved
in methanol (MeOH). The mixture was again centrifuged to
remove insoluble materials and the obtained yellowish-brown
supernatant was dried. The second washing step in MeOH
helps to remove small amounts of residual insoluble particles
and to obtain a pure fluorophore fraction. The product was then
separated by column chromatography using silica gel as
a stationary phase and H,Ominipore as the eluent yielding two
fractions, a yellowish-brown fraction showing green emission
(citric acid/urea-green: CUg) and a colorless fraction showing
blue emission (citric acid/urea-blue: CUb) under UV light
(Fig. 3). Other eluent/stationary phase combinations, such as
acetonitrile or methanol failed to separate the reaction prod-
ucts. The precipitate from the initial centrifugation step was
washed with H,Omjiiipore at 95 °C for 24 h and, then, again
centrifuged. The larger fraction of the precipitate is a fine black
powder (citric acid/urea-particles: CUp) that is dispersible in
a range of solvents, even non-polar, such as CH,Cl,. The
respective yields of the three main components depend on the
reaction conditions. For example, a reaction at 180 °C with
20 min reaction time yields 46% CUDb, 26% CUg, and 4% CUp.
When performing the same reaction at 230 °C, 23% CUb, 35%
CUg, and 36% CUp were obtained. The remaining mass corre-
sponds to reaction side products or material losses (product
mixtures) from the separation process.

The two fluorescent molecular fractions, CUg and CUb, are
soluble in polar solvents, such as H,O or MeOH, and have clear
NMR patterns; therefore, we refer to those as “thermally
accessed fluorophores” (TAFs). The third fraction, CUp, is an
insoluble, non-fluorescent material which consists of nano-
particles with sizes on the order of a few nanometers and
a certain degree of crystallinity as shown by XRD measure-
ments. The TAFs were analyzed by optical absorption and
photoluminescence spectroscopies and 2D-correlative 'H- and
3C- and N-NMR spectroscopy, mass spectrometry (MS) and
elemental analysis (EA) and X-ray photoelectron spectroscopy

This journal is © The Royal Society of Chemistry 2020
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Fig.3 Separated products, CUb, CUg, and CUp, from the crude thermal reaction product of citric acid and urea; right: isolated reaction products

in the solid state, in H,O in daylight and in H,O under UV light.

(XPS). CUp was analyzed by a set of characterization methods
including XRD, XPS, TEM, EA, FT-IR, TGA and solid-state NMR.

Characterization

TAFs. The electronic absorption and emission spectra of the
separated products show, indeed, that the peak at 330 nm
originates from CUb (Fig. 4a). The corresponding fluorescence
peak appears at 443 nm. CUg shows a set of absorption maxima
at a wavelength of < 300 nm and a broad maximum at 410 nm
(Fig. S7t) with a corresponding fluorescence maximum at
514 nm. Both fluorescence signals appear as single modes and
originate from a single excitation peak as shown in the 2D
photoluminescence plots in Fig. 4b and c. Notably, the fluo-
rescence peak at 390 nm as observed in the raw products was
not observed in the isolated fractions; therefore, we assume that
it originated from the electronic interaction within the mixture
or from a minor fraction that was lost during the separation.
Fluorescence lifetimes were determined by time-correlated
single-photon counting (TCSPC) (Fig. S8t). The fluorescence
of CUb decays with two lifetime components of 4.1 and 9.5 ns in
H,0 and 3.1 and 7.6 ns in MeOH (Table S1t). The two lifetime
components may derive from different species in the mixture of
compounds (vide infra). The longer lifetimes of CUb in the more
polar H,O are likely due to the higher polarity of their excited
states. The opposite trend is observed for CUg, where single-
exponential decays with lifetimes of 5.3 or 9.0 ns in H,O or
MeOH, respectively, were obtained. The fluorescence quantum
yields of CUg were determined by the gradient method to be
27% in H,0 and 70% MeOH using Na-fluorescein as a standard
(Fig. S97). The results are summarized in Table S2.1 Notably,
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CUg features remarkable photostability in solution. After 16 h
illumination at 410 nm in H,O, the fluorescence intensity was
still 100% (Fig. S101). For CUb, a quantification of the optical
parameters was difficult due to an intrinsic instability of the
sample as shown in Fig. S10.f

First structural information was obtained by elemental
analysis of the isolated fractions yielding 38% C, 13% N, 3% H
and 44% O for CUg. This is in sound agreement with the pre-
dicted elemental composition of HPPT-2H,O (4-hydroxy-1H-
pyrrolo[3,4-c]pyridine-1,3,6(2H,5H)-trione) as reported in the
literature.® For CUb an elemental composition of 25% C,
38% N, 6% H and 31% O was determined, which coincides very
well with the predicted elemental composition of triuret or
tetrauret: 25% C, 38% (37%) N, 4% H, and 33% (34%) O.

Mass spectrometric analysis shows a main molecular frac-
tion with a mass of m/z = 179 for CUg, the expected mass for
HPPT (Fig. S111).>> CUb was analyzed in both the positive ion
mode and the negative ion mode. When looking at the signifi-
cant noise in the ESI-MS pattern, CUb seems to contain a variety
of small compounds (Fig. S121). In the negative ion mode,
a peak at m/z = 171 is dominant, which matches with a cyclic
tetrauret species and the signal at m/z = 121 matches with the
biuret-ammonium adduct. The dominant peak of CUb in the
positive ion mode appears at m/z = 121 and minor fragments
with signals of m/z = 149, 186, and 279 are detected. Important
are the signals at m/z = 149 and 186 as these may originate from
melamine-Na® or melaminylguanidine-NH*" (Fig. S13t). A
minor peak at 128 indicates the presence of cyanuric acid.

Characterization by nuclear magnetic resonance spectros-
copy (NMR) was performed in DMSO-d6 or D,0. DMSO was
found to be a good choice as a solvent for the characterization

g C):

| |

600 300 400 500 600 700
emission wavelength / nm

400

Intensity
Intensity

300

excitation wavelength / n

Fig. 4 Optical characterization of TAFs: (a) absorbance of CUg (green), CUb (blue) and the unseparated raw product (brown) in H,O; (b) 2D
photoluminescence plots of CUb and (c) CUg in H,O at room temperature.
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because proton exchange is suppressed to some degree. The 'H-
NMR spectrum of CUg shows one dominant signal at 5.40 ppm
and two peaks at 9.82 and 10.0 ppm (Fig. 5a). The *C-NMR
spectrum shows seven peaks at 169.6, 168.5, 167.75, 160.3,
147.7,95.6, and 91.0 ppm. In the ">N-NMR spectrum, two peaks
at 176.3 and 156.3 appear, indicating the presence of two imide-
like nitrogens. The molecular structure was verified by >C and
N heteronuclear single quantum correlation (HSQC) and
heteronuclear multiple-bond correlation (HMBC) spectroscopy
experiments with ’N-enriched samples (Fig. S14t). Only one
proton (5.40 ppm) is immediately bonded to carbon (95.6 ppm).
Two protons (9.82 and 10.0 ppm) are directly bonded to nitro-
gens (176.3 and 156.3 ppm), respectively. Using heteronuclear
multiple-bond correlation spectroscopy (HMBC), we identified
the coupling of protons to *C or >N over three bonds within
the structure (Fig. S15t) and were able to confirm the structure
of HPPT.>

The correct tautomeric form of HPPT was confirmed by
quantum mechanical calculations in a vacuum and polar
solvents. The tautomer B with strong intramolecular H-bonding
affinity was found to be the most stable (Fig. S167).
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In the 'H-NMR spectrum of CUb, a dominant peak at 5.45
and two weak peaks at 6.84 and 8.64 ppm are observed (Fig. 5b).
The “C-NMR spectrum shows two peaks at 160.1 and
156.0 ppm and the *°N spectrum shows two triplets centered at
76.6 and 83.6 ppm and a weak signal at 123 ppm. All of the **N
peaks appear in the amine-typical region. In neither of the
'H-"*C 2D-correlation spectroscopies, HSQC and HMBC,
coupling between protons and carbon was seen (Fig. S17 and
S$181); therefore, carbon-hydrogen bonds are excluded. "H-"°N
HSQC and HMBC experiments were performed with *°N-
enriched samples to detect the coupling of "H and N. A
direct coupling between the proton signal at 5.45 and the
amine-like '°N signal at 76.6 ppm is confirmed. Direct coupling
was also observed between the 'H at 6.84 and the N at
83.6 ppm as well as the 'H at 8.64 ppm and the '°N at 123 ppm.
Three-bond coupling between these 'H and "N is also observed
(Fig. S187). In general, the NMR pattern resembles the expected
pattern of oligomeric ureas such as triuret or tetrauret. A
commercial reference for triuret is not available; the peak
positions, however, match with a commercial biuret sample, for
which similar shifts are expected (Fig. S191). Based on these
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results, we assume small oligomeric ureas to be the dominant
species in CUb. A positive “biuret test” confirmed the presence
of oligomeric urea in CUb (Fig. S207).

More structural information on CUg and CUb was obtained
by FT-IR spectroscopy (Fig. 5c). For CUg, the broad peaks
between 2700 and 3600 cm ™' indicate the presence of OH and
NH stretching vibrations. The strong signals at 1711 and 1597
or 1719 and 1622 cm ' are assigned to C=O and C=N
stretching modes, respectively, and the peak at 1378 cm ™' is
assigned to C-N stretching modes. Notably, the peaks appear
significantly broadened in comparison to, for example, CUb or
typical nucleobases or purine bases. Such a peak broadening is
typically observed for molecules that undergo significant H-
bonding. The FT-IR spectrum of CUb shows a set of distinct
absorption bands at 3474, 3463, and 3336 cm™ ', which are
assigned to N-H stretching vibrations typically observed for
primary amines (compared to urea, biuret, or melamine). The
two sharp peaks at 1719 and 1622 cm™' originate from C=0
and C=N stretching modes, respectively. The peak at
1464 cm ™" derives from a C-N stretching vibration. In general,
the spectrum resembles the FT-IR spectra of urea and its olig-
omers, as their dominant peaks occur in a similar fashion.

Thermogravimetric analysis provided information about the
thermal stability of the isolated TAFs. CUg is stable up to
a temperature of ~300 °C with a peak decomposition temper-
ature of 364 °C (Fig. 5d). In this temperature regime, the main
decomposition products are NH', CH,0,"", CH,0"", CHO,"",
Co,"", CH,NH,", CH’CN"", and CH,CN"" stemming from
primary amines, CO, and N-containing heterocycles (Fig. S217).
The results, presented in Fig. 5e, clearly show the low thermal
stability of CUb. At a peak temperature of 164 °C, the sample
decomposes. A simultaneous mass analysis of the decomposi-
tion products reveals that the major decomposition products
stem from primary amines and low-molecular-weight carbon
species. The evaporation products are NH', NH,', NH;",
CH,0,"", CHO,"", CO,"", and CH,NH," (Fig. S22+). Notably, the
decomposition of CUb occurs at a significantly higher temper-
ature of ~210 °C in combination with CUg. A TGA profile of
a raw mixture prior to column chromatography is shown in
Fig. S23.1

The elemental composition and the structural features of the
proposed products, CUg and CUb, were confirmed by X-ray
photoelectron spectroscopy (Fig. S24t). In CUg, the expected
binding situation as for HPPT is observed, with contributions
from C-N, C=N, C=O0, and C-NH. Adsorbed H,O causes
a strong signal maximizing at 531 eV. The C-N or C=N features
are the dominant X-ray absorption features in CUb. All peaks,
the Cy5, Nig and O, peaks, in CUb show a predominance of C=
N, C-N, C-O, and C=0, as present in oligomeric ureas.

Particles. The insoluble fraction of the reaction product, CUp,
was analyzed by means of a set of characterization methods. CUp
was obtained by washing the centrifugate with water at 95 °C
several times. About 10 wt% of the material removed during the
washing process is composed of molecular compounds such as
HPPT (Fig. S257). The remaining material appears as a fine black
powder without apparent fluorescence in dispersion. In alkaline
solutions or basic solvents, such as DMSO or DMF, CUp
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seemingly solubilizes with an apparent color change to brown.
Upon re-dispersion of CUp into aqueous dispersion, slight
yellow-brown coloring of the solvent is noted. This effect is even
more pronounced in DMSO or dimethylformamide (DMF). A
concentration dependent UV-vis and fluorescence analysis of
CUp in H,0, shown in Fig. S267, reveals strong auto-quenching
effects in solution. Moreover, the UV-vis absorption pattern
shows a strong plasmonic background absorption trailing from
the UV into the NIR. Two broad maxima at ~345 and 430 nm are
observed in the UV-vis spectra (Fig. S261). In principle, this
absorption pattern resembles the one of CUg, however, with large
red shifts of ~15 and 25 nm. The fluorescence intensity is rather
low and maximizes at 463 nm upon excitation at 350 nm.
Concentration dependent spectroscopic assays reveal a strong
tendency towards aggregation-induced quenching at concentra-
tions above 4 mg L™,

NMR experiments were performed in basic solution and
DMSO but did not show any signals. Elemental analysis yields
a composition of 46% C, 22% N, and 29% O. We examined the
product by transmission electron microscopy (TEM). The TEM
samples were prepared from diluted dispersions in DMSO. In
Fig. 6a, a representative TEM image of CUp is shown.
Throughout the investigated areas, particles with sizes of about
2-7 nm were observed. These are also seen in samples prepared
from aqueous solutions, however, strongly aggregated. The X-
ray powder diffraction pattern of CUp in Fig. 6b shows a peak
at 27.2° 260 (Cu K,) indicating the presence of a graphitic (002)
lattice spacing typically seen for graphitic or graphitic carbon
nitride samples. The particle sizes observed in TEM match with
the mean size of the graphitic domains as determined by the
peak width using the Scherrer equation.

FT-IR spectroscopy reveals the presence of OH groups within
the material (Fig. 6¢). Furthermore, a large contribution to the
IR absorption is coming from C=0 stretching vibrations. Other
peaks indicate the presence of C-N and C=N groups. Similar to
the observation made for CUg, the IR-absorption peaks appear
rather broad, which indicate strong H-bonding within the
sample.

A more comprehensive picture about the composition and
the type of bonding in the material was provided by X-ray
photoelectron spectroscopy (XPS). The fitted spectra with
focus on the Cy,, Ny, and Oy, region are shown in Fig. 6d.
Fitting of the C,, signal suggests an abundance of sp>
carbons.**** Other signals with lower intensity are assigned to
C-C (sp®), C=N and C-0. The C=N signals are also observed in
the Ny, region at 398 eV. A set of three signals in the O, region
is assigned to C-O, C=0, and O-C=0 bonds. The thermal
stability was determined with TGA in an inert atmosphere
(Fig. 6€). Decomposition starts at ~324 °C and is accomplished
at 610 °C.

Proposed reaction mechanism

Taking the results from the structural characterization into
consideration, we propose a potential reaction mechanism.
Citric acid and urea form a solid eutectic mixture at room
temperature (Fig. 7). H-Bonds between the two species are
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responsible for a drastic reduction of the melting point to
~95 °C. The H-bond networks formed between citric acid and
urea are expected to be rather complex due to the amphiphilic
H-bond formation properties of both compounds. Upon heat-
ing to the reaction temperatures, urea dissociates into isocyanic
acid and ammonia and condenses with citric acid to form cit-
razinic acid, which immediately reacts with isocyanic acid to
form HPPT according to a mechanism provided in the litera-
ture.”® Notably, as shown in the literature, the citric acid/urea
reaction in H,O yields different reaction products as the reac-
tion from citrazinic acid to HPPT is suppressed by H,0.*
Simultaneously, excess urea condenses into oligomeric ureas,
such as triuret or tetrauret, as well as small amounts of side
products such as melamine or guanidine, the typical conden-
sation products of urea.***” The unstable blue fluorescence
likely originates from conjugated oligomeric ureas or isolated
CN ring structures formed from urea which are stabilized by

their oligomers. These reaction intermediates form a strong H-
bond network. Upon further heating, both CUb and CUg are
consumed in a further condensation reaction to form CUp,
which appears as insoluble particles. H-Bonding between all
three components facilitates the stable dispersion of particles.
Strong H-bonding is still observed in CUg and interactions
between CUb and CUg are inferred from TGA measurements
and shifts in the NMR spectra. In synergy with CUg, the thermal
decomposition of CUb occurs at 210 °C instead of 164 °C
(Fig. S237). Significant shifts in the 'H-NMR spectra were
observed in the mixture of both compounds (Fig. S271), which
strongly suggests that the H-bond networks formed between
CUb and CUg increase their thermal stability. Considering the
relative reaction yields of the three main compounds in the
reaction at 180 °C and 230 °C, we assume a consumption of
both CUg and CUb on account of CUp. These observations
coincide with the results of other reports on the same reaction.>®
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Fig. 7 Proposed reaction mechanism of citric acid and urea to produce solid organic nanoparticles via molecular intermediates.
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This assumption is supported by the analysis of the
elemental compositions. With respect to the determined
compositions of the three components, CUp has the highest
carbon content and a medium nitrogen content. On the one
hand, XPS and FT-IR measurements show that large amounts of
C-N and C=N bonds are present. The XRD peak at 26 of 27.2°
and the fact that the dominant carbon species is sp>-hybridized,
as shown in XPS experiments, point to the presence of nitrogen-
containing graphitic domains in CUp.

Notably, in our experiments, we focused on CA/U reaction
mixtures with a molar ratio of 1: 3. It is feasible that higher
amounts of urea lead to the predominant formation of C;N,
clusters in the reaction product.”®*** Isocyanic acid, the initial
reactive species formed, is known to react with cyanuric acid
and carbon nitrides.*® The covalent incorporation of CUg into
such nitrogen-containing graphitic domains is feasible as
absorption features resembling those of CUg are still observed
in the solution phase of purified CUp.>** H-Bonding between
excess TAFs and CUp may support the solubilization of the
latter. In the crude mixture, molecular compounds such as CUg
and CUD act as surfactants and prevent the aggregation of CUp.

Condensation products of only citric acid are largely sup-
pressed by the excessive presence of urea. When heating only
citric acid in neutral aqueous solution, typically a brown or
orange product is obtained which is soluble in water. This
brown product is most likely a polymer formed by the fusion of
citric acid or aconitic acid molecules. Aconitic acid is formed at
a temperature of ~120 °C upon elimination of the hydroxyl
group and a proton.*® Upon addition of a base, the carboxylic
acid groups are deprotonated and upon further heating,
a decarboxylation reaction occurs which leads to the reduction
and aromatization of the citric acid polymer.****> The product
based on pure citric acid exhibits a single absorption maximum
at ~360 nm and the fluorescence quantum yields are reported
to be rather low.*

Conclusions

The thermal reaction of citric acid and urea in the melt was
thoroughly investigated. The composition of the reaction
product is strongly dependent on the reaction parameters such
as temperature, time, and composition. In this study, the
reaction products were analyzed at a constant reaction time and
different temperatures by means of absorption and fluores-
cence and NMR spectroscopies. Three main reaction products
are formed during the reaction depending on the temperature,
namely two molecular fluorophores and non-fluorescent
carbonaceous particles. These products were isolated by
a series of extractions and chromatography and thoroughly
characterized in a comprehensive study. Based on the results,
a potential reaction mechanism was proposed in which the
nanoparticles are a product of the intermediately formed
fluorophores.

The results presented herein demonstrate the complexity of
the thermal citric acid/urea reaction. The raw reaction product
should be seen as a complex mixture with symbiotic properties,
similar to natural products such as litmus. Based on the results
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presented and recent literature, a clear distinction between
thermally accessed fluorophores and carbonaceous nano-
particles should be made and thorough separation may help to
improve their performance in various applications.

These insights not only help to understand the origin of the
fluorescence in pyrolyzed organic materials, in general, but also
provide easy access to a new class of highly inexpensive, water-
soluble fluorescent molecules, such as HPPT, which is an
interesting candidate for biological or fluorescence imaging
and sensing applications due to its excellent photophysical
properties. Moreover, as demonstrated in earlier studies, non-
fluorescent organic nanoparticles are excellent precursors for
our recently developed laser-assisted carbonization process.
The structural information from this study helps to understand
the fundamental chemical requirements for a good carbon
precursor for this laser-assisted carbonization process.

Experimental section

Synthesis: Two stock solutions of CA/U with molar ratios 1 : 3
and 1 : 5 were prepared with total concentrations of 100 or 84 g
L™, respectively. 4 mL of the stock solutions were added to the
microwave vessel and H,O was evaporated under reduced
pressure in a vacuum oven. The solid mixture was pre-stirred for
5 min at 90 °C to ensure complete melting. Then the microwave
power was increased to reach the reaction temperature. The
reaction temperature was held for 20 min. The product was
collected and analyzed or further purified. Melting point anal-
ysis: Homogeneous mixtures of Ca and U were produced by
solubilizing both components (ca. 1 g in total) in 1 mL H,0. H,O
was then slowly evaporated under reduced pressure at room
temperature. The resulting homogeneous mixtures were then
analyzed by differential scanning calorimetry. Chromatographic
separation: The separated fractions were collected and
condensed. The solution was filtered to remove any solid silica
that was washed from the column. Each fraction was dried
under reduced pressure. Transmission electron microscopy was
performed using an EM 912 Omega from Zeiss operating at 120
kv. To prepare the TEM samples, the carbon material was
dispersed in methanol by sonication for 10 min and 5 pL
droplets of the dispersion were placed on a carbon-coated
copper TEM grid and dried at room temperature. Thermogravi-
metric analysis was performed using a Thermo Microbalance TG
209 F1 Libra (Netzsch, Selb, Germany). A platinum crucible was
used for measuring 10 + 1 mg of samples under a nitrogen flow
of 20 mL min~" and a purge flow of 20 mL min~" at a heating
rate of 10 K min~"'. Elemental analysis was performed with
a vario MICRO cube CHNOS elemental analyzer (Elementar
Analysensysteme GmbH). The elements were detected with
a thermal conductivity detector (TCD) for C, H, N and O and an
infrared (IR) detector for sulfur. UV-vis-NIR absorption
measurements were performed with a Specord 210 plus from
Analytik Jena using 10 mm quartz cuvettes. Fluorescence
measurements were performed with a Fluoromax 4 from
Horiba. The fluorescence decays were measured using a Single
Photon Counting Controller Fluorohub (Horiba Jobin Yvon)
operating in the time-correlated single-photon-counting
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(TCSPC) mode. A nanosecond pulsed diode laser NanoLED-450
(Horiba Jobin Yvon) with a pulse width of 1.3 ns, Aex = 447 nm
and a repetition rate of 1 MHz was used for excitation. Fourier-
transform infrared measurements were performed using a Nico-
let iS 5 FT-IR-spectrometer in conjunction with an iD5 ATR unit
from Thermo Fisher Scientific. X-ray diffraction was performed
on a Bruker D8 Advance diffractometer in the Bragg-Brentano
mode at the Cu Ko wavelength. Nuclear-magnetic resonance
spectroscopy was performed on a 400 MHz Bruker Ascend 400 or
a 700 MHz Bruker Ascend 700. X-ray photoelectron spectroscopy
was performed on a Quantera II (Physical Electronics, Chan-
hassen, MN, USA). A monochromatic Al Ko X-ray source (1486.6
eV) operating at 15 kV and 25 W was applied. Each measured
spot was sputtered with Ar-ions (1 keV) for 30 seconds for
surface cleaning. The C=C, sp> carbon peak was referenced to
284.4 eV according to the literature.”® Casa XPS was used for
fitting. Geometries of tautomers A-C were pre-optimized using
the MMFF94x*” forcefield and the program MOE 2008.10.%®
Based on these geometries, DFT calculations were performed
using the program package Gaussian 16 (ref. 59) with the hybrid
functional M062X* and the basis set def2-TZVP.®* Dispersion
correction was performed by using the empirical dispersion
developed by Grimme.®> Moreover, calculations were performed
in the presence of a solvent (MeOH, H,0) using the PCM model
developed by Tomasi.®® For all obtained geometries, frequency
analyses were performed to ensure that they are minima and to
calculate the zero-point vibrational energy.
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Figure S1. Photograph of aqueous sample solutions of the crude products (conc: 0.2 mg/mL) synthesized at
temperatures between 100 — 220°C under illumination with a red laser (top) and under illumination with a UV-lamp
(365 nm) (bottom).

Nuclear Magnetic Resonance Spectroscopy of the Raw Products
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Figure S2. 'H-NMR (left) and 3C-NMR (right) spectra of selected raw products of the CA/U reaction at different
temperatures between 110-210°C.



UV-vis and Fluorescence Spectroscopy of the Raw Products
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Figure S$3. Combined electronic absorption (red to green) and excitation normalized (... = 350 nm) emission (pale
red to pale green) spectra of crude CA/U products (0.013 mg/mL) synthesized at different temperatures between 100
—290°C; a) 100 — 140°C; b) 150 — 190°C; a) 200 — 240°C; a) 250 — 290°C.



Nuclear Magnetic Resonance Spectroscopy of the Educts and References
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Figure S4. Top: 'H-NMR (top) and 3C-NMR (bottom) spectra of citric acid and urea in DMSO-d6.
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Figure S5. Top: 'H-NMR (top) and 3C-NMR (bottom) spectra of citrazginic acid (commercial) in DMSO-d6.



Separation of the Raw Products
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Figure S6. Illustration of the separation process of the raw products obtained from a thermal CA/U reaction.

Extinction coefficients of CUg

4000 _
CUg (MeOH
€
L (mol cm)™
2000

1
600

T T
400 500
Wavelength / nm

Figure S7. Molar extinction coefficients of CUg in H,O and MeOH.



Time-correlated Single-Photon Counting of CUg and CUb
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Figure S8. Fluorescence lifetime decay profiles obtained by TCSPC of CUb and CUg in H,O and MeOH at room
temperature obtained upon excitation at 370 or 450 nm, respectively .

Table S1. Fluorescence lifetimes of CUb and CUg in MeOH and H,O.

T1 Ay T2 A,y
ns % ns %
MeOH 3.1 28 7.6 72
CUb
H,O 4.1 45 9.5 55
MeOH 9.0 100
CUg
H,O 5.3 100

Fluorescence Quantum Yields of CUg
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Figure §9. Determination of the fluorescence quantum yields of CUg in H>O and MeOH using Na-fluorescein as a
standard.



Table S2. Fluorescence quantum yields of CUg determined by the gradient method using Na-fluorescein as a standard

and in MeOH and H,0.
solvent slope or (%)
. H,0 6.30E-+09 8564
Na-Fluorescein

MeOH 5.90E+09 79

H,O 2.00E+09 27
CUg
MeOH 5.20E+09 70

Photostability of CUg
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Figure S10. Left: photo-stability measurement of a 8.3 <107 M solution of CUg in H,O. The sample was constantly
illuminated for 16h. The inset shows the fluorescence spectra in time intervals of 20 min; Right: Photo-stability
measurement of CUb in H>O. The inset shows the fluorescence spectra in time intervals of 24 min from purple to red.

ESI - mass spectrometry of CUg and CUb
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Liquid chromatography-electrospray ionization - mass spectrum of CUg obtained in negative ion mode.
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Figure S12. Liquid chromatography — electrospray ionization - mass spectrum of CUb obtained in positive ion mode.
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Figure S13. Potential compounds detected in the ESI-mass spectra of CUb.

2D-Correlation NMR of CUg
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Figure S14. HSQC-C (left) and HSQC-N (right) of CUg in DMSO-d6 showing the direct coupling of 'H to 3C or I°N,
respectively.
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Figure S15. HUBC-C (left) and HMBC-N (right) CUg enriched with >N in DMSO-d6 showing the three-bond
coupling of 'H to 3C or °N, respectively.

DFT calculations of CUg (HPPT)

(0] (0]
NH © NH NH
N — 0 — Y Y
I s Al A
HO” "N~ 0 0 >N O HO” °N” "0
H H
A B (]

Figure S16. Molecular structures of the tautomeric forms of HPPT.

Table S3. DFT calculated tautomeric forms of HPPT with relative energy values in arbitrary units using M06-2X-
D3/def2-TZVP, SCRF: PCM.

Geometry (vacuum)  Geometry (MeOH) Geometry (H,0) (]‘E, giL) (N]IE:(};LH) (]EIR'E;)
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2D-Correlation NMR of CUb
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Figure S17. HSQC-N of CUb enriched with >N in DMSO-d6 showing the direct coupling of 'H to 13C or °N,

respectively.

50

70
80

100 £
1102
1205
(2]
130%
pi!
1 140E
o
NH 15085
2 160
170
180
190

200
90 85 80 75 70 65 60 55 50 45 40
Chemical Shift / ppm

@]
o
o

10

(1}

o = = &
=] @ =]
o = o
Chemical Shift / ppm

o
@
o

@
o
S

350

100 95

90

85

8.0

75 70 65
Chemical Shift / ppm

6.0

55

5.0

45

4.0



Figure S18. HMBC-C (left) and HMBC-N (right) of CUb enriched with >N in DMSO-d6 showing the three-bond
coupling of 'H to 13C or 1N, respectively.

Nuclear Magnetic Resonance Spectroscopy of Biuret
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Figure S19. Top: 'H-NMR (top) and 3C-NMR (bottom) spectra of biuret (commercial) in DMSO-d6.

Biuret test with CUb

Figure S20. Photograph of a basic solution of CUb upon addition of a CuSO, solution.
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Thermal Mass analysis of CUg and CUb
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Figure S21. Temperature dependent mass spectrometric analysis of CUg.
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Figure §22. Temperature dependent mass spectrometric analysis of CUb.

Thermogravimetric Analysis of the Raw Mixture
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Figure S823. Thermogravimetric analysis of the supernatant of the raw product before column chromatography
containing CUg and CUb.
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X-ray Photoelectron Spectroscopy of CUb and CUg
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Figure §24. X-ray photoelectron spectra of CUg (top) and CUb (bottom) with emphasis on the C;, Ny, and O
regions.

Nuclear Magnetic Resonance Spectroscopy during Washing of CUp
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Figure S25. 'H-NMR spectra of the supernatant and the redispersed centrifugate after washing CUp in H,O at 95°C
in DMSO-d6.
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Optical Spectroscopy of dispersions of CUp in H,O.
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Figure §26. Absorption (left) and fluorescence (center) spectra of CUp in H;O at room temperature at different
concentrations. Right: Fluorescence intensity versus concentration of CUp in H,O.

Nuclear Magnetic Resonance Spectroscopy of a Non-Separated Mixture

5.5 5.4 53 5.2 5.
Chemical Shift / ppm

Figure S27. 'H-NMR spectra of CUb (top), CUg (center) and the non-separated mixture of CUb and CUg (bottom)
in DMSO-d6.
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ABSTRACT

Even after centuries-old experience in carbonizing materials we can still learn new lessons and find new
applications for carbonized materials. In the past decades, laser-assisted syntheses of materials have
emerged as versatile tools for the fabrication of micro- and nanostructured functional devices. In this
regard, laser-carbonization is of particular interest, as it provides a method for patterning eco-friendly
and potentially biodegradable electronic materials for future applications in comparison to the state-
of-the-art in flexible electronics. However, using molecular precursors for laser-carbonization has been a
challenge for many years. We identified a set of three different precursors and conducted an in-depth
morphological and compositional study to understand how molecular precursors must be prepared
for the high-speed carbonization reactions used in laser-patterning. The resulting laser-patterned car-
bons (LP-C) or N-doped carbons (LP-NC) are different from their conventionally pyrolyzed reference
products mostly in terms of morphology. A generally porous structure and a carbonization gradient
induced by the top-to-bottom energy input are the most remarkable features. Additionally, the micro-
structure, the elemental composition and the resulting electronic properties are different as demon-

strated by X-ray photoelectron spectroscopy (XPS) and wide-angle X-ray scattering (WAXS) analysis.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Carbonized materials have found widespread use as functional
materials in many areas of both science, industry and even agri-
culture [1,2]. The most remarkable features of carbonized materials
are their nanostructures like porosity and high surface area as well
as their useful electronic properties with tunable conductivities or
capacitances. Therefore, they are popular materials for sorbents [3],
separators [4,5], catalyst supports [6], electrodes [7], and me-
chanical reinforcements [8]. Among all advantages of carbonized
materials, the greatest is their simple production from biomass,
biopolymers, natural organic compounds, or even waste products
avoiding the exploitation of fossil carbon sources [9—13]. The

* Corresponding author.
E-mail address: volker.strauss@mpikg.mpg.de (V. Strauss).
! Huize Wang, Simon Delacroix contributed equally.

https://doi.org/10.1016/j.carbon.2021.01.145
0008-6223/© 2021 Elsevier Ltd. All rights reserved.

production and use of bio-based functional materials using simple
methods instead of toxic or expensive materials can provide a great
benefit for a resource and location independent industry.
However, gaining control over these materials properties during
their synthesis is still subject to current research [14,15]. Today,
carbonization is commonly achieved using either pyrolysis or hy-
drothermal methods [16]. The obtained products and their proper-
ties are a direct result of the precursors, the reaction conditions, such
as temperature, pressure, time, or the presence of reactants in the
synthesis environment. With both methods bulk quantities of
carbonized materials for large-scale applications are produced.
However, a big market for film-based or flexible electronic applica-
tions has been difficult to access for carbonized materials due to their
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often impractical processability. In this field, progress has been made
in applying carbon nano-allotropes, such as fullerenes [17], carbon
nanotubes [18], or graphene [19,20] due to their defined electronic
properties. However, a big drawback is their tedious and expensive
production and the often low batch-to-batch reproducibility.

In this regard, the so-called laser-carbonization provides an
opportunity to open the field of film-based electronics for
carbonized materials. In general, laser-induced or -assisted syn-
thesis, not only limited to carbon, has attracted a great deal of
attention among materials scientists [21]. A major advantage of
laser-synthesis is the possibility to fine-pattern films according to
the requirements of the application and tunability with regard to
laser-wavelengths and energy input. The precursors are directly
carbonized on the substrate and their properties are adjusted by
careful selection of the laser parameters [22]. The possibility of
patterning enables new potential applications for carbons in e.g.
micro charge-storage devices or electrical chemosensors [23—26].
The most famous precursors for laser-induced deposition of carbon
films are graphene oxides (GO), which are particularly interesting
due to their simple solution processability [27—29]. Upon laser
irradiation GO is reduced to graphene or 3D-graphenes giving films
with high surface areas and high electrical conductivities. Other
well-known precursors are polyimides (PI) which form highly
porous, disordered carbon films [30—32]. Here, commercial PI films
have been the most widely used as objects of investigation. Both
materials have been shown to offer enormous potential as elec-
trode materials or sensor platforms [33—36].

Like conventional carbonization methods the precursors are
decisive for the properties of the final products. Until now, the most
widely used precursor systems are polymeric and the laser-
carbonization of molecular precursors has been difficult to ach-
ieve. Typically, molecular precursors evaporate in the high energy
flux of the laser beam. However, the use of molecular precursors
provides sheer infinite possibilities for fine-tuning the properties of
the final products.

Recently, we have identified and developed a method to obtain
carbonized patterns from molecular precursors which involves the
essential step of pre-condensation or pre-carbonization compara-
ble to torrefaction [37,38]. After annealing the molecular precursors
at 300 °C the carbon content increases and small graphitic domains
form. These pre-carbonized intermediates are then processed to
inks, which are applied on different substrates and finally carbon-
ized in the laser beam. The heat of the laser induces the formation
of a carbon-network, therefore, we refer to these intermediates as
carbon network-forming agents (CNFA). In contrast to conventional
pyrolysis, which occurs on a time scale of hours (several thousands
of seconds), laser-pyrolysis occurs within just a few milliseconds.
With respect to reorganization during crystallization and diffusion
of gaseous decomposition products occurring during the carbon-
ization reactions and laser-absorption effects, the final products are
expected to be different to conventionally carbonized products.

In this work, we elaborate on the properties of the products of
laser-carbonization and highlight differences to conventionally
carbonized samples. The importance of several parameters and
some general prerequisites for the selection of the molecular pre-
cursors are emphasized. In addition to our standard precursor
system, citric acid and urea, two new precursors have been iden-
tified, namely cytosine and glucose. The composition of the pre-
carbonized intermediates, and the final products have been char-
acterized by energy-dispersive X-ray analysis (EDX) and combus-
tion elemental analysis (CEA). A combinational study using wide-
angle X-ray scattering (WAXS) and X-ray photoelectron spectros-
copy (XPS) were performed to compare the laser- and conven-
tionally carbonized products and obtain information about the
composition and morphology of the final samples.

Carbon 176 (2021) 500510
2. Results and discussion
2.1. Methods and materials

Laser-carbonization of molecular precursors is achieved in a
two-step approach according to our recently developed method
which involves the essential step of pre-condensation or pre-
carbonization to avoid the evaporation of the molecular pre-
cursors — Fig. 1. First, the molecular precursors (citric acid/urea,
glucose, cytosine) are pre-carbonized at 300 °C for 2 h in a muffle-
furnace under inert atmosphere to obtain the carbon network-
forming agents (CNFAs). The products are referred to as CA/U
(300), glucose (300), or cytosine (300) indicating the precursors
and the reaction temperature. The CNFAs are processed into inks by
dispersing the CNFAs in ethylene glycol. The inks are then cast on
the substrate (Si-wafers) and dried to obtain uniform films with a
thickness of ~35 pm. The films are then irradiated with a CO,-laser
(1ex = 10.6 um) with the desired pattern at ambient conditions and,
finally, the unexposed material is rinsed off with water. The ma-
terials obtained are referred to as glucose (300)-Is, CA/U (300)-Is, or
cytosine (300)-Is, indicating the laser-treatment of the CNFAs. For
comparison, reference materials were produced. Glucose, CA/U, or
cytosine were pyrolyzed at 950 °C for 2 h in a muffle-furnace under
nitrogen atmosphere. These samples are referred to as glucose
(950), CA/U (950), or cytosine (950). The reference carbonization
temperature of 950 °C was primarily chosen as similar elemental
compositions to the bulk laser-carbonized samples were found. A
comparison with materials treated at 950 °C is reasonable, because
at such temperatures the materials start to develop a non-graphitic
structure and chemical transformations, such as decomposition,
condensation etc., are widely completed [39].

First, the films of the CNFAs before and after laser-treatment
were characterized in terms of morphology using scanning elec-
tron microscopy (SEM) (Fig. 2). Before laser-carbonization the films
exhibited a granular appearance. The grain sizes are in a similar size
range between ~100 nm and several microns. After laser-treatment
all films show a highly disordered, porous morphology.

2.2. Laser parameters

Different materials, i.e. CNFAs, show different responses to laser-
treatment. The laser parameters, such as incident power and
scanning speed, play a crucial role in the carbonization process. We
tested these settings for the three selected precursors. The product
of laser power in W and scanning speed in s-m~! yields the energy
fluence in J-m~". The fluence was quantified for a set of different

Pre-carbonization
CNFA

Laser-carbonization

\ =

\ ——

1. laser-carbonization
2.rinse

precursors

7 300°C
R

CNFA-film

LP-carbon film

Fig. 1. Scheme summarizing the steps of molecular carbon laser-patterning; 1. Pre-
carbonization of molecular precursors at 300 °C; 2. Laser-carbonization of CNFA-
films to LP-carbon films.
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Fig. 2. Scanning electron micrographs of the CNFA-films of glucose (300), CA/U (300), and cytosine (300) before (upper) and after laser treatment (lower). Bottom: photographs of

the laser-carbonized films on polyethyleneterephthalate (PET) substrates.

laser settings and plotted versus speed and power in the 2D-plot
shown in Fig. 3a. In general, slower speeds and higher power yield
higher fluence.

Each of the tested compounds gives a certain response pattern
as shown in the 2D-plots in Fig. 3c—e. In these plots, the electrical
conductivity of the final films is plotted versus laser power and
scanning speed. Laser settings outside the range of the colored
areas shown in Fig. 3c—e are either too strong or too weak. Too low
fluence fails to complete the carbonization and too high fluence
leads to complete evaporation of the film. We assume, that the
carbonization yield improves when higher conductivities are
achieved.

As shown in the 2D-plots, a strong dependence of the scanning-
speed is observed. Glucose (300) shows the best response at a
scanning-speed of ~600 ms mm™’, while both CA/U (300) and
cytosine (300) show the best response at slower speeds of ~146 and
~378 ms mm .. This indicates that the carbonization reaction for
each precursor is dependent on the scanning speed, i.e. the irra-
diation time. The maximum conductivities achieved for glucose
(300), CA/U (300) and cytosine (300) after laser-carbonization are
6500, 2300 and 9500 S m~’, respectively.

To explain this observation, we determined the laser material
interaction. The excitation wavelength of the laser is 10.6 um which
corresponds to an energy of 943 cm~ .. We conducted transmission
Fourier-transform infrared spectroscopy (FT-IR) measurements of
the CNFAs and determined their extinction coefficients at the laser-
excitation energy (Fig. 3f—h). All three CNFAs show weak absorp-
tion in this energy region. The extinction coefficient of CA/U (300) is
significantly higher with & = 0.56 L-(g-cm)~}, than those for cyto-
sine (300) and glucose (300) with ¢ = 0.28 or 0.21 L-(g-cm)~,
respectively. The laser excitation energy is located in the typical
fingerprint region in the IR spectra where the transitions of C=C
and C—H bending vibrations occur. However, the absorption
spectra of particulate samples also exhibit a significant plasmon
absorption trailing deep into the IR. Looking at the lack of distinct
absorption bands in the IR-spectra of the three samples, we hy-
pothesize that the plasmonic absorption of the aromatic domains
within the pre-carbonized samples is responsible for the absorp-
tion and the dissipation of the laser energy across the film. The pre-
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carbonization at 300 °C is essential to achieve crosslinking and
prevent vaporization of the molecular precursors. A linear corre-
lation between the scanning speed and the extinction coefficients
indicates, that the carbonization reaction is dependent on the
amount of energy absorbed by the material (Fig. 3b).

2.3. Proposed mechanism

Laser-carbonization is clearly a surface carbonization method.
As shown previously for the CA/U precursor system, the penetra-
tion depth of the laser is limited to approximately 35 pm according
to an estimation by the Beer-Lambert law [26,37]. Laser-
carbonization is conducted with typical scanning speeds between
50 and 500 ms mm~ . The reaction process is hypothesized to occur
according to the scheme depicted in Fig. 4. The high energy impact
of the laser causes the upper layer of the CNFA film to evaporate.!
Then, the carbonization/C—C bond formation occurs, which cau-
ses the upper layer of the material to be carbonized. The laser ra-
diation is then attenuated by the carbonized layers which dissipate
the radiation in the form of heat across the film. After finishing the
laser-patterning the unexposed films are removed by rinsing with
water. A carbonized film with a gradient in the degree of carbon-
ization results. The suggested mechanism is corroborated by our
observation that thicker layers result in incompletely carbonized
films resulting in delamination, while thinner films cause the
substrate to become heated. PET as a flexible substrate melts,
therefore a precise control of the film-thickness and the laser pa-
rameters is essential.

2.4. Micro/nanostructure analysis

First insights into the successful carbonization are obtained by
the change of the Raman signals presented in Fig. S1. The presence
of sharp D-, G-, and G’- bands in the spectra of all samples after
laser-carbonization show a high degree of carbonization on top of
the films. In terms of temperature-controlled carbonization the

1 This is observed for all substances upon sudden laser irradiation.
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Fig. 4. Scheme illustrating the laser-carbonization process of a film of CNFA on a
substrate: Laser impact causes evaporation, induces carbonization of the upper layer
and a lower degree carbonization of the lower layers due to attenuation of the laser
energy.
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appearance of such sharp Raman signals with a relatively low D-
band is remarkable as it indicates the formation of well-defined and
extended graphene layers on top of the film which are typically
observed for temperatures >1800 °C [40,41]. However, Raman
spectroscopy is a surface sensitive technique. With respect to the
porous surface structure of the laser-carbonized samples it is
difficult to obtain an overall characterization of the bulk film by
Raman spectroscopy.

The porous morphology is apparent when looking at the SEM
images of the laser-carbonized samples in Fig. 2 and imply high
surface areas. That is generally attractive for potential applications
such as charge-storage electrodes or sensor platforms. To deter-
mine the active surface areas of laser-carbonized products, we
employed the methylene blue (MB) adsorption method (Experi-
mental Section) [27,38]. A set of six measurements per sample were
conducted to give average values of 135 + 29, 165 + 17 and
68 + 19 m? g~ ! for glucose (300)-Is, CA/U (300)-Is, and cytosine
(300)-Is, respectively. Please note, the MB adsorption method is
used only for small amounts of material and may deviate from bulk
sorption methods.

To obtain insights into the microscopic structure of the laser-
carbonized films, we conducted a comparative study of the laser-
carbonized materials and conventionally carbonized references,
which were pyrolyzed in a chamber oven at 950 °C. Powders of the
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laser-carbonized samples were obtained by laser-treating large-
area CNFA films on Si-wafers and subsequently collecting and
washing the powders to remove unreacted CNFA (Figu. S2 and
Experimental Section).

The scanning electron micrographs in Fig. 5(-left) compare the
laser-carbonized samples with the reference samples. More mi-
crographs are presented in Fig. S3. In general, the laser-carbonized
samples show a higher degree of disorder and a more porous
morphology. The sheet-like structures of glucose (950) originate
from the blowing process during heating [42]. Sheet-like features

Mass %

Mass %

Mass %
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are also observed for the glucose (300)-Is sample, however, the
dimensions are much smaller (below 1 pm).

TEM analysis provides some insights into the microstructures of
the samples (Fig. 5). However, only small fragments were analyzed
and with respect to the intrinsic heterogeneity of the laser-treated
samples the interpretation of their results must be considered
carefully. For all samples except for cytosine (300)-Is, the fragments
observed in TEM show predominantly amorphous character with
small graphitic domains, which are clearly recognized in the high-
resolution TEM images presented in Fig. S5. Their mainly
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Fig. 5. Left: Scanning and transmission electron micrographs of the laser-carbonized samples and the references; Right: elemental composition diagrams of the CNFAs, the laser-

carbonized samples and the references obtained by X-ray photoelectron spectroscopy.
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amorphous character is also reflected in the typical diffuse
diffraction patterns stemming from turbostratic graphitic carbon.

The three selected precursors contain different amounts of ni-
trogen. We tested the elemental compositions of their corre-
sponding CNFAs and the final LP-carbons and compared these
values with the reference samples annealed at 950 °C. In Table S1
the elemental compositions of all tested samples obtained by EDX
of the as-prepared laser-treated films and elemental analysis (EA)
of the collected powders are listed. For all tested compounds, the
same general trends are observed. The carbon content increases
after pre-carbonization, while the nitrogen content decreases.
These trends continue upon increasing the temperatures to 950 °C.

The compositional gradient of the laser-carbonized films is
expressed in the differences of the detected composition using
surface sensitive EDX (~0.5 pm) and bulk sensitive EA. According to
EDX, the carbon content on top of the films in glucose (300)-Is
reaches 97 wt%. With respect to the gradual laser energy impact
through the film, higher degrees of carbonization are achieved on
top of the films in comparison to the average of the bulk films
which is only 75 wt%. This state of carbonized glucose with disor-
dered graphitic domains with a carbon content of ~77 wt¥% is
commonly referred to as mesophase state carbon. This tendency is
also observed for the nitrogen-containing samples. A significantly
higher carbon content of 92 and 83 wt% is observed on top of the
CA/U (300)-Is and cytosine (300)-Is films, respectively, while in the
bulk the carbon content reaches only 68 or 50 wt%. Only CA/U
(300)-1Is shows a noticeable deviation from the reference product
CA/U (950) in terms of bulk carbon content. This deviation is due to
oxygen incorporated into the films. The thermogravimetric analysis
of CA/U (300)-Is shows a gradual mass loss of ~16 wt¥% starting at
~400 °C for CA/U (300)-Is. This mass loss is not observed with CA/U
(950) (Fig. S4).

X-ray photoelectron spectroscopy (XPS) was conducted to study
the bonding and the chemical composition of all samples, i.e. the
CNFAs, the laser-carbonized samples and the references. The full
data sets for all samples are shown in Fig. S6-S8. The carbon, ni-
trogen, and oxygen contents of the samples obtained by XPS match
fairly well with the values obtained from combustion elemental
analysis. In general, the same trends in terms of carbonization or
nitrogen mass loss at high temperatures are observed. Slight vari-
ations in the compositions are attributed to the surface sensitivity
of XPS.

Interesting are the fine-structures in the carbon (Cys), nitrogen
(N1s), and oxygen signals (Oqs). The Ci5 area is composed of four
main signals at 284.4, 285.7, 286.6, and 288.1 eV assigned to sp? and
sp> carbon, C—N/C—0 and C=N/C=0, respectively. The two main
signals in the Ny area at 398.8 and 400.3 eV originate from pyr-
idinic and pyrrolic nitrogen, respectively [43,44]. In the Oy region,
two peaks at 531.7 and 533.8 eV assigned to C—O and C=O0,
respectively, appear. The areas of the fitted curves with respect to
the sum of all signals yield the mass percentage of the detected
species. These were plotted in diagrams to compare different
samples (Fig. 5 right).

For glucose, both laser- and conventional carbonization lead to
an increase in carbon and a decrease in oxygen. The trends for both
methods are similar. Notably, the sp? carbon content in glucose
(300) is already very high with ~69% of the overall sample mass.
Laser-carbonization causes an increase of only ~7% carbon to the
overall sample mass on account of the oxygen content. In the
reference, glucose (950) the carbonization yield is much higher
reaching a carbon content of 93%.

The CA/U system shows some different trends, in particular,
with respect to their nitrogen content. In general, upon laser-
carbonization the sp? carbon content increases more in compari-
son to the reference. The pyridinic nitrogen content in both CA/U
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(300)-1s and CA/U (950) is reduced more in comparison to the
pyrrolic nitrogen content. Again, the oxygen content in CA/U (300)-
Is is significantly higher than in the reference.

Laser-treatment of cytosine (300) leads to a slight increase in the
sp® carbon content on account of a decrease in the sp>-carbon
content. At the same time a decrease in both pyridinic and pyrrolic
nitrogen is noted. In the reference, cytosine (950), these trends are
much more pronounced. Here, the oxygen content of cytosine
(300)-Is is even higher than the precursor cytosine (300), which is
again due to C—O species. In the reference sample, the oxygen
content is lower.

The quantitative XPS analysis of the collected powder samples
corroborates the proposed reaction mechanism. In general, laser-
carbonization results in increased surface oxygenation compared
to pyrolysis. While pyrolysis leads to a steady evaporation and
transport of reactive side products, in laser-carbonization these
reactive species are not removed fast enough. This leads to
oxygenation of the reactive surface of the carbons. The sp? content
is increased in all samples and especially in CA/U (300)-Is and cyt
(950), but the trends are different for each precursor. In particular
cyt (300)-Is deviates drastically from its reference cyt (950). We
assume an interconnection/polymerization of the graphitic do-
mains to be the main reaction occurring upon laser-carbonization.

To shed light on the graphitic domains and the crystallinity of
the samples, we conducted a comparative WAXS analysis. In gen-
eral, non-graphitic carbons (NGCs) as obtained in this study consist
of stacks of sp?>-hybridized graphene layers. Due to the rotational
and translational disorder, e.g. a turbostratic arrangement [45],
NGCs do not show any crystallographic (three-dimensional) long-
range order and, therefore, the resulting diffraction patterns of
these samples do not contain any (hkl) reflections like those of
graphite [46]. Instead, their diffraction patterns show diffuse and, in
many cases, overlapping (hk) and (00I) reflections [45,47], which
are caused by the scattering within or between the individual
layers (Fig. S10). Commonly, the most important and most inter-
esting microstructural parameters of these NGCs are the layer size
(L) and the stack size (L¢). In addition, the average graphene layer
distance (a3) and the disorder, e.g. the deviation of the C—C bond
length (1) and the variation in the layer distance (o3) are of interest
(Fig. S9).

Due to the turbostratic structure of these NGCs, the resulting
(hk) reflections are generally quite broad and also asymmetric
[45,47], therefore a single-peak analysis such as applying the
Scherrer equation [48] to obtain the layer dimension from the (hk)
reflections using the full-width-at-half maxima (FWHM) approach
is not suitable for evaluating this scattering data [49]. In addition,
due to the lack of three-dimensional (hkl) reflections and the sub-
stantial degree of disorder, a classical Rietveld refinement cannot
be performed. Instead an advanced approach for fitting the whole
scattering vector range of the WAXS pattern by using a theoretical
function according to the model of Ruland and Smarsly was used
[50]. This advanced approach to fitting the scattering intensity
obtained from a WAXS experiment was successfully tested in
several studies using and preserving physically significant and
meaningful parameters. A description of the model is given in the
Experimental Section.

Glucose (950) shows a high average layer distance of a3 = 3.84 A
and a very high standard deviation of ¢3 = 0.98 A. In addition, the
minimal layer distance of as mjn = 2.84 A is small compared to the
average distance, but results from the large variation in the layer
distance. These parameters and the almost invisible (004) reflec-
tion (Fig. 6) suggest a small stack height (L. = 15.7 A) and disor-
dered stacking. A possible reason for this observation might be the
absence of an aromatic system and the high amount of oxygen in
the precursor. This probably leads to the complete absence of a
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Fig. 6. Measured (dots) and fitted (line) WAXS patterns of the laser-carbonized sam-
ples — glucose (300)-1s, CA/U (300)-Is, and cytosine (300)-Is, in comparison to the
reference samples pyrolyzed at 950 °C — glucose (950), CA/U (950), and cytosine (950).

stacking structure in glucose (300)-Is. The (002) reflection is
asymmetric in the direction of the small scattering vectors and too
small to be reasonably analyzed. Thus, the WAXS data of glucose
(300)-Is were only fitted for s > 0.3 A~!, so the microstructural
parameters for the stacking behavior could not be calculated.

In contrast, CA/U (950) and cytosine (950) show more pro-
nounced WAXS patterns. A clear (002) and a small (004) reflection
are visible for both samples (Fig. 6). The average layer distance of
as = 3.4 A is quite similar and (in the range of the fitting accuracy)
comparable to the layer distance in graphite (~3.35 A) [51]. The
comparison of these samples shows that the disorder of the
stacking structure in CA/U (950) is higher than in cytosine (950),
which is represented in the height and broadness of the (002) and
(004) reflections. While the average stacking heights of L. = 20.0 A
for CA/U (950) and 23.2 A for cytosine (950) are similar, the minimal
layer distance a3 min is about 0.2 A smaller for CA/U (950). Also, the
standard deviation of the layer distances a3 is ~20% higher for CA/U
(950). This leads to the conclusion that the stacking structure in CA/
U (950) is more disordered than in cytosine (950). One possible
reason might be the amount of oxygen in CA/U (950) exerting an
adverse effect on building up highly ordered graphite stacks [52].

The stacking in cytosine (300)-Is suffers from a significantly
higher disorder compared to the reference cytosine (950), which is
represented by the higher deviation from the graphitic layer dis-
tance (o3) of 0.50 A for cytosine (300)-Is compared to 0.35 A for
cytosine (950). Furthermore, the average stack height (L.) for
cytosine (300)-Is was calculated to be slightly higher than for
cytosine (950), but due to the high amount of oxygen in cytosine
(300)-Is and the absence of a clear sp? structure, these values of
cytosine (300)-Is suffer from a large error. For the same reason, the
parameters for the stacking height L., homogeneity 7, and the
preferred orientation g could only be estimated for CA/U (300)-1s
and also suffer from a large calculation error, especially with regard
to the stacking height L.. However, the deviation of the layer dis-
tance o3, CA/U (300)-Is stands for a significantly higher disorder
comparted to the reference sample. Also, the average layer distance
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as is higher for the CA/U (300)-Is, which are both indications for the
presence of a highly disordered stacking.

In terms of the layers, i.e. the sp? structure, the average layer size
(L,), the average C—C bond length (I..) and the standard deviation of
the C—C bond length (1) are the most relevant parameters, which
were calculated from the refinement. Given the fitting accuracy and
the resulting error, all calculated C—C bond lengths are in the range
of pure graphene (~1.42 A[51]), only the calculated .. values for CA/
U (950) and cytosine (950) are slightly smaller. However, consid-
ering the difficult determination of a precise mean value because of
the large reflection width for these samples, the presence of a
graphene-like sp? structure can be safely assumed. Only for cyto-
sine (300)-Is, neither a (10) nor a (11) reflection is visible and,
therefore, no clear sp? structure is present in this sample.

Glucose as a precursor also shows an interesting tendency
regarding the layer structure. Glucose (950) consists of large gra-
phene layers (L = 80 A), but possessing a substantial disorder
(1 = 0.221), which is explained by the relatively high amount of
oxygen and the absence of any aromatic system in the original pre-
cursor, i.e. glucose. In contrast, glucose (300)-Is consists of smaller
layers (L, = 50 A) and a significantly lower disorder (¢; = 0.1).
Because of the rather small and broad reflections in the WAXS
pattern, these parameters suffer from a large calculation error.

Comparing CA/U (950) and CA/U (300)-Is, the latter shows
significantly larger graphene domains (L, = 50 A vs. 31 A), and a
lower disorder (o1 = 0.15 vs. 0.18). Both parameters clearly indicate
that for CA/U, the laser-carbonization leads to a more ordered sp?
structure than oven pyrolysis. Higher disorder in the stacking and,
at the same time, a higher degree of order in the individual layers
can, with respect to the oxygen content, only be explained by
surface-bound oxygen rather than incorporation into the sp?
structure. The high amount of oxygen also rationalizes the absence
of any (hk) reflections in the WAXS data of cytosine (300)-1s, which
indicates that cytosine (300)-Is does not contain any ordered sp?
structure. Oxygen prevents the condensation of ordered layers as
well as ordered stacks as shown in the paragraph before and in
Ref. [52]. Additionally, the oxygen or the relatively high amount of
nitrogen in cytosine (300) also prevents the condensation of large
and ordered sp? layers. For this reason, the layer dimension (L,) is
only ~23 A and the disorder, i.e. the deviation of the C—C bond
length, is relatively high (g7 = 0.18).

Taking the results from the WAXS analysis into account, the
choice of precursor has a major influence on the resulting product.
The laser-carbonized samples consist of a significantly disordered
stack structure, which is directly shown by the smaller and broader
(002) and (004) reflections or their complete absence in compari-
son to the references. The disorder parameters for stacking (a3 min,
a3) are generally higher than for the reference samples. The amount
of oxygen inside the products (CA/U, cytosine) and in the precursor
(glucose) seems to have a significant influence on the formation of
the microstructure in the products. More precisely, oxygen pre-
vents the condensation of perfect graphite-like stacking structures
in glucose (300)-1s or even ordered sp? layers as in cytosine (300)-Is
(high ¢4). For CA/U, on the other hand, laser-carbonization leads to
significantly larger and higher ordered sp? layers. In general, laser-
carbonization leads to larger non-graphitic carbon domains, i.e. a
turbostratic arrangement of the layers. In principle, it is possible to
produce large and ordered sp? layers, but with highly disordered
stacks. Notably, the degree of disorder is expected to be a conse-
quence of the gradient in the degree of the carbonization.

3. Conclusions

Laser-carbonization is an interesting new method opening
possibilities to apply carbonized materials in 2D electronics and
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high-surface area applications. In contrast to conventional pyrolysis
in which chemical processes are allowed to occur on time scales of
hours (thousands of seconds), these processes are confined to
milliseconds in laser-carbonization. We conducted a comparative
study with a set of three precursors — glucose, citric acid/urea, and
cytosine — to investigate the mechanism of laser-carbonization. We
found that pre-carbonization of the molecular precursors is a pre-
requisite for laser-carbonization. In this step condensation of the
molecular precursors occurs which avoids evaporation of the pre-
cursors under the beam and supports the formation of a carbonized
conductive foam. These pre-carbonized precursors are referred to
as carbon network-forming agents (CNFA). The laser-parameters
were systematically tested and found to be critical to the degree
of carbonization and have to be selected for each CNFA. A correla-
tion between the extinction coefficients of the CNFAs at the laser-
wavelength and the degree of carbonization was found. Laser-
treatment of the CNFA-films leads to a carbonized film with a
gradient in terms of degree of carbonization due to the top-to-
bottom energy input. The fast reactions in the laser, i.e. rapid
heating and cooling, produces porous materials due laser-induced
decomposition of functional groups and subsequent sudden
release of gases. Laser-carbonized samples show generally greater
disorder, larger turbostratic carbon domains, and a high degree of
oxygenation on their surfaces throughout the films. This oxygena-
tion has a significant influence on the formation, the size, and the
layer structure of the graphitic domains.

The insights provided in this study are fundamental to under-
stand laser-induced carbonization of molecular materials. Based on
these results, new precursor systems can be explored and their
laser reactions conditions can be rationalized and potentially pre-
dicted based on their extinction coefficients. Laser-carbonization
offers a wide range of possibilities for the synthesis of selective
materials requiring remarkable surface areas and multiple reaction
sites in patterned 2D shapes. Their functionalities can be tuned by
selection of the precursors and addends, which is subject to
ongoing studies. Noteworthy, in contrast to other carbonization
methods, such as hydrothermal or microwave-assisted laser-
carbonization, only small amounts of materials are produced which
narrows the areas of application to mainly 2D electronics.

4. Experimental Section
4.1. Chemicals

Citric acid (>99%, Sigma-Aldrich), urea (>99.3%, Alfa Aesar), p-
glucose (anhydrous, Fisher Scientific GmbH), cytosine (99%, Merck),
and ethylene glycol (>99.7%, AnalaR Normapur, VWR Chemicals)
and polyvinylpyrrolydone (average mol wt. 10,000, Sigma Aldrich)
were used as received.

4.2. Substrates

The PET substrate was Melinex sheets obtained from Plano
GmbH. Silicon wafers were kindly provided by Siltronic AG.

4.3. Preparation of the CNFAs and the references

CA/U (300) was prepared according to a previously published
procedure [37,58]. Glucose (300) and cytosine (300) were prepared
by loading 10 g into a porcelain crucible and heating to 300 °C with
a heating rate of 3.11 K min~ .. The hold-time at 300 °C was 120 min.
The pre-carbonized products were used as obtained. CA/U (950),
glucose (950), and cytosine (950) were prepared by loading 1 g into
a porcelain crucible and heating to 950 °C with a heating rate of
3.11 K min~L The hold-time at 950 °C was 120 min. To obtain
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samples for elemental analysis, large areas (10 x 10 cm) of the
CNFA-films were laser-carbonized on Si-wafers. Subsequently, the
laser-carbonized films were removed and the powders collected.
The powders were thoroughly washed with 1.0 M NaOH by
sequential sonication and centrifugation until the supernatant was
clear, i.e. all unconverted precursors were washed out. The
remaining black solid, was washed with H,O and methanol to
remove all NaOH and obtain the pure laser-carbonized product.

4.4. Preparation of the precursor films

Ethylene glycol was added to either CA/U (300), glucose (300),
or cytosine (300) and stirred for 24 h to obtain a 1 g/L dispersion. A
drop of the ink was applied onto the substrate and the ink was
doctor bladed with a wet thicknesses of ~150 pm. Ethylene glycol
was then evaporated at 80 °C on a precision hotplate (PZ2860-SR,
Gestigkeit GmbH) to obtain the final films with thicknesses of
~35 um, measured with a digital micrometer and confirmed by
micro-computer tomography measurements as shown in Ref. [37].

4.5. Laser-carbonization

Laser-carbonization was conducted with a high-precision laser
engraver setup (Speedy 100, Trotec) equipped with a 60 W CO,
laser. Focusing was achieved with a 2.5 inch focus lens providing a
focal depth of ~3 mm and a focus diameter of 170 um. The center
wavelengths of the laser is 10.6 + 0.03 pm. Both power P and
scanning speedv, generically given in %, were converted into
transferrable units [W] and [s -m~1], respectively. The resulting
energy input per distance (or fluence) in the cutting mode onto the
film is given by

t

F=P-.w=P a5

where P is the effective power in [W] and v is the speed in [s -m~1],
which is determined by the time t required to irradiate the distance
d. The laser settings (speed, power, and pulse frequency) were
adjusted to meet the requirements of the precursor film and the
substrate. The effective output power of the laser was measured
with a Solo 2 (Gentec Electro-Optics) power meter.

4.6. WAXS fitting

Here, we provide a brief description of our used model[50]
(Fig. S10). A more detailed description can be found in previous
studies [53,54]. In principle, the obtained intensity of the scattering
(Iops) is given by the normalized intensity distribution in electron
units per carbon atom (I, ), an absorption factor (A), a polarization
factor (P), and a normalization constant (k):
Iops=k + APl (1)

ley contains the intensity of the coherent scattering from the
crystallographic structure (Icon) and the incoherent Compton scat-
tering (Incon):
ley = Icon + lincon (2)

The coherent scattering is in turn calculated by the interlayer
scattering (linter), i.€. the interference of the stacking of the different
graphene layers ((00l) — reflections), the intralayer scattering (Ii,-
tra), 1.. the interference within a single graphene layer ((hk) — re-
flections), and the atomic form factor of carbon (f¢):
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leon :fcz (Tinter + Iintra) (3)

linter and lintra are defined by the stack size (L), the average (as)
and minimal (a3 min) layer distance, the stack disorder (¢3), the layer
size (L;), and the layer disorder (¢1). Furthermore, the average
number of layers per stack N can be calculated by:
N=1ILc/as (4)

In addition to these physical meaningful parameters, the con-
centration of foreign atoms like hydrogen (cy), nitrogen (c), oxy-
gen (co) and sulfur (cs) as well as a possible preferred orientation g
during the WAXS measurement and the homogeneity of the stacks
7 is considered. Due to the small atomic form factor of hydrogen
compared to carbon and the resulting low scattering intensity and
the assumption that nitrogen is only present within the sp® layer
structure and the complete absence of sulfur inside these samples,
only co was considered in this study.

4.7. Surface area measurements

The active surface area of the sensor was determined by the
methylene blue adsorption method [55—57]. Laser-patterned car-
bon films of size 2 x 1 cm? were printed on aluminium sheets. The
laser-patterned films were scratched off and collected, and their
masses were determined with a microbalance (~0.3 mg). The
powder was then dispersed in 9.5 x 10~ M solutions of methylene
blue in polypropylene vials and stirred for 24 h. The solutions were
centrifuged, and the amount of adsorbed MB was determined by
measuring the absorbance of the supernatant with respect to a
reference solution. An area of 135 nm? per molecule MB is
assumed. As a reference, the same mass of activated carbon was
used (1269 m? g~ ). The standard error was determined by the
standard deviation of six values obtained from six measurements.

4.8. Instrumental

Scanning electron microscopy was performed on a Zeiss LEO
1550-Gemini system (acceleration voltage: 3—10 kV). An Oxford
Instruments X-MAX 80 mm? detector was used to collect the SEM-
EDX data.

Transmission electron microscopy was performed using a double-
Cs-corrected ARM200F, equipped with a cold field emission gun
and operated at 80 kV. To prepare the TEM samples, the carbon
material has been dispersed in methanol by sonication for 10 min
and applying 5 pL droplets of the dispersion on a carbon-coated
copper TEM grid and drying at room temperature.

Thermogravimetric analysis were performed using a Thermo
Microbalance TG 209 F1 Libra (Netzsch, Selb, Germany). A platinum
crucible was used for the measurement of 10 + 1 mg of samples in a
nitrogen flow of 20 mL min~! and a purge flow of 20 mL min~! ata
heating rate of 10 K min~L.

Elemental analysis was performed with a vario MICRO cube
CHNOS elemental analyzer (Elementar Analysensysteme GmbH).
The elements were detected with a thermal conductivity detector
(TCD) for C, H, N and O and an infrared (IR) detector for sulfur.

Fourier-transform infrared measurements were performed using
a Nicolet iS 5 FT-IR-spectrometer in conjunction with an iD5 ATR
unit from ThermoFisher Scientific.

Extinction coefficients were determined by measuring a series of
transmission infra-red absorption spectra with known concentra-
tions in range between 1.6 and 7.8 g/L pressed into KBr pellets. The
absorbance was plotted against the concentration and the extinc-
tion coefficients were determined from the slope of the fitting
curve.
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Raman spectra were obtained with a confocal Raman Micro-
scope (alpha 300, WITec, Germany) equipped with a piezo-scanner
(P-500, Physik Instrumente, Karlsruhe, Germany). The laser,
A =532 nm was focused on the samples through a 50x objective at
a working distance of 1 mm. The laser power on the sample was set
to 4—12 mW.

X-ray diffraction was performed on a Bruker D8 Advance
diffractometer in the Bragg-Brentano mode at the Cu Ka
wavelength.

Conductivity measurements were performed on a Solartron 1287
potentiostat in combination with a SI 1260 impedance unit. For
frequency measurements the current was kept constant at 0.1 mA
and for current sweeps, a frequency of 100 Hz was used.
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Raman spectroscopy
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Figure S1. Raman spectra of glucose(300), glucose(300)-Is, glucose(950), CA/U(300), CA/U(300)-Is, CA/U(950),
cytosine(300), cytosine(300)-Is, and cytosine(950) obtained upon excitation at 532 nm. The Raman spectra of the
laser-treated samples were obtained on top of the films.
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Figure S2. Scheme illustrating the sample preparation of the laser-carbonized powder samples.



Scanning electron microscopy

Glucose(950)

Figure S3. Scanning electron micrographs of glucose(950), glucose(300)-Is, CA/U(950), CA/U(300)-Is, and
cytosine(950), and cytosine(300)-Is.



Elemental analysis

Table S1. Elemental mass percentage of the CNFAs, LP-carbon, and references obtained from combustion elemental
analysis and energy dispersive X-ray analysis.

Elemental analysis of the collected powders EDX of the as prepared films
C N H C/IN C N 0] CIN
glucose (theor.) 40 - 7 - 40 - 53 -
glucose(300) 63 - 5 - 76 - 24 -
glucose(300)-Is 75 - 2 - 97 - 3 -
glucose(950) 77 - 1 - 81 - 19 -
CA/U (theor.)* 29 23 5 29 23 43
CA/U(300) 47 19 3 2.4 54 27 19 2.0
CA/U(300)-Is 68 13 1 5.2 92 - 8 -
CA/U(950) 86 13 0 6.6 81 16 3 5.1
cytosine (theor.) 43 38 5 43 38 14
cytosine(300) 50 33 3 15 55 34 11 1.6
cytosine(300)-Is 50 27 19 83 7 9 -
cytosine(950) 80 15 0 5.3 81 18 1 45

*The composition of 1:3 citric acid/urea was assumed as used in the starting reagent reacting via HPPT as an
intermediate product of the citric acid/urea reaction.[58] The grey highlighted numbers were obtained from the as-
prepared films. All other numbers were obtained from the collected powders.

Thermogravimetric analysis
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Figure S4. Comparative thermogravimetric analysis of CA/U(950) (black line), and CA/U(300)-Is obtained by laser-
carbonization in air (red line) and Nz-atmosphere (dotted line).



High-resolution transmission electron microscopy

Cytosine(950)

Cytosine(300)-Is

Figure S5. High-resolution transmission electron micrographs of fragments of glucose(950), glucose(300)-Is,
CA/U(950), CA/U(300)-Is, and cytosine(950), and cytosine(300)-Is. The insets show the electron diffraction pattern
of the selected areas.



X-ray photoelectron spectroscopy
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Figure S6. X-ray photoelectron spectrographs of the Ogs, Nis, and Cys regions (from left to right) of glucose(300),
glucose(300)-Is, and glucose(950) (top to bottom).
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Figure S7. X-ray photoelectron spectrographs of the O, N1, and Cys regions (from left to right) of CA/U(300),
CA/U(300)-1s, and CA/U(950) (top to bottom).
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Figure S8. X-ray photoelectron spectrographs of the Oxs, N1, and Cis regions (from left to right) of cytosine(300),
cytosine(300)-Is, and cytosine(950) (top to bottom).



Wide-angle X-ray scattering
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Figure S9. Principle structure of non-graphitic carbons (NGCs) containing a turbostratic stacking arrangement of

single graphene layers.
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Figure S10. Representative example for an observed scattering intensity (lons) of @ NGC, which is given by a
superposition of symmetric interlayer reflections (00I), asymmetric intralayer reflections (hk) and the incoherent
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Table S2: Microstructure parameters of the resulting fits with assumed errors in brackets.*

CA/U(950) CA/U(300)-ls

cytosine(950)

cytosine(300)-Is

glucose(950)

glucose(300)-Is

as/ A

azmin / A

das/ A

a3l A

Lc/A

ICC/A

o1

La/A

co/ %

3.40
(0.03)
2.80
(0.06)
0.60
(0.01)
0.30
(< 0.01)
20.0
(8.7)
5.9
(0.6)
1.401
(0.014)
0.175
(0.004)
31.2
(9.7)
0.05
(0.03)
0.95
(0.05)
0.11
(0.003)

3.45
(0.09)
3.00
(0.15)
0.45
(0.01)
0.50
(0.01)
1245
(78.6)
36.1
(13.3)
1.421
(0.014)
0.150
(0.008)
50.0
(10.0)
0.30
(0.15)
0.55
(0.28)
0.15
(0.004)

3.40
(0.03)
3.00
(0.06)
0.40
(<0.01)
0.35
(<0.01)
232
(11.5)
6.8
(0.6)
1.406
(0.014)
0.180
(0.004)
22.7
(1.0)

0.93

(0.05)
0.06

(0.002)

3.40
(0.09)
3.00
(0.15)
0.40
(<0.01)
0.50
(<0.01)
25.8
(14.2)
7.6
(0.8)

0.30
(0.008)

3.84
(0.10)
2.84
(0.14)
1.00
(0.03)
0.98
(0.02)
15.7
(5.5)
4.1
(0.3)
1.416
(0.014)
0.221
(0.004)
80.1
(64.1)
0.07
(0.03)
1.00
(0.05)
0.04
(0.001)

1.411
(0.014)
0.100
(0.005)
50.0
(20.0)

0.00
©

* Some parameters could not be calculated due to the absence of a stacking or sp? structure. In addition to Figure S9
das describes the difference of the average layer distance to the minimal layer distance (das = as — das), N is the
number of layers per stack, i.e. N = L¢ / as, q is a parameter for the preferred orientation during the XRD
measurements (q = 0 means no preferred orientation) and # is the homogeneity of the stacks (y = 1 means perfect
homogeneity) and co describes the concentration of oxygen.
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Figure S9. Microstructure parameters of the resulting fits. Additional parameters to Figure S9 are described in Table
S2.
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ABSTRACT: A relative humidity sensor was produced by carbon laser patterning  » /9 ‘po dry dry dry
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of a carbon precursor ink on a flexible substrate. Citric acid and urea, both
inexpensive and naturally abundant molecules, are used as initial precursors to
obtain a porous carbon foam after CO, laser irradiation. The laser-patterned
material is characterized by electron microscopy, Raman spectroscopy, and vertical
scanning interferometry. An intrinsic p-type semiconducting behavior was
confirmed by thermoelectric and Hall measurements. The resistance of this
porous, metal-free material is sensitive to atmospheric variations, namely,
temperature and relative humidity (x5 ©:%). Under dry atmosphere, the sensor
acts as a thermometer with a linear relationship between temperature and relative
variation of resistance (0.07%-K™'). The evolution of the sensor resistance at different relative humidities and temperatures is studied
by electrical impedance measurements. The kinetic transitory regime of water desorption from the carbonaceous surface of the
sensor is analyzed using Langmuir’s model. The equilibrium constant of adsorption K4 has been determined, and the standard
enthalpy of adsorption of water on the sensor surface is estimated at A ,4H° = —42.6 kJ-mol™". The simple and inexpensive
production and its high, stable sensitivity make laser-patterned carbon interesting for humidity sensing applications, and the method
allows for the large-scale production of printed sensor arrays.

] \ f (
T
‘ {
I
| ‘

Resistance

KEYWORDS: humidity sensor, carbon laser patterning, laser carbonization, carbon semiconductor, laser-induced graphene, sensing

B INTRODUCTION mechanistic studies; however, their real-world application is
still impeded by the tedious production and resulting high
costs. Here, use of bio-based carbon provides a significant
advantage in terms of production costs.'”> Moreover,
production techniques for realizing sensor array arrangements
are in demand, as these help to reduce measurement errors,

. . . 13,14
cross-interference, and the issue of normalization. ™

The development of new lab-on-a-chip sensors is essential to
move toward miniaturization of devices, realization of sensor
arrays, and their applications for on-site analysis.1 Various
fields could benefit from such progress, especially public
health, with the sensing of volatile organic compounds or

biomolecules for disease diagnosis.z_4 Such future sensors have .
In the past years, printed carbon foams have been shown to

to be inexpensive, easily producible, simple to integrate into a S - .
. P . 7 proc ) Simp & be very promising as sensors due to their high specific surface
device, and based on ecologically sustainable precursors. The 15,1§)

e . - . area. A hurdle to the development of new devices is the
flexibility is another desired characteristic, which can assure a difficul u di velop h E’ ? .
larger versatility of use of these lab-on-a-chip sensors.’ ificulty to process and Integrate such carbon foams into

1 . . electronic circuits. High-temperature treatments in ovens and
In terms of humidity sensing, the most common commercial . . . .

, . purification steps with hazardous solution are often used
materials used today are based on metal oxides or porous . . 17 xpreit s .
6 . P during their syntheses.”” Within the last decade, a simple
silicon.” To reach the above-mentioned specifications of a . :

. ) ) processing technique for carbon foams has been developed:
sensor, however, metal-free materials and, in particular, . .\ .
. . ) ) - direct laser writing of carbons, also referred to as laser-induced
conductive carbon materials are prime candidates.” In recent 18—20 . -
. carbons. In general, this strategy of laser fabrication has
years, carbon materials, such as graphene and carbon

many advantages such as on-spot production, low ener:
nanotubes, were subject to detailed investigations as active v 8 POt P ’ &

materials for humidity sensing.”” Their high electronic =
mobility at room temperature and small dimensions make Received:  October 23, 2020 -
graphenes, carbon nanotubes, and their derivatives extremely Accepted: November 23, 2020 !
sensitive to molecules present in their environment.'”"! Published: December 9, 2020
Advantages in terms of simple production, miniaturization,
eco-friendliness, and economical fairness were targeted. The
carbon nanoallotropes served as excellent test beds for
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Figure 1. (A) Digital micrograph of the sensor platform obtained by laser patterning with the programmed laser pattern overlaid (red); (B) vertical
scanning interferometry of the selected part of the digital micrograph; (C) height profile of the sensor platform on a line perpendicular to the laser
pattern; (D) scanning electron micrograph of the sensor; and (E) sensor in the atmospheric chamber with gas inlet and outlet to control the

relative humidity.

consumption, and high precision. Furthermore, laser pattern-
ing is compatible with roll-to-roll techniques, which allow a
scalable production of such devices, and allows for the
production of array patterns.””!

Typical precursors of laser-patterned carbon foams are
graphene oxide (GO) or polyimide (PI)** and also other
precursors like phenolic resin,” paperboard,”* wood,” coco-
nut,”® and lignin27 have been studied. Recently, an alternative
route to obtain laser-patterned carbon from molecule-based
inks was introduced.”*™>' Carbon-rich nanoparticles were
synthesized via thermal treatment of organic molecules.’”
These particles act as a carbon network forming agent (CNFA)
in an ink, which is used to make films on various substrates.
Laser patterning of the carbonaceous precursor film leads to a
porous foam of carbon, while the unexposed film is simply
rinsed off the substrate. A major advantage of this technique is
the possibility to directly print carbon foams on any chosen
substrate from rigid conductive silicon to flexible insulator
plastic, which is fundamental for the production of future
sensor arrays.32 Moreover, nitrogen functionalities are easily
incorporated into porous carbon networks to provide addi-
tional binding sites for polar gases.

In this work, we used laser patterning of our in-house-
developed carbon precursor ink to design a relative humidity
sensor. Laser patterning of chemiresistors made of carbon foam
is realized over a small area (2.5 mm?) on a flexible
poly(ethylene terephthalate) (PET) substrate. First, the sensor
platform is characterized by electron microscopy and Raman
spectroscopy. Their intrinsic electronic properties, such as
carrier density and mobility, are determined using thermo-
electric and Hall measurements. The variation of sensor
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resistance with temperature is thoroughly studied, followed by
systematic testing of the change of resistance under different
atmospheric conditions, namely, temperature and relative
humidity. Finally, the interaction between water molecules
and the sensor surface was characterized by calculating the
thermodynamic constants of adsorption equilibrium and the
standard enthalpy of adsorption of gaseous H,O on the surface
of the sensor. These results can be used to calibrate the sensor
platform for quick quantitative on-spot measurements.

B RESULTS AND DISCUSSION

Materials Characterization. The use of carbon-rich
particles as precursors for laser-induced carbonization to
obtain porous carbon foams was discussed in a previous
study.”” Briefly, citric acid and urea are precarbonized in an
oven at 300 °C for 2 h under an inert atmosphere. A black
powder (CAU300) composed of carbon-rich particles and
molecular side products was obtained. To eliminate the side
products, the solid mixture was thoroughly washed in hot H,0
(see the Experimental Section). The dry product from the
washing process, referred to as CAU300p, was used as the
carbon network forming agent (CNFA).

The transmission electron microscopy image of CAU300p in
Figure SI1B shows aggregated carbonaceous particles of
diameters between 50 and 200 nm. A peak at 2@ = 27.4°
(Cu Ka) in the X-ray diffraction pattern is characteristic of the
presence of graphitic layers (Figure S1A).

The ink used for laser patterning is composed of 48 wt %
CAU300p (CNFA), 44 wt % ethylene glycol (solvent), and 8
wt % of polyvinylpyrrolidone (film forming agent (FFA)).

https://dx.doi.org/10.1021/acsaelm.0c00942
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Films of thickness between 20 and 30 gm (manual digital
micrometer measurement) were prepared by doctor blading on
PET foil, and ethylene glycol was evaporated after 10 min at 80
°C.

The sensor platform was laser-patterned into the film to
obtain laser-patterned carbon (LPC). To maximize the contact
area with the atmosphere, the pattern is composed of five
parallel lines of S mm length distributed on 0.5 mm width. The
sensor has a geometric area of 2.5 mm? (Figure 1A). At both
ends of these line assemblies, three concentric circles were
printed to ensure good electrical contact to the electrodes for
impedance measurements. The nonprinted ink around the
laser pattern was rinsed off with distilled water, and the sensor
platform was dried under airflow.

After laser irradiation, the Raman spectrum of the LPC
(Figure S2) shows a characteristic pattern of a turbostratic
graphitic material: D and G vibration bands localized at 1337
and 1565 cm™ and the G’ band localized at 2665 cm™ with a
full width at halfmaximum of 84 cm™.”’ This pattern, in
particular, the pronounced D and D’ bands, indicates the
presence of large amounts of defects in the graphitic lattice.
The appearance of a semicrystalline porous structure is
confirmed by transmission electron microscopy (Figure
S2B). The morphology of the LPC sensor platform, probed
by vertical scanning interferometry (Figure 1B,C), shows high
roughness with a mean height of approximately 30 ym (Figure
S3). A more detailed overview image of the LPC sensor
platform is given in the scanning electron micrograph in Figure
1D, which shows that the LPC has a foam-like porous
morphology. The presence of micropores (Figure 1D) and
mesopores (Figure S2B) indicates a high surface area. The
methylene blue adsorption method (Experimental Section) is
well suited to determine the surface area of small quantities
(~0.1 mg) of carbonaceous samples. A surface area around
238 m*g~' was determined for the sensor material with
reference to activated carbon (1269 m*g™'), which is a
prerequisite for good sensing properties. The elemental
composition was analyzed by combustion analysis of the
collected laser-patterned material. The composition of 68% C,
13% N, 2% H, and 16% O demonstrates the heterogeneity of
the sensor material in the bulk. The same composition (72%
carbon, 13% nitrogen, and 14% oxygen), is also reflected in the
results of the powder XPS analysis shown in Figure S4. The fits
of the XPS data reveal that the majority of the carbon in the
LPC is sp*hybridized (57%) and ~18% of the carbon is sp’-
hybridized. Therefore, we describe the morphology of the LPC
as rather amorphous or semicrystalline. The nitrogen is
predominantly incorporated in the form of pyridinic/pyrrolic
or graphitic nitrogen.”*”> Notably, the bulk composition shows
a strong deviation from the surface composition of 97% C and
3% O measured by energy-dispersive X-ray analysis (EDX),
which is due to the top-to-bottom energy input by the laser.

To obtain insights into the fundamental electronic proper-
ties of LPC films, thermoelectric and Hall effect measurements
were carried out. Both experiments yielded positive values of
Seebeck and Hall coefficients (Figure SS), indicating an
intrinsic p-type character of the material. Notably, the values of
both factors are relatively small, that is, +2.3 + 0.5 uV-K™' and
+0.099 + 0.043 cm>C™! for Seebeck and Hall coefficients,
respectively. Such small positive Seebeck and Hall coeflicients
are not uncommon even for highly nitrogen-doped graphite or
graphene materials due to unintentional doping with environ-
mental water and oxygen molecules at room temperature.***”
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Despite the high carrier density of 7.7 X 10" cm™, the
material shows low mobilities of 0.12 cm?-(V-s)™. This is in
line with the presence of a large number of defects and sp’
carbon concluded from the Raman and XPS data. Similar
observations have been noted for graphene where defects
introduced during the nitrogen doping process are recognized
to function as scattering centers that hinder the electron/hole
transport.”®*” The reproducibility of these data was verified in
several samples. For example, an average conductivity of 1.74
+ 0.29 S cm™! was obtained for 30 sensor platforms.

To test the principle sensing properties of the laser-
patterned carbon, the resistivity of the platform was measured
upon variation of temperature and humidity. To this end, the
platform was placed in a chamber (Figure 1E), where its
resistance was monitored by measuring the electrical
impedance. Two electrodes separated by S mm ensured the
electrical contact through the windows of this chamber. The
relative humidity inside this chamber was controlled by a
humidity generator with a flow of 1.3 L-min~". The volume of
the chamber is ~0.1 L, ensuring that a complete change of the
atmosphere is achieved in about S s. This system was
contained and thermalized in an environmental chamber so
that the relative humidity and the temperature of the sensor
can be varied independently.

Resistance in Dependence of Temperature. Before
changing the relative humidity inside the chamber, the
resistance of the sensor was studied as a function of
temperature at a constant humidity (Figure 2). To this end,

ARy | %

64

60 80 100

Temperature / °C

20 40

Figure 2. Relative variation of resistance in the temperature range
between 20 and 100 °C. The linear regression (red) is in good
agreement (r* = 0.9967) with the experimental data.

a commercial humidity generator was used, in which dry and
moisture-saturated airstreams are mixed via specifically
designed humidity-resistant mass flow controllers. Dry air
was flushed into the chamber, while the temperature inside the
chamber was increased from 20 to 100 °C in steps of 10 °C.
After reaching thermal equilibrium, the resistance of the sensor
was measured. The frequency and the current amplitude of the
electrical impedance measurements were fixed at 1000 Hz and
0.05 mA, respectively, for every measurement. The relative
variation of the resistance is defined by eq 1, where R,, and Ry
are the resistance values at 20 °C and the tested temperature T,
respectively

AR, = 100%* Ry = Ry

20

(1)

The resistance—temperature relationship exhibits a decrease of
resistance with increasing temperature. Although the com-
monly applied models follow an e'” dependence for
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thermally activated transport in a semiconductor,’*™* the
weak temperature dependence suggests that it would be
difficult to distinguish between these models for this material
system over the tested temperature regime. However, the
observed linear trend allows simple calibration of the
temperature-dependent resistance of our humidity sensor.
The relative resistance decrease of 0.07% per Kelvin (K)
corresponds to an absolute variation of approximately 2 Q-K™.
Similar behavior is observed in other conductive organic
materials such as single-walled carbon nanotubes or conduct-
ing polymers.” The variation of resistance as a function of
relative humidity in the following part is realized at constant
temperatures.

Resistance in Dependence of Relative Humidity. As a
first experiment to study the variation of resistance with
changes in relative humidity (RH), the sensor temperature was
fixed at 40 °C. The resistance was monitored during cycles
between dry air and air with a relative humidity of 70% in the
sensor chamber (Figure 3). The cycles of humid air were

RH(%) 0 70 0 70 0 70 0 70
2500 <Ro>
2450
c
® 2400
23501 Lé‘ <Ryp> Q L‘é Lé
0 500 1000 1500 2000 2500 3000 3500

Time /s

Figure 3. Variation of resistance during cycles between dry air and air
with a relative humidity of 70% at 40 °C. The resistance values in the
red squares (S0 s intervals) are used to calculate the equilibrium
average resistances (R,) and (R;y) under relative humidities of 0 and
70%, respectively.

chosen to be shorter (S min) than those of dry air (10 min),
because the equilibrium is reached slower for desorption than
adsorption onto the sensing platform, suggesting a moderate
hydrophilicity of the material. The resistance decreases in the
presence of gaseous water in the chamber, consistent with
previous observations of conductivity increase in the presence
of water vapor in different carbonaceous materials like carbon
nanotubes,” carbonized bamboo,** carbon quantum dots,*
N-doped carbon sphere,*® and graphene oxide."” Such an
increase could be explained by two phenomena: charge transfer
from the water molecules to the carbon materials, increasing
the number of charge carriers,” or the occurrence of ionic
conductivity in the water-filled pores of the materials for high
humidity."® Here, we postulate the presence of nitrogen and
oxygen functional groups in the sensor material (13 wt %) as
polar binding sites for the adsorption of water molecules on
the sensor surface even at a relatively low relatively humidity.*’
Despite the lack of heteroatoms on top of the material, its
porous nature allows for the penetration of gases in the
environment to penetrate deep into the material and interact
with functionalities. To ensure reproducible data treatment, an
average of resistance values at the equilibrium was taken during
the 50 s before a change in relative humidity for all of the
cycles (red squares in Figure 3).
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To study the environmental sensitivity of the sensor
platform in depth, experiments were performed by varying
the relative humidity and temperature (Figure 4). In a typical
experiment, 10 min cycles between dry air and different
relative humidities (RH = 30—100%) at fixed temperatures
(10, 20, 30, and 40 °C) were run.’® At 30 and 40 °C, 10 min of
desorption was enough to reach equilibrium, but at 10 and 20
°C, 20 min of desorption is necessary. Adsorption was
observed to be much faster than desorption on the sensor:
the resistance reached its equilibrium value faster during the
water adsorption, leading to quasi-squared shape curves.

At each temperature, the relative variation of resistance AR
is calculated as a function of relative humidity (Figure S) using
eq 2, where R(%RH, T) is the sensor resistance in an
atmosphere at temperature T containing a given percentage of
relative humidity

R(0, T) — R(%RH, T)

AR(%RH, T) = RO, T)

)

For a given temperature, the variation of resistance with
relative humidity has a classic shape of an isotherm curve.
These calibration curves allow us to use the sensor as a
hygrometer at a given temperature. The sensitivity S in (£2-%)
of the sensor is defined as the variation of resistance for a 1%
variation of the relative humidity. This sensitivity depends on
the operating temperature of the sensor and on the relative
humidity and is given by eq 3

AR(%RH + 10, T) — AR(%RH, T)
10

S =

()

The different values of sensitivity are listed in Table 1. These
sensitivity values are in the same range as other carbon-based
materials, such as graphene, graphene oxide, etc., reported in
the literature.>'

Calculation of Thermodynamics Constants: Lang-
muir's Model. To access the thermodynamic constants, we
decided to model the kinetic transitory regime using
Langmuir’s model to describe the interaction between water
molecules and the sensor surface. The hypotheses of this
model are the following: a simple monolayer of adsorbed
molecules without interaction between each other is present at
the sensor surface in equilibrium with gaseous molecules.
Although multilayer adsorption or island formation cannot be
ruled out, we did not see any indications for processes besides
single-layer adsorption, and the fitting based on Langmuir’s
model yielded high accuracies. The equilibrium constant of
adsorption K4, is defined as the ratio between the rate
constants of adsorption k, and desorption kp. At a given
temperature, the fraction of occupied sites on the sensor
surface is named 6. The variation of @ is given by eq 4, where
Py o is the partial pressure of water in the gas phase

dG)
| = k#Py o*(1 = 0) — kp*0
(dt . A" FH,0 D @)

The expression of @ is given by solving the preceding equation,
with M as a constant
— apka—(ka* Py otkp) Ft %
O(t) = M¥e ™ o™l 4 ko ¥Py ()
Furthermore, we observe a change in resistivity when water is
adsorbed on the surface of the sensor. The last hypothesis
consists of the proportionality between the resistance R(t), or
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Figure 4. Variation of the sensor resistance during cycles of 10 min between dry air and different relative humidities at different temperatures. For
each dataset, the relative humidity increases by 10% steps from 30 to 100% in steps of 10% (at 10 °C: from 40 to 100%). At 10 and 20 °C, the

desorption cycles are 20 min long to completely reach the equilibrium.
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Figure S. Relative variation of resistance AR with relative humidity at
10 (black squares), 20 (red circles), 30 (blue triangles), and 40 °C
(green triangles).

Table 1. Sensitivity S (in %) of the Sensor at Different
Temperatures for Different Intervals of Relative Humidity
(%RH)

%RH 10 °C 20 °C 30 °C 40 °C
30—40 6.00 3.81 4.89
40-50 0.39 3.23 1.75 4.72
50—60 3.15 4.37 2.24 2.30
60—70 291 3.98 3.18 3.90
70—80 9.84 11.50 5.63 0.66
80-90 4.51 11.51 21.86 7.81
90—100 5.29 6.11 15.22 23.75

more precisely, the corrected resistance R'(t) defined in eq 6,
and the fraction of occupied sites by water on the surface. The
proportionality coefficient between R’ and € is named a (eq
7).

R'()grpzr = R(t)r — R(%RH) 1 (6)
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o(t) = a*R'(t) (7)

An example of the transitory regime of the corrected
resistance R’ during desorption is given in Figure 6 (black

200
e
T =40°C, RH = 80%
150
G
~
a 100
50 -
0 : T : T ; r
0 100 200 300 400 500 600
Time /s

Figure 6. Kinetic transitory regime of the corrected resistance R’
between two equilibrium states (black). At t = 0 s, the sensor is in
equilibrium in an atmosphere with 80% relative humidity and the
chamber is flushed with dry air. The temperature is fixed at 40 °C
during the entire experiment. The black curve was fitted based on the
Langmuir model (red).

curve). At the beginning of the experiment, the sensor is in
equilibrium at an atmosphere of RH = 80% and T =40 °C. At ¢
= 0 s, the chamber is flushed with dry air, which causes the
desorption of water molecules from the sensor surface. The
resistance increases to reach a new equilibrium value in dry
atmosphere. The corrected resistance R’ is modeled (red
curve) with an exponential law according to eq S. The rate
constants k, and kp were determined from the model
parameters to calculate the equilibrium constant K4 All of
the desorption curves at different relative humidities and
different temperatures from Figure 4 were modeled by this
approach. All values of fitted parameters and rate constants are
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available in Tables S1—S8. Notably, the response time of ~100
s is on the order of typical carbon-based materials but still
rather slow compared to other materials, such as, e.g,
Mxenes.>>>*

The evolution of the equilibrium constant K4 for different
relative humidities at 10, 20, 30, and 40 °C is represented in

Figure 7. For all of the tested atmospheric conditions, K4 < 1,
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Figure 7. (A) Evolution of equilibrium constants K,y with relative
humidity at different temperatures. (B) Plot of the logarithm of K4, as
a function of temperature at different relative humidities to determine
the standard enthalpy of adsorption A 4H.

explaining why desorption is slower than adsorption (Figure 4,
in particular, for 10 and 20 °C). For atmospheres containing
more than 70% of relative humidity, the equilibrium constant
tends toward a constant value different for every temperature.
This evolution suggests that the sensor surface begins to be
saturated with H,O and the adsorption is slowing down. At a
constant relative humidity, K,q4, decreases with temperature.
This effect is well known and generally used to clean catalyst
surfaces with high-temperature treatments.

Finally, it is possible to determine the standard enthalpy of
water adsorption on the sensor surface according to the Van't
Hoff equation (eq 8)

d(ln Kads) _ AadsI_IO
dr  RT? (®)

Figure 7B shows the variation of the logarithm of K 4, with
temperature at different RH values. In this temperature range,
straight lines are observed with the same slope (see Table S9
for details of linear regressions). An average value of the slope
is used to determine the standard enthalpy of adsorption A 4 H
using eq 8. Thereby, A 4 H was estimated at —42.6 kJ-mol™".
The sign of the standard enthalpy is negative because the water
adsorption is favored on the sensor, explaining why 20 min of
desorption is required at 10 and 20 °C compared to only 10
min of adsorption to reach the equilibrium. This value is in
good agreement with those reported in the literature.>>
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B CONCLUSIONS

A resistive humidity sensor has been fabricated using carbon
laser patterning on a flexible substrate (PET) of our in-house
developed carbon precursor ink. After laser irradiation,
electronic microscopy (SEM and TEM), vertical scanning
interferometry, Raman spectroscopy, and X-ray photoelectron
spectroscopy show a porous foam-like morphology consisting
of heteroatom-rich turbostratic graphitic carbon. This metal-
free porous structure is conductive and shows semiconductor-
like behavior with low positive Hall and Seebeck coeflicients
typically observed for carbon materials. All of these features
entail temperature- and environment-dependent resistivity,
making laser-patterned carbon suitable as a sensor platform.

A significant change in relative resistance of this small-scale
sensor upon changing the relative humidity was measured with
a high sensitivity between 1 and 10 Q-%RH™" depending on
temperature and relative humidity. The sensor is usable under
classical atmospheric conditions between 10 and 40 °C and in
a broad range of relative humidity from 30 to 100%. Finally,
the kinetic transitory regime of water desorption has been
studied at different temperatures and relative humidities. The
equilibrium between gaseous and adsorbed water molecules is
described with a simple Langmuir model, and equilibrium
constants were calculated under different atmospheric
conditions. The standard enthalpy of adsorption of water on
the sensor carbonaceous surface is estimated at 42.6 k] mol™".
Selective incorporation of Schottky junctions into the materials
to improve the charge transfer kinetics and reduce the sensor
dimensions is currently under investigation.

B EXPERIMENTAL SECTION

Chemicals and Substrate. Citric acid (99.5% for analysis) and
urea (certified AR for analysis) were obtained from Fisher Scientific
GmbH. Ethylene glycol (>99.7%, AnalaR Normapur) was obtained
from VWR Chemicals. Polyvinylpyrrolidone (average mol. wt,
10000) was obtained from Sigma-Aldrich. Melinex sheets (PET
substrates, d = 175 um) were obtained from Plano GmbH and used as
received.

Synthesis of the Carbon Network Forming Agent. Citric acid
(2.5 g) and urea (2.5 g) were dissolved in 10 mL of distilled water in a
crucible. The water was evaporated under vacuum to obtain a
homogeneous mixture of solid citric acid and urea. The crucible was
then heated to 300 °C under nitrogen for 2 h (1h30 ramp time to
reach 300 °C) to obtain a black solid. This black solid was ground to a
fine powder, dispersed in water, and stirred at 95 °C for 4 h. The
supernatant was removed by centrifugation. The washing process was
repeated four times to fully remove free molecular species. The
remaining black solid was dried under vacuum.

Ink and Film Preparation. A 200 g-L™' solution of PVP (wt
10 000) in ethylene glycol was prepared. This solution (200 yL) and
CAU300 (200 mg) were mixed in a 4 mL vial and stirred for at least 1
h to obtain a homogeneous black slurry. A homogeneous film of this
ink was prepared by doctor blading on PET, and the ethylene glycol
was evaporated at 80 °C on a hot plate.

Laser Patterning of the Sensor. Laser irradiation was realized
with a Trotec Speedy 100 printer equipped with a 60 W CO, laser
(10.6 pum wavelength). The laser was operated at 1 W and 17.6 mm
s™' in a pulsed mode at 1000 Hz. These settings correspond to a
fluence of 0.567 J cm™'. A typical resistive sensor platform was
prepared as five S mm long lines separated by 0.1 mm and three
concentric circles (0.3, 0.5, and 0.7 mm diameter) at both ends of the
lines to ensure electric contact with silver ink (Figure 1A).
Combustion analysis of the laser-patterned material was performed
by removing the laser-patterned material from the substrate and
subsequent washing in basic H,O.
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Surface Area Measurement. The active surface area of the
sensor was determined by the methylene blue adsorption
method.”” " A laser-patterned carbon film of size 2 X 1 cm® was
printed on PET sheets. The laser-patterned films were scratched off
and collected, and their masses were determined with a microbalance
(~0.3 mg). The powder was then dispersed in 9.5 X 107> M solutions
of methylene blue in polypropylene vials and stirred for 24 h. The
solutions were centrifuged, and the amount of adsorbed MB was
determined by measuring the absorbance of the supernatant with
respect to a reference solution. An area of 1.35 nm* per molecule MB
is assumed. As a reference, the same mass of activated carbon was
used (1269 m*g™").

Humidity Sensing. The sensor was placed in a custom-built
chamber with a gas flow inlet (Figure 1E). This chamber was
thermalized in an ESPEC SH-641 environmental chamber from
ATEC. The humidity flow was controlled by a humidity generator
HUMIgen-04 from Dr. Wernecke GmbH. The gas flux was 80 L-h™",
and the relative humidity was controlled with a precision of +3%.

Electrical characterizations were performed on a Solartron 1287
potentiostat in combination with an SI 1260 impedance unit. The
frequency was fixed at 1000 Hz, and the current intensity is 0.05 mA
for all measurements.

Instrumental Section. Scanning electron microscopy was per-
formed on a Zeiss LEO 1550-Gemini system (acceleration voltage:
3—10 kV). Transmission electron microscopy was performed using an
EM 912 Omega from Zeiss operating at 120 kV. Raman spectra were
obtained with a confocal Raman microscope (alpha300, WITec,
Germany). The laser (4 = $32 nm) was focused on the samples
through a 20x objective. The laser power on the sample was set at 1.0
mW. X-ray diffraction was performed on a Bruker D8 Advance
diffractometer in the Bragg-Brentano mode at the Cu Ka wavelength.
Vertical scanning interferometry was performed with a vertical scanning
interferometer smartWLI compact (GBS mbH, Germany) with the
software smartVIS3D 2.28 Tango and visualized with MountainsMap
8. Hall measurements were carried out at room temperature in an
Accent HLSS00PC using a magnetic strength of 0.3 T. The samples
were fabricated in a cloverleaf geometry, and the pins contacted the
film via indium pads. After checking the ohmic response of the
contacts, all of the measurements were done with the current source
set for AC operation under vacuum. The entire Hall measurement
was conducted five times, and the average value was sent to the result
area. The whole procedure was repeated four times. The Seebeck
coefficient was determined using a custom-built apparatus designed to
implement the method of four coefficients.” The Seebeck voltage is
measured at four different temperature gradients, all near 298 + 3 K.
The thermopower is determined via linear fit on a plot of Seebeck
voltage vs. temperature difference and is corrected for the built-in
thermopower associated with the indium pads and copper blocks. The
reported value is the average of four measurements. X-ray photo-
electron spectra were recorded using a Kratos Axis Ultra DLD
spectrometer equipped with a mono-spectra calibrated using carbon
tape (Ted Pella) with a chromatic Al Ka X-ray source (hn 1/4 1486.6
eV). The high-resolution C,; binding energy is 284.6 eV. Raw data
were processed using CasaXPS software (version 2.3.23). C 1s spectra
were fit using Gaussian—Lorentzian line shapes for all spectral
components.
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X-ray diffraction of the precursor
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Figure S1. (A) X-ray diffraction pattern of CAU300, (B) Transmission electron micrograph
of CAU300.

Raman spectroscopy of LP-carbon
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Figure S2. (A) Raman spectrum of the sensor material after laser treatment. (B)

Transmission electron micrograph of a fragment of the sensor material.

S3



Vertical scanning interferometry of the sensor platform
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Figure 83. (A) Microscope image of the sensor platform. Scale bar: 500 um. (B) Vertical
scanning interferometry measurement of the sensor array resulting in a mean height of

37 um.
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Figure S4. Powder X-ray photoelectron analysis of the laser-patterned carbon (LP-

carbon) with focus on the Cys, Nys, and Oy regions.

Electronic characterization of the sensor platform
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Figure S85. Seebeck voltage as a function of temperature difference of a laser-patterned

carbon film.
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Modeling of H,O adsorption

Table S1. Parameters calculated from modeling R’ during the transitory regime of

desorption at 10 °C between different relative humidity and a dry atmosphere.

R() =A*eBt+C

%RH A B C r?

40 -148.34954 -0.00716 139.48763 0.99017
50 -123.74513 -0.00404 141.29264 0.98403
60 -125.96949 -0.0037 149.70898 0.97829
70 -124.18883 -0.00324 157.09075 0.97362
80 -120.29287 -0.00392 172.89428 0.93777
90 -141.01826 -0.00566 179.06018 0.91083
100 -148.87766 -0.00603 205.48543 0.89488
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Table S2. Rates constants of adsorption desorption, proportionality constant abetween 6

and R, constant M and equilibrium constant K calculated from the fit parameters at 10 °C.

%RH Ka ko a M K

40 -7.99458E- - -2.81567E-  0.0004177 0.000118136
07 0.006767249 06

50 -3.69939E- - -1.60784E-  0.000199  9.70248E-05
07 0.003812824 06

60 -3.00544E- - -1.47936E- 0.0001864 8.63998E-05
07 0.003478527 06

70 -2.37884E- - -1.30189E-  0.0001617 7.83678E-05
07 0.003035485 06

80 -2.80635E- - -1.59482E-  0.0001918 7.70073E-05
07 0.003644264 06

90 -3.71964E- - -2.29618E-  0.0003238 7.08659E-05
07 0.005248845 06

100 -4.11692E- - -2.46067E-  0.0003663 7.45228E-05
07 0.005524369 06
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Table S3. Parameters calculated from modeling of the transitory regime of desorption at

20 °C between different relative humidity and a dry atmosphere.

R(t)=A*ef*+C

%RH A B C r?

30 -140.71304 -0.00781 139.81304 0.94573
40 -153.27996 -0.00636 154.80686 0.89869
50 -158.31436 -0.00659 161.74126 0.93044
60 -172.74945 -0.00732 173.15715 0.94953
70 -183.34934 -0.00781 184.54156 0.9457
80 -215.60001 -0.00909 216.28461 0.87776
90 -236.49388 -0.01155 234.98618 0.88832
100 -271.30556 -0.01111 269.77476 0.83638

S8



Table S4. Rates constants of adsorption desorption, proportionality constant abetween 6

and R, constant M and equilibrium constant K calculated from the fit parameters at 20 °C.

%RH Ka ko a M K

30 -6.07831E- - -3.05088E-  0.0004293  8.23235E-
07 0.007383447 06 05

40 -4.11621E- - -2.48792E- 0.0003813  6.88922E-
07 0.005974853 06 05

50 -3.57323E- - -2.58392E-  0.0004091 5.78935E-
07 0.006172073 06 05

60 -3.5405E-07 - -2.86975E-  0.0004957  5.189E-05

0.006823082 06

70 -3.45211E- - -3.06307E-  0.0005616  4.76499E-
07 0.007244736 06 05

80 -4.11491E- -0.00831995 -3.56036E- 0.0007676  4.94583E-
07 06 05

90 -5.06115E- - -4.53439E-  0.0010724  4.82728E-
07 0.010484482 06 05

100 -5.01024E-  -0.009938  -4.34436E- 0.0011787  5.04149E-
07 06 05
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Table S5. Parameters calculated from modeling of the transitory regime of desorption at

30 °C between different relative humidity and a dry atmosphere.

R(t)=A*ef*+C

%RH A B C r?
30 -145.89515 -0.0296 129.61909 0.97421
40 -156.04606 -0.02288 142.22144 0.98291
50 -156.96848 -0.02139 146.71407 0.98713
60 -127.42247 -0.02176 151.51671 0.97869
70 -166.87886 -0.01919 160.03143 0.98468
80 -171.48205 -0.02009 173.03735 0.98769
90 -226.81205 -0.02455 227.83071 0.99513
100 -276.35348 -0.02612 271.67578 0.98879

Table S6. Rates constants of adsorption desorption, proportionality constant abetween 6

and R, constant M and equilibrium constant K calculated from the fit parameters at 30 °C.

%RH Ka ko a M K

30 -1.17576E- - -1.15564E- 0.001686 4.18389E-
06 0.028102073 05 05

40 -7.48433E- - -8.93919E-  0.0013949  3.46358E-
07 0.021608655 06 05

50 -5.78374E- - -8.37061E- 0.0013139  2.86864E-
07 0.020161913 06 05
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Table S7. Paramefers calculated from modeling of the transitory regime of desorption at

40 °C between different relative humidity and a dry atmosphere.

R(t)=A*eft+C

%RH A C r2
30 -159.44449 -0.0624 132.10577 0.96302
40 -157.42228 -0.06446 147.09156 0.97256
50 -178.13286 -0.05076 159.10035 0.96972
60 -187.68674 -0.04635 166.09373 0.97577
70 -200.40185 -0.04151 178.82795 0.98003
80 -199.73627 -0.03771 182.48325 0.98758
90 -228.81662 -0.03688 201.83842 0.98563
100 -259.64438 -0.03724 260.07097 0.99623
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Table S8. Rates constants of adsorption desorption, proportionality constant abetween 6

and R, constant M and equilibrium constant K calculated from the fit parameters at 40 °C.

%RH Ka ko a M K
30 -1.46187E- - -2.45146E-  0.0039087  2.47098E-
06 0.059161484 05 05
40 -1.26949E- - -2.54929E-  0.0040131 2.09107E-
06 0.060710213 05 05
50 -8.62005E- - -2.00044E- 0.0035634 1.8118E-05
07 0.047577291 05
60 -6.83666E- - -1.82372E-  0.0034229  1.57814E-
07 0.043320908 05 05
70 -5.64166E- - -1.63075E- 0.003268 1.46181E-
07 0.038593769 05 05
80 -4.57291E- - -1.48039E-  0.0029569  1.30623E-
07 0.035008532 05 05
90 -4.36917E- - -1.43865E-  0.0032919  1.28595E-
07 0.033976258 05 05
100 -5.16366E- - -1.46616E-  0.0038068  1.54476E-
07 0.033426931 05 05
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Table S9. Slopes coefficient of determination of the linear regression of the straight lines

from Figure 7B.

%RH Slope r
30 -0.05863 0.99656
40 -0.05837 0.99795
50 -0.05691 0.99576
60 -0.05804 0.9943
70 -0.05773 0.99067
80 -0.06134 0.98845
90 -0.05706 0.98944
100 -0.05259 0.99577

Table S10. Standard enthalpy of adsorption of water on the surface sensor at different

femperatures.
T (K) AqgsH® (J'mol)
283.15 -38383.4
293.15 -41142.4
303.15 -43997.2
313.15 -46947.8
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Table S11. Water pressure in the sensor chamber under different relative humidity and

femperature conditions.

Ph2o (Pa) 10 °C 20 °C 30 °C 40 °C
10%RH 122.818 233.921 424.669 738.443
20%RH 245.636 467.842 849.338 1476.886
30%RH 368.454 701.763 1274.007 2215.329
40%RH 491.272 935.684 1698.676 2953.772
50%RH 614.09 1169.605 2123.345 3692.215
60%RH 736.908 1403.526 2548.014 4430.658
70%RH 859.726 1637.447 2972.683 5169.101
80%RH 982.544 1871.368 3397.352 5907.544
90%RH 1105.362 2105.289 3822.021 6645.987
100%RH 1228.18 2339.21 4246.69 7384.43
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In Situ Synthesis of Molybdenum Carbide Nanopatrticles
Incorporated into Laser-Patterned Nitrogen-Doped Carbon

for Room Temperature VOC Sensing

Huize Wang, Simon Delacroix, Anna Zieleniewska, Jing Hou, Nadezda V. Tarakina,
Daniel Cruz, Iver Lauermann, Andrew J. Ferguson, Jeffrey L. Blackburn, and Volker Strauss*

Carbon laser-patterning (CLaP) is emerging as a new tool for the precise and
selective synthesis of functional carbon-based materials for on-chip applica-
tions. The aim of this work is to demonstrate the applicability of laser-pat-
terned nitrogen-doped carbon (LP-NC) for resistive gas-sensing applications.
Films of pre-carbonized organic nanoparticles on polyethylenetherephthalate
are carbonized with a CO,-laser. Upon laser-irradiation a compositional

and morphological gradient in the films is generated with a carbon content
of 92% near the top surface. The specific surface areas of the LP-NC are
increased by introducing sodium iodide (Nal) as a porogen. Electronic con-
ductivity and surface area measurements corroborate the deeper penetration
of the laser-energy into the film in the presence of Nal. Furthermore, impreg-
nation of LP-NC with MoC,_, (<10 nm) nanoparticles is achieved by addition
of ammonium heptamolybdate into the precursor film. The resulting doping-
sensitive nano-grain boundaries between p-type carbon and metallic MoC;_,
lead to an improvement of the volatile organic compounds sensing response
of AR/Ry = —3.7% or —0.8% for 1250 ppm acetone or 900 ppm toluene at
room temperature, respectively, which is competitive with carbon-based
sensor materials. Further advances in sensitivity and in situ functionaliza-
tion are expected to make CLaP a useful method for printing selective sensor
arrays.

1. Introduction

Chemical sensors are gaining importance
in everyday life for the detection and moni-
toring of pollutants, emissions, or sensing of
biomarkers.!l But also in view of the advent
of future technologies in bionics and robotics
we observe a rising demand for sophisti-
cated chemical sensing architectures.?l For
practical applications and everyday use,
ideal sensor materials are small, flexible,
non-toxic, inexpensive, simple to produce,
biodegradable, and operable at room tem-
perature.’)  However, producing efficient
sensors for the selective recognition of gas-
eous or liquid analytes is often a challenge
because existing technologies and materials
are complex and expensive.ll Therefore, new
production techniques and/or new materials
and composites fulfilling all those require-
ments are needed.”! Chemical sensor arrays
are one possible solution for achieving high
selectivity in analyte mixtures,® where the
array selectivity is realized by pattern recog-
nition using groups of individual sensors./
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This is a particularly good solution to tackle unwanted effects, such
as cross-interference of analytes at ambient conditions.®l Simple
and fast processing techniques with wide opportunities for chem-
ical adjustments are required for the cost-effective realization of
such chemical sensor arrays.

Laser-patterning of materials provides a solution for the
direct synthesis of sensing materials for on-chip applica-
tions. In the past decade, laser-patterned carbons (LP-C) have
emerged as versatile materials for sensor platforms with high
surface areas and high binding affinities to a broad palette of
compounds.®®! Commonly, LP-Cs or specifically laser-induced
graphenes (LIG), are obtained by laser-irradiation onto films of
polymeric precursor materials, such as graphene oxide®% or
polyimides.'12 Thereby, precisely printed electronically con-
ductive carbon electrodes with high specific surface areas (SSA)
on flexible substrates are obtained. Recently, we investigated
this laser-patterning technique and developed a method to uti-
lize simple and naturally abundant molecular compounds as
starting materials.3 These can be cast on flexible substrates
and carbonized with a CO,-laser to give 2D-patterns of elec-
tronically conductive nitrogen-doped carbons (NC), which show
remarkable environmental stability.’>) Such NCs are commonly
obtained from direct pyrolysis of nitrogen-containing precur-
sors and show superior sorption properties.'®] In contrast, the
so-called carbon laser-patterning (CLaP) process is an extremely
cost-effective and fast method to produce NC-based platforms
for chemical sensing.’® Furthermore, CLaP enables simple
modification with different types of functionalities or nanopar-
ticles that can be incorporated into the LP-NC network.['3l The
electronic and chemical modifications of these LP-NC networks
facilitate the tuning toward higher sensitivity for certain ana-
lytes using, for example, metal carbides and inorganic salts.*’]

Metal carbides are well known for their high electronic con-
ductivity, thermal stability, and corrosion resistance.?”! These
attributes raise the interest in metal carbides as active mate-
rials in electronic and catalytic devices.?%?2l Due to their sim-
ilar band-structure to noble metals, metal carbides are often
ascribed great potential to replace the former as catalysts.?324
Their catalytic activity also makes metal carbides interesting
for sensing applications.”?>26] However, in pure form, metal
carbides suffer from low SSA, which is a drawback for sensing
applications. Moreover, due to high hardness their films tend to
crack or delaminate from the substrates.[*’]

In particular, molybdenum carbides (Mo,C or MoC) have
been widely studied and are commonly used as electrocata-
lysts for biomass degradation or water splitting.?*28 Molyb-
denum carbides are usually synthesized during pyrolysis in
presence of a carbon source.l?’l A great challenge is to increase
their SSA by nano-structuring. For example, nanoparticles
with sizes between 10 and 30 nm were achieved via the urea
glass route.l”’ However, the formation of small, high surface-
area molybdenum carbide nanoparticles is mostly achieved in
conjunction with electronically active support materials, such
as metallic or metal oxide supports but also conductive NCs
or carbon nitrides.B%31 In synergy, NCs and nanocrystalline
molybdenum carbides are expected to contribute their full per-
formance toward improved interaction with adsorbates.[3

In this study, we use CLaP to synthesize high-surface area
NC-network supported MoC,_, nanoparticles as chemiresistors
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for sensing volatile organic compounds (VOCs). The SSA of the
LP-NC was increased by addition of sodium iodide (Nal) as an
IR-laser transparent porogen. The final LP-NC films were char-
acterized by X-ray powder diffraction, high-resolution scanning
and transmission electron microscopy (TEM), energy dispersive
X-ray spectroscopy (EDXS), and X-ray photoelectron spectros-
copy (XPS) confirming the formation of the MoC;_,-NC com-
posite. Finally, defined resistive sensing platforms, printed on
polyethylenetherephthalate (PET), and their performance to
sensing VOCs such as acetone, toluene, and hexane at different
atmospheric contents were tested. Pure carbon materials usu-
ally have no or a rather low room temperature response to non-
redox VOCs, such as acetone or alcohols. In composites, posi-
tive effects of carbons, such as graphene or carbon nanotubes,
added in low percentages are increased conductivity and sur-
face areas.’3! We show that carbon with only 13 wt% molyb-
denum is the active sensing material and outperforms other
carbon materials in terms of resistive response. These results
lay a foundation for examining sorption-sensitive and poten-
tially selective LP-NC based composites for the use in printed
Sensor arrays.

2. Experimental Section

2.1. Chemicals

Citric acid (99%, Sigma Aldrich), urea (>99.3%, Alfa Aesar),
ammonium heptamolybdate tetrahydrate (299% for analysis,
Acros Organics), ethylene glycol (299.7%, AnalaR Normapur,
VWR chemicals), polyvinylpyrrolidone (PVP; average mol wt.
10 000, Sigma Aldrich), acetone (299.8% HPLC grade, Thermo
Fisher Scientific GmbH), hexane (AnalaR Normapur, VWR
chemicals), and toluene (299.8% HPLC grade, Thermo Fisher
Scientific GmbH) were used as received.

2.2. Substrates

Silicon wafers were obtained from MicroChemicals. Wafers
used were either 4-inch boron doped FZ-Si wafer, orientation
(100), with a thickness of 0.5 mm and a generic resistivity of
3-100 kQcm or 4-inch FZ-Si wafer, orientation (100), with a
thickness of 0.5 mm and a generic resistivity of 10-1000 kQcm.
Aluminum foil used was 35 um thick. The PET substrates were
Melinex sheets obtained from Plano GmbH.

2.3. Preparation of the CNFA

The CNFA was prepared according to a previously published
protocol.®! In brief: citric acid and urea were annealed at
300 °C in a chamber oven for 2 h. After annealing, the black
reaction product was dispersed in deionized H,0O and stirred
at 95 °C for 24 h. The dispersion was centrifuged to obtain a
black precipitate and a brown supernatant. The supernatant
was removed and the washing process was repeated four times.
After the last washing step, the precipitate was dried to obtain
CA/U(300).
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85U8017 SUOLILLOD 3A 181D 3|cedtdde 8Ly Aq peuenob afe Se ol YO ‘8sn JO Sa|Nn 10} ARIq 1T 8UIIUO AB]IMW UO (SUO1IPUOD-PUR-SWBI 00" A3 1WA e.q 1 Bul UO//SdnL) SUORIPUOD pue swis | 8y} 89S *[£202/50/2z] Uo Ariqiauliuo A8]im ‘8buy so - eiuioifeD Jo AisieAaun Ag T90YOTZ0Z WiPe/Z00T OT/I0p/u0o" A8 1M Aeiq iUl [Uoy/:Sdny Woiy peapeojumod ‘oy ‘TZ0Z ‘820€9T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

2.4. Preparation of the Precursor Films

PVP (film-forming agent; FFA) was dissolved in ethylene glycol
(EtGly) to obtain a 0.2 g mL™ solution (PVP/EtGly). Ammo-
nium heptamolybdate (AHM; (NH,4)¢Mo0;0,4 0.1 g-mL™) and/
or sodium iodide (Nal; 0.1-0.4 g-mL™!) were added and care-
fully dissolved. CA/U(300) was then added and stirred for 24 h
to obtain a 0.8 g-mL™ ink. All concentrations are given with
respect to the volume of the solvent. A drop of the ink was
applied onto the substrate and the ink was doctor bladed with
a wet-thickness between 155 and 305 um. Ethylene glycol was
then evaporated at 80 °C on a precision hotplate (PZ2860-SR,
Gestigkeit GmbH) to obtain the final films with thicknesses
between 13 and 70 um. The thickness was determined with a
digital micrometer or cross-sectional SEM.

2.5. Laser-Carbonization

Laser-carbonization was conducted with a high-precision laser
engraver setup (Speedy 100, Trotec) equipped with a 60 W CO,
laser. Focusing was achieved with a 2.5 inch focus lens pro-
viding a focal depth of =3 mm and a focus diameter of 170 pm.
The center wavelength of the laser was 10.6 £ 0.03 um. The
scanning speed V', generically given in %, was converted into
s-m~.. The effective output power P of the laser was meas-
ured with a Solo 2 (Gentec Electro-Optics) power meter. The
resulting energy input per distance (or fluence) F in J-m™ in
the vector mode onto the film is given by

F=P-v 1

For the experiments, the laser settings were adjusted to meet
the requirements of the films according to Table 1.

2.6. Determination of the Specific Surface Areas

The SSA of LP-NC were determined by the methylene blue
(MB) adsorption method.?*38 LP-NC films in a size of 2 x
1 cm were printed on PET sheets and their masses were deter-
mined with a micro-balance. The PET-supported films were
then immersed into 6 mL of a 9.5 X 10~ M solution of MB in
polypropylene vials and stirred for 24 h. The solutions were
centrifuged and the amount of adsorbed MB was determined
by measuring the absorbance of the supernatant with respect
to a reference solution. An area of 1.35 nm? per molecule MB
was assumed.

Table 1. Laser parameters used in the experiments to fit the film thickness.

2.7. VOCs Sensing

The sensor platforms were placed in a gas-proof glass flow-cell
(Veen = 0.1 L) and their ends were connected to two electrode
pins. The electrical characterization was performed with an
impedance unit at a frequency of 1000 Hz and a current inten-
sity at 0.05 mA for all measurements. The total flow of nitrogen
was set to 1 L-min~% 30 min cycles between pure nitrogen and
a flow containing different contents of acetone were performed.
Either 1%, 5%, or 10% of the total flow were passed through a
reservoir of the liquid VOCs with a temperature fixed at 30 °C.
The final concentration of the analyte was approximated using
the ideal gas law based on the vapor pressure of the VOC.53%]

2.8. Characterization

Scanning electron microscopy was performed on a Zeiss
LEO 1550-Gemini system (acceleration voltage: 3 to 10 kV).
An Oxford Instruments X-MAX 80 mm? detector was used
to collect the SEM-EDX data. TEM was performed using a
double Cs corrected JEOL JEM-ARM200F (S)TEM operated at
80 kV, 10 A, and equipped with a cold-field emission gun and
a high-angle silicon drift EDX detector (solid angle up to 0.98
steradians with a detection area of 100 mm?). Annular dark
field scanning TEM (ADF-STEM) images were collected at a
probe convergence semi-angle of 25 mrad. The so-called “beam
shower” procedure was performed with a defocused beam at
a magnification of 8000x for 30 min. This procedure was nec-
essary for reducing hydrocarbon contamination during sub-
sequent imaging at high magnification. To prepare the TEM
samples, the carbon material was dispersed in methanol, soni-
cated for 10 min, drop cast on a Lacey carbon TEM grid and
dried at room temperature. Elemental combustion analysis was
performed with a vario MICRO cube CHNOS elemental ana-
lyzer (Elementar Analysensysteme GmbH). The elements were
detected with a thermal conductivity detector for C, H, N, and
O and an IR detector for sulfur. Raman spectra were obtained
with a confocal Raman Microscope (alpha300, WITec, Germany)
equipped with a piezo-scanner (P-500, Physik Instrumente,
Karlsruhe, Germany). The laser, A = 532 or 785 nm was focused
on the samples through a 20x objective. The laser power on the
sample was set to 1.0 mW. X-ray diffraction was performed on a
Bruker D8 Advance diffractometer in the Bragg-Brentano mode
at the Cu Ko wavelength. Impedance measurements were per-
formed on a Solartron 1287 potentiostat in combination with
a SI 1260 impedance unit. For frequency measurements, the
current was kept constant at 0.1 mA and for current sweeps,

Thickness [um] Power [%] (generic) Power [W] Speed [%)] (generic) Speed [s m™| Fluence [| m™]
13 19 0.97 0.6 98 94.5
19 2.0 1.02 0.6 98 99.5
28 21 1.07 0.6 98 104.5
56 2.5 1.27 0.6 98 124.4
70 2.7 1.37 0.6 98 134.3
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a frequency of 100 Hz was used. Hall measurements were car-
ried out at room temperature in an Accent HL5500PC using a
magnetic strength of 0.3 T. The samples were fabricated in a
cloverleaf geometry and the pins contacted the film via indium
pads. After checking the ohmic response of the contacts, the
measurements for LP-NC(Nal40) were done with the current
source set for AC operation under vacuum. The entire Hall
measurement was cycled five times to obtain an average value.
LP-MoCy_,(10)@NC and LP-MoC,_,(10)@NC(Nal40) measure-
ments were done in the DC mode. Each measurement was
repeated a minimum of four times. XPS was performed with
a CISSY station (UHV) with a SPECS XR 50 X ray gun Mg Ko
radiation (1254.6 eV) and combined lens analyzer module. The
Shirley background deletion was used in photoemission spectra
analysis.

3. Results and Discussion

The process of CLaP using organic, molecular precursors has
been described in detail in a previous study.™ First, so-called
carbon network forming agents consisting of pre-carbonized
molecular precursors were synthesized. To this end, mixtures
of citric acid and urea were pyrolyzed in an oven at 300 °C for
2 h under a nitrogen flow to obtain a black powder. This powder
is a mixture of carbon-rich nanoparticles and molecular side
products.®) The insoluble carbon-rich nanoparticles particles
were separated from the soluble side-products by washing in
boiling H,O. The insoluble particles appear agglomerated, with
diameters between 50 and 500 nm according to TEM analysis
(Figure S1A, Supporting Information). A peak at 274° 20 in the
diffraction pattern (Figure S1B, Supporting Information) cor-
responds to the typical d-spacing for z-stacked hydrocarbons
and is characteristic of the presence of polyaromatic domains
within the CNFA. Their formation is confirmed by the presence
of broad D- and G-bands at 1355 and 1568 cm™, respectively, in
the Raman spectrum (Figure S1C, Supporting Information).
The CNFA was processed to highly viscous precursor inks
(Figure 1A). The standard ink is composed of the CNFA, PVP
as a FFA, and ethylene glycol (EtGly) as a solvent. Additional
components, such as porogens (Nal) and functional additives
(AHM) were added to tune the properties of the final LP-NC.
The elemental compositions of these precursors are given
in Table S1, Supporting Information. From these inks, films

A: Precursor Ink

« CNFA

« FFA

~ porogen
additive

B: Carbon Laser-Patterning (CLaP)

www.afm-journal.de

with thicknesses between 15 and 70 um were prepared by
doctor blading on a PET substrate and evaporating the solvent
at 80 °C. Then, carbonization was achieved by irradiating the
films with a mid-IR CO,-laser with preset patterns (Figure 1B).
After laser-treatment, the unexposed precursor film was
removed by rinsing with deionized water. The resulting laser-
carbonized structures are referred to as LP-NC films. Finally,
the films were used as resistive sensor platforms to detect dif-
ferent VOCs in a gas-flow-cell (Figure 1C).

3.1. LP-NC

The SEM image in Figure S2A, Supporting Information shows
the typical appearance of an LP-NC film with its foamy mor-
phology composed of the conductive (nitrogen doped-) carbon
network with macro and mesopores.8l These pores evolve
during the laser-treatment upon sudden release of gases, such
as CO or CO,. The presence of smaller mesopores is also
observed by TEM (Figure S2B, Supporting Information).

The original elemental composition of the CNFA is 47 wt%
carbon (C), 19 wt% nitrogen (N), and 31 wt% oxygen (O) as
determined by elemental combustion analysis. Upon laser-treat-
ment, the overall composition changes to 68 wt% C, 13 wt% N,
and 27 wt% O in the collected powders. Noteworthy, the degree
of carbonization follows a gradient from the top to the bottom of
the film as demonstrated in EDX elemental analysis maps
of cross sections of the as-prepared LP-NC films (Figure 2A).
Clearly, the top of the film is dominated by carbon while large
amounts of nitrogen and oxygen are detected toward the bottom
of the film. On top of the film, the carbon content reaches
92 wt% C (8 wt% O). In the XRD pattern of the as-prepared
LP-NC a broad peak at 20 = 26.1° characteristic for graphitic
layers is detected (Figure S2C, Supporting Information). The
shift toward smaller angles in comparison to the CNFA is attrib-
uted to the reduction in nitrogen content and the higher degree
of graphitization. The Raman spectrum shows common fea-
tures of a turbostratic graphitic material showing D, G, and G’
vibration bands localized at 1335, 1573, and 2664 cm™, respec-
tively (Figure S2D, Supporting Information). The pronounced
D band indicates the presence of significant amounts of gra-
phitic defects, such as sp3-carbon, heteroatoms, or vacancies.

For electronic sorption applications, such as sensors, the
electrical conductivity and the SSA are pivotal factors. To tune

C: Gas Sensing

LP-MoC, ,@NC

Figure 1. Scheme of the sensor production and measuring process; A) preparation of precursor inks with different compositions including CNFA,
FFA, porogens, and additives; B) carbon laser-patterning of precursor films cast on PET and subsequent rinsing with H,O to obtain LP-NC; C) electro-
chemical gas-sensing cell used to characterize the resistive response of the LP-NC sensor platforms in different environments.
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A Laser direction

Figure 2. A) Scanning electron micrograph of a LP-NC film on an aluminium sheet and corresponding EDX maps showing the qualitative carbon,
nitrogen, and oxygen distribution across the film; B) scanning electron micrograph of the CNFA film containing 40 wt% Nal and C) corresponding EDX
maps; D) illustration of the alkali halide salt embedded in the CNFA film and their transmittance for IR-laser radiation; E) scanning electron micrograph
of LP-NC(Nal40); F) transmission electron micrograph of LP-NC(Nal40). G) Dependence of specific surface area on the amount of Nal added to the
CNFA film; H) dependence of sheet conductivity on the amount of Nal added to the CNFA film.

the SSA and, thus, the sorption-sensitivity of the sensor plat-
forms, IR-transparent salts (alkali halides) were added as
porogens. Among the typical IR-transparent salts, Nal shows
the highest solubility in ethylene glycol, the solvent for the pre-
cursor ink. In this study, we focused on Nal only, because the
solubility of other salts in ethylene glycol, such as NaCl, KCI,
NaBr, and KBr is too low to reach porogeneic activity. Its high
solubility in water is also beneficial for the rinsing step after
laser-treatment. Different amounts of Nal (10-50 wt% with
respect to the CNFA) were added to the precursor inks and
their impact on the formation and properties of the LP-NC
films were tested. The products are named LP-NC(Nal10)-LP-
NC(Nal40). Larger amounts of Nal (>40 wt%) result in delami-
nation of the films. Upon drying, a homogeneous precursor
film is formed (Figure 2B). As demonstrated by the EDX maps
in Figure 2C, the Nal is uniformly blended into the CNFA
film and does not separate or form micro-crystallites. The dis-
tributed IR-transparent salt within the film transmits the laser
energy and allows effective carbonization of the surrounding
CNFA (Figure 2D). After laser-treatment, the films show a uni-
form porous morphology and SEM analysis does not reveal
major differences relative to the reference LP NC (Figure 2E). A
representative TEM image in Figure 2F shows a strong resem-
blance to the reference LP-NC with bubble-like pores caused by
the aforementioned laser-induced release of evaporating CNFA.

To quantify the SSAs of the LP-NC(Nal) films, the MB
adsorption method was chosen, which is suitable for small
quantities (<1 mg) of carbonaceous samples (see Experimental
Section). The mass densities of the LP-NC films printed on PET
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sheets were determined to be =~10-50 ug cm=2. PET supported
films with defined mass loadings were immersed into aqueous
solutions of MB with defined concentrations and stirred for
24 h and the amount of MB adsorbed was determined by UV-
vis absorption spectroscopy. Noteworthy, the MB adsorption
method typically gives lower SSA values for nitrogen-doped
carbons, meaning that the absolute values can be treated as a
lower limit for the true SSA. For comparison, a list with other
carbon and nitrogen-doped carbon materials is given in Table S2,
Supporting Information. The SSAs of the LP-NC was increased
from =238 to =433 m?-g~! upon adding 3040 wt% Nal to the
precursor ink (Figure 2G). This range is similar to the range
found for LIG from polyimides (=340 m?-g™!).*l The increased
SSA by a factor of two and the largely unchanged morpho-
logical features of the LP-NC upon addition of Nal into the
precursor ink confirms its hypothesized role as a porogen.
After laser treatment, remaining Nal is removed by thorough
rinsing of the film with H,0, which is confirmed by EDX-anal-
ysis of the final films (Figure S3, Supporting Information). The
Raman spectrum of LP-NC(Nal40) film (Figure S4, Supporting
Information) shows a higher D-band compared to bare LP-NC,
which indicates that Nal has an effect on the carbonization
mechanism.

A statistical electronic analysis of 50 samples of the resulting
LP-NC(Nal) films shows that the conductivity is generally
higher when Nal was added (Figure 2H). Addition of 10 wt%
Nal results in an increase from 2.8 to 5.2 S cm™.. While higher
amounts (2040 wt%) cause a drop in conductivity, the conduc-
tivity remains above the reference sample without Nal. The
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addition of a salt to the ink supports a better dispersion of the
negatively charged CNFA particles due to the Debye-Hiickel
arrangement in a concentrated electrolyte solution. The Debye
length is shortened resulting in an improved dispersion. At
concentrations > 20 wt% the effect of Nal as a porogen from
Nal crystallites sets in. LP-NC(Nal40) exhibits a positive Hall
coefficient of Ry =+0.19 cm? - C! indicating an intrinsic p-type
semiconducting behavior that is commonly observed for carbo-
naceous samples carrying oxygen functionalities on their sur-
face.*>*3] Notably, the charge carrier mobility obtained from the
Hall measurements of 0.23 cm?- (V-s)™! for LP-NC(Nal40) is
higher than the reference LP-NC (0.12 cm?- (V - 5)71),18 which
is in line with the increased SSA and thus a larger conjugated
surface. The higher defect density in LP-NC(Nal40) measured
by Raman spectroscopy (Figure S4, Supporting Information)
contributes only little to lowering the charge carrier mobility.

As a general scheme, the presence of an IR-laser trans-
parent salt in the precursor films supports the penetration of
the laser energy into deeper layers of the precursor film. Sub-
sequently, larger amounts of material are carbonized and con-
tribute to the overall conductivity. The higher value for only
10% Nal may be attributed to a lower porogeneic activity at
such low concentrations and a better percolation of the carbon
network. 40 wt% of Nal appears to be the best compromise to
maximize the porosity, the electronic conductivity and to con-
serve a good mechanical stability, that is, avoiding delamina-
tion or cracking.
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3.2. LP-MoC,_ @NC

To increase the sensitivity toward different VOCs, the LP-NC
was impregnated with MoC;_, nanoparticles. To this end, a
molecular molybdenum precursor was added to the ink in
addition to the CNFA, the FFA, and the porogen. A negatively
charged complex, AHM, was chosen to avoid flocculation in
the precursor ink since the CNFA, CA/U(300), has a negative
{-potential of —53 mV.®l Rapid heating in the laser spot initi-
ates the AHM decomposition and the nucleation of molyb-
denum carbide (MoC,_,) nanoparticles.

First, we tested the influence of the AHM content on the
electronic properties of the final laser-patterned films, denoted
as LP-MoC_,(wt%)@NC (Figure 3A). Addition of 1 wt% AHM
with respect the mass of CNFA, results in a drop in conduc-
tivity from 2.9 to 1.0 S cm™. Higher amounts of AHM, 5 or
10 wt%, cause the conductivity to increase again to 2.2 or
3.2 S cm™. The films containing 20 wt% appear brittle and
crack easily resulting in low conductivity and very high errors.
The SSA remains largely unchanged (Figure S5, Supporting
Information).

The MoC,_, nanoparticle impregnated LP-NC produced
with 10 wt% of AHM in the precursor ink, here referred to
as LP-MoC,_(10)@NC was intensively characterized, as 10%
of AHM appears to be the optimum content to preserve the
mechanical stability and maximize the electronic conduc-
tivity. To determine the molybdenum content, the sample was

—— LP-MoC1x@NC
~——LP-NC
MoaCz simulated
3
©
o
2
[}
c
[
-]
=
50 60 70 80 240 235 230 225
°120 Binding Energy / eV

Figure 3. A) Electrical sheet conductivity of LP-MoC;_,@NC with different amounts of AHM in the inks; B) scanning electron micrograph of
LP-MoC;_,(10)@NC showing a foam-like morphology; C) transmission electron microscopy image of LP-MoC;_,(10)@NC. D) High-resolution trans-
mission electron image of the particle indicated by the blue circle in (C). The overlapping atoms demonstrate the locations of Mo (red) and C (grey) in
the crystal. The inset in (D) shows the corresponding fast Fourier transform indexed in a cubic unit cell, sp.gr. Fm3m. The scale bar is 5 nm™". E) X-ray
powder diffraction patterns of LP-NC and LP-MoC,_,(10)@NC, respectively, and the simulated pattern of Mo;Cy; F) X-ray photoelectron spectrograph
of the Mo34 core level of LP-MoCy_,(10) @NC.
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analyzed by inductively coupled plasma mass spectrometry.
After laser-treatment the overall Mo content is 12.9 wt% in
LP-MoC;_,(10)@NC. The higher Mo content in comparison to
the precursor ink (4.28 wt%) shows that the CNFA evaporates
more than the Mo precursor (AHM) during the laser-carboni-
zation. The overall foamy morphology of the LP-MoC,_,(10)@
NC films is, in principle, the same as for LP-NC (Figure 3B)
and macroscopic features, such as thickness and appearance,
are not altered. The size range of the MoC,_, nanoparticles as
observed in the TEM images in Figure 3C is between 2 and 20
nanometers (Figure S6, Supporting Information).

Fast Fourier transformed HRTEM images of the particles can
be indexed in the cubic lattice with the unit cell parameter a =
4.15(4) A, sp.gr. Fm3 m, and can be described with the NaCl-
structure type typical for MoC,_, solid solution (Figure 3C,D).l*4
Furthermore, the EDX spectra and the STEM-EDXS maps
(Figure S7, Supporting Information) of the LP-MoC;_(10)@
NC sample show the presence of Mo, C, N, and O, whereas the
carbon network spectra only show N and O signals, confirming
the formation of molybdenum carbide particles. The XRD pat-
tern in Figure 3E shows the presence of a graphitic peak at 27°
20, similar to that found for LP-NC, while all other peaks can
be attributed to cubic MoC,_, with the unit cell parameter a =
4.253(5) A.™! Discrepancies in the unit cell parameters obtained
from either FFT or XRD can be explained by both, much lower
accuracy of the lattice space determination of the HRTEM-FFT
analysis and much lower statistics than in case of XRD.

The Mosy XPS core level spectrum in Figure 3F shows
the presence of Mo in the oxidation states Mo’, Mo**, Mo*,
and Mo®". The most prominent are Mo® at 228.1 (3ds),) and
231.3 eV (3ds),), and Mo®* at 232.3 (3ds)5) and 235.5 eV (3ds))).
Minor signals at 228.8 (3ds,) and 232.4 eV(3ds)5) and at 229.7
(3ds5) and 233.4 eV (3ds),) are attributed to Mo** and Mo*,
respectively. This oxidation pattern, especially the presence of
Mo? is typical for MoC;_ , or MoC.[*! The fitting data of the
Cys, Ny, and Oy regions are presented in Figure S8, Supporting
Information.

The Raman spectrum of LP-MoC,_,(10) @NC shows sharp D-
and G-bands, although the peaks appear much broader and the
D-band significantly more intense, relative to LP NC (Figure S9,
Supporting Information). The shape and intensity of the 2D
band are correlated with the degree of stacking of graphitized
domains within the material. Carbon in the amorphous state
shows only a low intensity 2D band.*] At the same time, the
D-band, which is correlated to the amount of sp*-defects is
significantly increased. Therefore, we infer a lower degree of
stacking due to the presence of MoC,_, nanoparticles and a
higher number of defects. From these observations, we deduce
that the MoC;_, nanoparticles are not only grown on the sur-
face but also incorporated into the LP-NC network. The size
distribution of the MoC,_, nanoparticles is not affected by the
presence of Nal during the laser-induced reaction (Figure S1,
Supporting Information). As shown in the cross-sectional EDX
maps of 70 um thick LP-MoCy_,(10)@NC(Nal40) films, the
MoC,_, nanoparticles are uniformly distributed across the film
(Figure S11, Supporting Information).

The formation of MoC,_, nanoparticles occurs in situ during
the laser-induced carbonization. A commonly accepted mecha-
nism is the reduction of transient molybdenum clusters to
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molybdenum carbides by carbothermal reduction.*®! High
carbon content and high temperatures (>1500 °C) in the laser
spot facilitate the formation of MoC;_.* The presence of
nanometer-sized graphitic domains surrounding the MoC,_,
nanoparticles are confirmed by high-resolution STEM images
shown in Figure S12, Supporting Information. The meso/mac-
roscopic morphology of the LP-MoC,_,(10)@NC is not signifi-
cantly affected by the presence of AHM in the precursor ink.
However, the electronic properties (i.e., electrical conductivity)
are impaired, with the drop in conductivity upon adding small
amounts of AHM (<10 wt%) consistent with perturbation due
to the increased number of defects in the LP-NC network.
Larger amounts of AHM support the nucleation of metallic
MoC,_, nanoparticles, which contribute positively to the overall
conductivity. Hall measurements yielded a positive coefficient
also for LP-MoC;_,(10)@NC of Ry =+0.32 cm?-C™%. The charge
carrier density is slightly lower with 1.96 x 10" cm™3 than the
LP-NC sample, while the charge carrier mobility is higher with
142 cm?-(V-s)™' (Table S3, Supporting Information). These
electronic properties are affected by the addition of Nal. The
Hall coefficient, Ry = +2.67 cm?®-C7\, is significantly higher
than LP-MoC,_,@NC, due to a threefold increase in charge car-
rier mobility to 4.35 cm?-(V-s)~! and lower charge carrier den-
sity of 2.34 X 10"® cm™3.

3.3. VOC Sensing

Finally, we tested films of the optimized materials, LP-
NC(Nal40), LP-MoC, (10)@NC, and LP-MoC, (10)@
NC(Na40), as sensor platforms for resistive sensing of VOCs.
In every production step, several sensor platforms were printed
consecutively into one film (Figure 4A). A standard sensor pat-
tern is made of five parallel laser lines of 5 mm in length dis-
tributed across a width of =0.5 mm (Figure 4B). This simple
geometry allows for the direct comparison of the materials prop-
erties, while geometric effects are neglected. For each measure-
ment, a sensor platform was placed into a gas-flow-cell and the
two ends of the sensor platform were connected by electrodes
to measure the impedance in a four-probe arrangement. The
gas composition inside the cell was controlled by two parallel
connected mass-flow controllers to ensure a constant gas flow
with compositions of 0.5-10% target gas in a carrier gas (N, or
air) atmosphere. A prominent biomarker, namely acetone, was
chosen as the primary target gas.”%

First, we tested the effect of film thickness on acetone
sensitivity, using the LP-MoC,_,(10)@NC sensor as a repre-
sentative platform (Figure S13, Supporting Information). The
best results for this sensor were achieved with a thickness
of 70 um, so we utilized this thickness range for additional
tests. Thicker films tend to delaminate during the rinsing
step. Notably, for films thinner than 19 pm a weak positive
response, that is, an increase of resistivity upon exposure to
acetone is detected, which is attributed to a lower degree of
graphitization and higher defect density in the laser-patterned
carbon.

The resistivity response of LP-NC(Nal40) upon expo-
sure to 2.5% acetone is AR/Ry = 2.7% and a similar value of
AR/Ry = 3.0% is detected for the non-porogen-containing
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Figure 4. A) Photograph of a set of sensor platforms obtained by carbon laser-patterning on PET; B) optical micrograph showing the dimensions
of the sensor-platform used for resistive gas-sensing experiments; C) response of the sensor materials LP-NC(Nal40), LP-MoC,_,(10)@NC, and
LP-MoC;_,(10) @NC(Nal40) upon exposure to 2.5% acetone; D) resistive response of LP-MoC;,_,(10) @ NC(Nal40) toward exposure to different concen-
trations of acetone; E) resistive response of LP-MoCy_,(10) @NC(Nal40) after 1 month in comparison to a freshly prepared sensor platform; F) com-
parison of the resistive response of LP-MoGC;_,(10) @ NC(Nal40) toward different concentrations of acetone (black), hexane (red), and toluene (blue);
G) resistive response of LP- LP-MoCy_,(10) @NC(Nal40) toward 2.5% of acetone using N, (black) or dry air (red) as carrier gas.

LP-MoC,_(10)@NC (Figure 4C). In LP-MoC,_,(10)@NC(Nal40)
the response is drastically increased by more than a factor of six
giving AR/Ry = 20.2% for 2.5% acetone. The response depends
on the analyte concentration as shown in Figure 4D and a
reasonable response of AR/R, = 3.7% at relatively low analyte
concentrations of 1250 ppm acetone is detected.

Next, we tested the long-term stability of the sensor plat-
forms. To this end, the sensor platform was stored under
ambient conditions for 1 month and tested under the same con-
ditions for sensing acetone (2.5%). With respect to the freshly
prepared sample, the aged sample shows a slightly lower
response of AR/Ry = 15.8% (Figure 4E). The reduced overall
conductivity is attributed to a partial oxidation/degradation of
the surface groups on the LP-MoC,_ ,@NC(Nal40).

As shown in the materials characterization section and pre-
vious studies, the surface of LP-NC and LP-MoC;_,@NC(Nal40)
is largely oxygenated.” Such oxygen-containing functional
groups cause the surface to be preferentially susceptible to polar
analytes, which is supported by the data shown in Figure 4F.
The response toward polar acetone is significantly higher than
to non-polar analytes such as hexane or toluene. The higher
response to toluene in contrast to hexane is likely due to their
attractive 77 interactions with 7-conjugated domains on the
surface of LP-MoC;_,@NC(Nal40).

The typical sensing mechanism for acetone with semi-
conductor materials like metal oxides or graphene compos-
ites is proposed to stem from the interaction with ionosorbed
oxygen.®? Before any sensor experiments, in the initial state,
oxygen from the atmosphere is adsorbed and reduced to oxygen
anions like O,-, O7, or O* on the semiconductor surface
resulting in a decrease of the electron density in the composite
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material. In presence of acetone, these oxygen anions react to
form CO, resulting in an increase of the electronic density of
the semiconductor.®>>>¥ However, this mechanism requires
the supply of oxygen during operation and high operating
temperatures. In our experiments we used either nitrogen or
dry air as carrier gases (Figure 4G). The response in terms of
resistivity change in both media is the same. Moreover, the
response time and the recovery time during acetone cycling are
similar in both carrier gases. This indicates that the presence
of O, does not influence the sensing behavior, as the effect on
the electronic properties during acetone exposure is negligible.
Therefore, we conclude that the change in resistance is domi-
nated by electronic sensitization effects rather than chemical,
that is, physisorption of gaseous acetone onto the surface of the
LP-MoC,_,(10)@NC(Nal40) and the subsequent modulation of
the depletion regions.?’!

Considering these observations, our laser-patterned com-
posite material shows intriguing performance in room tem-
perature sensing of VOCs. Reliable room temperature sensing
of VOCs using simple resistive architectures based on carbon
is a challenge due to difficulties in processing and stability.
Although many conventional sensing materials like metal
oxides show a higher sensitivity at room temperature, their
production and processing is rather tedious requiring depo-
sition on interdigitated gold electrodes.’®>”! In comparison
to other carbon and graphene based materials the perfor-
mance of LP-MoC;_,(10)@NC(Nal40) is competitive.’*-" For
example, multi-walled carbon nanotubes as p-type semicon-
ductor show a response of =0.4% to 15 ppm acetone at room
temperature.l’3] Reduced graphene oxide is often used as a
conductive sensing platform showing AR/R, values of =1%
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upon exposure to =500-1000 ppm of different alcohols at room
temperature.[343°]

Generally, in carbonaceous materials, the active sites
involved in the sensing mechanisms are presumed to be
defects in the graphitic structure, such as vacancies or oxygen
functional groups.® According to elemental analysis, Raman,
and XRD, the conductive carbonized part of the LP-NC is com-
posed of highly defective, porous, and oxygenated turbostratic
carbon. Its defective nature makes the surface rather polar with
a high intrinsic binding affinity to polar analytes. In contrast to
graphene with a largely unperturbed 7-surface, the surface of
LP-NC is not expected to be more sensitive with chemisorbed
oxygen.

Taking these aspects into consideration the LP-NC sensor
material differs from graphene. Due to its intrinsically oxygen-
ated surface, LP-NC acts as a p-type semiconductor,® which is
confirmed by positive Hall coefficients mentioned above. Upon
interaction of the surface defects or functional groups with the
analytes, the charge carrier density within the LP-NC increases
which is reflected in an increase in conductivity.>*!

A common approach to increase the sensitivity of carbon
materials is the integration of Schottky or heterojunctions,®?
e.g., between carbon nanotubes and Au nanoparticles. These
show response of AR/R, = 4.6% to 800 ppm acetone.[®3]

By introduction of MoC,_, nanoparticles into the LP-NC,
nanoscale grain boundaries are created between the metallic
MoC,_, and the semiconducting LP-NC. These cause the forma-
tion of Schottky junctions and thus depletion zones around the
nanoparticles (Figure 5). According to the Mott-theory, p-type
semiconductors form rectifying contacts to metals of work
function lower than that of the semiconductor, that is, ®y; < ®g
and ohmic contacts for @y > ®g. The work function of MoC,_
solid solution is difficult to determine experimentally. The work
functions of metal carbides are highly dependent on the phase,
the crystal facet, and the type of termination. For example, the
theoretically determined work functions of MoC or Mo,C range
between 3.4 and 75 eV.I0*%% Given the polydisperse nature of
MoC;_, incorporated into LP-NC, different facets and compo-
sitions are exposed to the surrounding carbon. LP-NC is best
compared with amorphous or poly-crystalline carbons, such as
MWCNTs or carbon black. Their work functions are typically
~4.5 £ 0.3 eV.[-%)

In the present case, the MoC,_, nanoparticles accumulate
charge carriers and create doping-sensitive zones. Acetone as
a closed shell molecule is expected to interact with the LP-NC
surface by formation or enhancement of dipoles on the surface
which induce a charge modulation within the doping-sensitive
grain boundaries.”®”!l Therefore, the higher sensing response in
LP-MoC,_,(10) @NC(Nal40) is explained by the lower charge car-
rier density in the overall material and the increased SSA.

This is the first example of a molecule-based laser-patterned
resistive carbon sensor based on direct interactions with the
target gas and the in situ incorporation of metal nanoparti-
cles. Synthetically and environmentally, this method displays
an advantage over LIG from polyimides, which have shown
great promise as sensing platforms after post-functionaliza-
tion with nanoparticles.”>7% Conceptually, they are different
in terms of morphology and detection mechanisms. For
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Figure 5. A) Comparison of the charge carrier mobilities, densities, and
Hall coefficients of the four tested samples obtained by Hall measure-
ments. B) lllustration of the charge accumulation by MoC,_, nanoparticles
embedded into a conductive p-type LP-NC network; C) corresponding
band-diagram illustrating the depletion zones created around the MoC;_,
nanoparticles (1 column).

example, LIGs have shown a high response to different gases
versus vacuum as a response to the different thermal conduc-
tivities of the respective gases.”l In other concepts, laser-pat-
terned resistive carbons are used as transducer platforms for
functionalization with selective bio-receptors.®l In our LP-NC
and their nano-composites, we observe several effects simulta-
neously. On the one hand, we have a highly defective carbon,
which allows an intrinsic room-temperature sensitivity toward
different target gases. On the other hand, the uniform impreg-
nation of MoC,_, nanoparticles forms overlapping doping
sensitive Schottky-junctions. Indeed, it has been shown, for
example, that the particle size of certain materials and the
subsequent generation of converging Schottky barriers lead
to drastic increases in sensitivity.”77?! Their exact synergetic
effects are yet to be explored in future studies on the detailed
sensing mechanism.
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4, Conclusions

In this study, we demonstrated the applicability of CLaP for
resistive sensing of VOCs. CLaP is an interesting new tool for
the fast and precise large-scale production of patterned carbon-
ized films with different compositions for sensor arrays. The
use of molecular starting materials enables wide possibilities
for tuning the compositional and electronic properties of the
obtained films. This study presents first insights into how the
materials properties can be tuned to increase the sensitivity
toward different analytes.

The specific surface area of the LP-NC was increased by
addition of an IR-laser-transparent alkali halide salt—sodium
iodide—into the precursor inks. Moreover, the fast speed of
the laser-induced reaction allows for the in situ synthesis of
small and uniform MoC,_, nanoparticles with sizes < 10 nm
achieved by the simple selective addition of soluble precursors
to the precursor ink. The thus created Schottky junctions at the
nanoscale grain boundaries between MoC,_, and the conduc-
tive carbon network further decrease the charge carrier density
whereby the sensitivity of the LP-NC films toward acetone was
drastically increased.

The room-temperature sensing operation of the MoC,_,
nanoparticle impregnated LP-NCs is stable and reproducible
and shows a remarkable long-term stability. However, to detect
concentrations of analytes on the order of parts per billion
improvements in the materials structure are necessary. Alter-
native porogens to further increase the surface area or tune
the pore properties to facilitate bulk interactions with target
gases rather than outer surface only may be a possible solution.
Moreover, for mobile application under ambient conditions and
different relative humidities, concepts for the selectivity toward
different analytes, for example, tuning the graphitization
degree, have to be studied. Further targets of future studies will
be miniaturization and optimization of the platform geometries
as the sizes of the obtained sensor platforms are limited by the
resolution of the laser and the grain size of the agglomerated
precursor particles. The CLaP method, in principle, allows for
the simple incorporation of different kinds of nanoparticles of
tunable sizes, which is a good foundation for systematic studies
on the interplay between nanoparticles and their impact on
their sensing properties toward different analytes.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. A) Transmission electron micrograph of CA/U(300) deposited from a dispersion in H,O; B) X-ray
diffraction pattern of CA/U(300); C) Raman pattern of CA/U(300) upon excitation at 532 nm.

Table S1. Elemental compositions of the precursors obtained by elemental combustion analysis and inductively
coupled plasma mass spectrometry

C (wt%) N (wt%) H (wt%o) O (wt%) Mo (wt%)

LP-NC (precursor) 47 19 3.1 31
LP-MoC,,@NC (precursor) 49 16 35 27 4.3
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Laser-patterned nitrogen-doped carbon (LP-NC)
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Figure S2. A) Top-view scanning electron micrograph of LP-NC; B) Transmission electron micrograph of a
fragment of LP-NC. C) X-ray powder diffraction patterns of LP-NC; D) Raman spectrum of LP-NC obtained upon

excitation at 532 nm.
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LP-NC + sodium iodide

Table S2. Comparative list of the specific surface areas of different N-doped carbons* obtained by BET sorption
measurements and the MB adsorption method.**

C/N ratio BET surface area MB surface area
activated carbon ) 1672 1269
C8NZ 3.1 1834 497
Cc8LZ 5.7 1701 358
ASLK 2.1 389 71
LP-NC 5.2 238

* Bulk samples of the listed N-doped carbons were obtained from pyrolysis of nitrogen-rich precursors (internal

compounds, not yet published).

** |n contrast to the BET sorption method, the MB adsorption method is a liquid based method for the
determination of the specific surface areas of small amounts of carbonaceous materials (< 1 mg) and allows only
limited conclusions on absolute values, but good estimations on relative values. The accessibility of micropores is

generally different in the gas and the liquid phase.
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Figure S3. Energy-dispersive X-ray analysis of LP-NC film produced with 40 wt% Nal. Au-impurities originate
from the substrate. No sodium was detected (Ko of sodium has an energy of 1.041 keV)
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Figure S4. Raman spectrum of LP-NC film produced with 40 wt% Nal obtained upon excitation at 532 nm.
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Molybdenum carbide impregnated LP-NC (LP-MoC; @NC)
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Figure S5. Specific surface areas of LP-MoC, ,@NCs obtained with different amounts of AHM in the precursor ink.
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Figure S6. A) Transmission electron micrograph of LP-MoC,,@NC; B) Size distribution histogram of the
diameters of the MoC,., nanoparticles (100 particles).
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Figure S7. A) ADF-STEM image of LP-MoC,.,@NC(Nal40). B) EDX spectrum of the carbon substrate (grey) and
the particle (red) regions in (A). C) The overlap of elemental mapping over region (A). Elemental mapping of (D)
Mo (green), (E) N (blue) and (F) C (red). The scale bar is 10 nm.
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Figure S8. X-ray photoelectron spectra of the O1s, N1s, C1s, and Mosd regions (from top left to bottom right) of LP-
MoC.,(10)@NC. The strong C-sp® and C-O/C-N signals are attributed to adventitious carbon.
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Figure S9. Raman spectra of LP-NC and LP-MoC,.,(10)@NC upon excitation at 532 nm.

Figure S10. Transmission electron micrographs of LP-MoC, ,@NC(Nal40).

30



% 3

et

2

e A

Figure S12. (a) ADF-STEM image of LP-MoC1-x@NC(Nal40). (b-c) ADF and BF STEM images of the region
indicated by the grey square in (a). ). The inserted FFT from the selected particle in (b) is indexed in a cubic unit
cell, a = 4.15(4)A. The scale bar is 5 nm-1.

Table S3. Comparative list of the electronic features obtained by Hall measurements.

Sample Mobility / Charge carrier Hall coefficient / cm®.C”
P cm?(V-s)? density / cm’ !

LP-NC 0.12 7.70 x 10" +0.099

LP-NC(Nal40) 0.23 3.68 x 10%° +0.19

LP-MoC,.,(10)@NC 1.42 1.96 x 10 +0.32

LP-MoC,.,,(10)@NC(Nal40) 4.35 2.34 x 10" +2.67
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Figure S12. Resistive response of LP-MoC,.,@NC(Nal40) films of different thickness ranging between 13 and 70
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Laser-Patterned Porous Carbon/ZnO Nanostructure Composites for
Selective Room-Temperature Sensing of Volatile Organic
Compounds
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ABSTRACT: The development of mobile, noninvasive, and

portable sensor technologies for diagnostics and emission control 0

is highly demanded. For that purpose, laser carbonization is studied E: 2

as a tool to produce responsive carbon materials from inexpensive 5 i \\

organic precursors for the room-temperature selective detection of <

volatile organic compounds (VOCs) applicable in future sensor

array-based devices. To increase the response of intrinsically low- 1800 3600 5400
; g Time /s

responsive laser-patterned carbons (LP-C) to analytes in the gas d

phase, we tested carbonization in the presence of nanoscale ZnO |

precursors in primary inks. Following the addition of a zinc salt, "'p

Zn(NO;),, a noticeable 43-fold increase in the sensor response '

(AR/Ry = —21.5% toward 2.5% acetone) was achieved. This effect AR

is explained by a significant increase in the measurable surface area

up to ~700 m*g~' due to the carbothermic reduction supported by the in situ formation of ZnO nanoparticles. Varying Zn

concentrations or the addition of as-prepared ZnO nanorods lead to different surface properties like the surface area, porosity, and

polarity of LP-C. A predominant effect of the surface polarity on the selectivity toward different analytes of the sensors during

physisorption, e.g., acetone vs toluene, was identified and tested. The best-performing LP-C sensors were finely characterized by

transmission/scanning electron microscopies and X-ray photoelectron/energy-dispersive X-ray/Raman spectroscopies.

Polar

1800 3600 5400
Time /s

KEYWORDS: carbon laser patterning, laser carbonization, carbon/zinc oxide nanocomposites, VOC sensing, carbonization, chemiresistor,
chemisensor

B INTRODUCTION physicochemical methods include mainly the use of electro-
chemical cells.”

For these reasons, mobile noninvasive chemical detection
methods toward VOCs are promising for substituting the
conventional complicated methods.® With the rapid develop-
ment of artificial intelligence (AI) and machine learning
algorithms, small-scale sensor array technologies have again
moved into the focus of attention as a tool for the realization of

Volatile organic compounds (VOCs) are human-made
contaminants in indoor environments as well as indicators
for diseases." Instruments for precise VOC concentration
monitoring are in high demand, first for identification and
second for preventing diseases.”” For example, diabetes can be
prevented in time by detecting acetone in exhaled breath.*”

Among the conventional methods for gastrointestinal disease electronic noses.”'* First mobile commercial products based
diagnosis are colonoscopies, tissue biopsies, or antimicrobial on sophisticated nanotechnology are currently in the final
swab cultures.® All of these techniques present the same phase of development.ll Typical materials used for the
drawbacks of being (semi-)invasive, time-consuming, expen- selective detection of VOCs are metal oxide-based semi-
sive, and not scalable and requiring sophisticated chemical conductors,'”” nonviable for long term due to their low
analysis instruments. On the other hand, indoor air quality

control (hospitals) is an important analysis, typically Received: October 4, 2022 R s
conducted by certified large-scale chamber testing facilities Accepted: December 28, 2022

(EN 16516). General physical analysis methods that can Published: January 17, 2023

perform indoor gas detection include gas-chromatography,

mass spectrometry, quartz-crystal microbalance, or Fourier

transform infrared spectroscopy (FT-IR) spectroscopy, while

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsanm.2c04348

v ACS Pu bl ications 966 ACS Appl. Nano Mater. 2023, 6, 966—975


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huize+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Jime%CC%81nez-Calvo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Hepp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Andrew+Isaacs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+Otieno+Ogolla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ines+Below-Lutz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ines+Below-Lutz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Butz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Volker+Strauss"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.2c04348&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04348?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04348?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04348?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04348?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c04348?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aanmf6/6/2?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/2?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/2?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/2?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.2c04348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Nano Materials

www.acsanm.org

a. primary ink b. film casting c. laser patterning d. gas sensing
e acetone toluene
+2Zn(NOy), {
‘ D o B Ny B
-
CNFA solvent+ FFA primary film '

Figure 1. Ilustration of the preparation process of the LP-C/Zn films and their characterization in a resistive gas sensing setup: (a) preparation of
the primary ink; (b) film casting on the flexible PET substrate; (c) carbon laser patterning of the primary film and a representative SEM image of
the resulting LP-C film; (d) electrochemical gas sensing cell used to characterize the resistive response of the LP-C sensor platforms in different

gases inside the chamber.

abundancy, high cost of the raw material, and stability issues
over time."> Operation temperatures of 200—400 °C make
these materials highly sensitive; also, the associated devices are
high energy-consuming and expensive. Alternative materials,
such as carbon nanotubes and nanoparticle composites, are
promising for room-temperature detection of VOCs; however,
those typically come along with high production costs."*

New functional materials, such as hierarchical porous
carbons, constitute interesting alternatives for utilization in
everyday use or disposable sensor arrays.">~'” Such porous
carbon materials are usually prepared by the templated
pyrolysis of organic precursors, incorporating functional active
sites for enhancing selective analytes’ interactions.'® Major
challenges that need to be tackled to prepare eflicient porous
carbon materials applicable for sensors are sensitivity,
selectivity, stability, scalability, and flexibility.'”*

With modern laser pyrolysis, non-crude oil-based molecular
precursors can be converted into conductive carbonized
materials in the form of patterns on different substrates.”' >
The resulting porous structures and their tunable conductivity
makes these laser-patterned carbons (LP-C) interesting as
active materials in resistive gas sensors.”> > This process
avoids the inherent difficulties of processing carbonized
materials into flexible conductive films and provides a scalable
method for the production of stable resistive sensors. In
particular, the possibility of tuning the properties of the
carbons by simple modification of the primary ink formulas has
demonstrated a significant enhancement of the sensitivity of
LP-C.** That makes this process generally interesting for
commercial applications.

Here, we report a simple method to incorporate selectivity
elements into LP-Cs for tuning the surface properties of the
LP-C sensing material, thereby for the selective detection of
VOCs. Upon the addition of minor amounts of zinc nitrate
(Zn(NO;),) as a precursor, small ZnO nanoparticles are
formed in situ during laser carbonization. The role of zinc
oxide (ZnO) as an intermediary nanoscale porogen and
graphitization agent has already been reported and successfully
proven to increase the active surface area of porous
carbon.”™"" The high process temperatures in the upper
layers support the direct evaporation of Zn formed during Zn"
— ZnO — Zn driven by the carbothermic reduction. In
addition, we observe a variation in the surface relative to the
Zn concentration. The concentration-dependent distribution
of these graphitized domains and the increased surface area
support the selectivity toward different VOCs. Moreover, the
direct addition of readily prepared ZnO nanorods as a
precursor leads to the formation of larger graphitic domains,
supported by Raman spectroscopy, facilitating the preferential
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detection of VOCs that presumably adsorb to extended z-
surfaces.

B RESULTS AND DISCUSSION

Carbon laser patterning was performed according to a
previously described protocol with several modifications.”* A
citric acid/urea-based carbon network-forming agent (CNFA)
was thoroughly mixed with a film-forming agent (FFA)
containing the solvent (ethylene glycol) and different amounts
of Zn(NO;), were added (Figure la). The resulting viscous
inks were doctor-bladed on PET substrates and dried to obtain
films with a mean thickness of ca. 40 ym (Figure 1b). The
films containing different amounts of Zn(NOj), are referred to
as LP-C/Zn(1-8), with the number indicating the mass
percentage of Zn with respect to the mass of CNFA (Table 1).
The energy-dispersive X-ray analysis of the top-view primary
films shows a homogeneous distribution of the zinc salt
(Figure S1).

Table 1. Composition of the Investigated Samples

CA/ ZnO
U(300) Zn(NO;),-6 nanorods effective
sample (mg) H,0 (mg) (mg) my,(wt %)
LP-C/Zn(0) 200 0 0%
LP-C/Zn(1) 200 10 1%
LP-C/Zn(2) 200 20 2%
LP-C/Zn(4) 200 40 4%
LP-C/Zn(5) 200 60 5%
LP-C/Zn(6) 200 80 6%
LP-C/Zn(7) 200 100 7%
LP-C/Zn(8) 200 120 8%
LP-C/ZnO(2) 200 5 2%
LP-C/ZnO(7) 200 20 7%

Resistive patterns with dimensions of 5 X 0.5 mm were
imprinted onto the films with a high-precision CO,-laser
engraver (see the Experimental Section). The laser parameters,
i.e., scanning speed and power, were optimized to achieve a
high degree of carbonization and high reproducibility in terms
of conductivity. After laser patterning, the unexposed precursor
film was rinsed off with H,O. Subsequently, the sensor strips
LP-C/Zn were tested as resistive sensor platforms to detect
acetone and toluene at room temperature in a gas-flow cell
(Figure 1d).

The topographical scanning electron microscopy (SEM)
analyses of the LP-C/Zn films show a spore-like morphology
for all zinc-containing samples (Figure S2). In contrast, the
reference LP-C/Zn(0) is characterized by open hierarchical
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Figure 2. (a) Plot of sheet conductivity and (b) specific surface areas determined by the methylene blue adsorption method of the LP-C/Zn films;
(c) Ap/Ag (area of the peak) ratio of LP-C/Zn films in the Raman spectra; (d) top-view Raman spectra of the LP-C/Zn films obtained with an

excitation wavelength of 532 nm.

porous morphology (Figure S2). Notably, the spore-like
character of the LP-C/Zn films is more pronounced for
higher Zn concentrations (Figure S3).

A crucial property of resistive sensors is their conductivity.
First, we tested the impact of the addition of zinc salt on the
conductivity of the LP-C/Zn films by measuring the
resistances of 30 sensor films of each as-prepared composite.
A mean thickness of 40 ym was assumed for the determination
of the sheet conductivity.”® As shown in Figure 2a, the
conductivity drops from 4.6 in reference to 2.5 S-cm™" at 1 wt
% Zn(LP-C/Zn(1)). Up to a concentration of 6 wt % Zn (LP-
C/Zn(6)), the conductivity is on the same order, while
another drop in conductivity to 1.4 S-cm™' is observed at
concentrations >7 wt % of Zn. Notably, at concentrations >8
wt %, the films tend to crack upon drying and eventually
delaminate during the laser process. This quasilinear
conductivity trend may be explained by the different factors
that influence porous carbon materials: grain boundaries,
particle sizes, atomic arrangement, and wettability, among
others.*

The zinc salt is added with the intention of increasing the
specific surface area (SSA) of LP-C by exploiting the
carbothermic reduction of in situ-generated ZnO nano-
particles.”” Due to the low mass density of the films, the
characterization of the SSA using quantitative gas sorption
techniques is intricate. Therefore, we utilized the methylene
blue (MB) adsorption method to obtain insights into the
evolution of the SSAs. It is noteworthy that the MB adsorption
method is a liquid-based method and gives only indications
about trends as it typically gives lower SSA values for nitrogen-
containing carbons.’* Moreover, potentially existing micro-
pores are not accessible with this measurement method.
However, the trend shows unambiguously higher SSAs upon
the addition of zinc salt to the precursor films. The highest
value is reached for a concentration of 4 wt % of Zn (LP-C/
Zn(4)) with ~700 m*g™' (Figure 2b). For higher zinc
concentrations, the SSAs decrease steadily.

Raman spectra of the LP-C/Zn and LP-C/ZnO series
(Figures 2c,d and S4) exhibited an interesting top-layer
analysis, complementing structural observations and correlated
trends. All samples show features of a highly carbonized
material with pronounced D- and G-bands at 1348 and 1578
cm™!, respectively. Minor contributions from disordered and
amorphous carbon at 1200 and 1470 cm™, designated as D4

968

and D3, were also observed and considered in the ﬁttingsfm’41

A clear trend toward high graphitization with lower defect
density is observed as the Ap/A ratio reduces from 1.1 to 0.75
between LP-C/Zn(0) and LP-C/Zn(6) (Figure 2c). This is
concomitant with a decrease in the peak width of the 2D band
at 2670 cm™!, which indicates a higher stacking order of the
graphite planes.”” It is noteworthy that the Raman spectra were
recorded at the surface of the films and are not ideally
representative of the entire material. Due to the porous surface
structure of laser-carbonized samples, the overall Raman
spectroscopy characterization of PET film samples is
challenging.

The general occurrence of a structural and chemical gradient
in laser-carbonized materials prompted us to perform a cross-
sectional transmission electron microscopy (TEM) analysis of
the best-performing sensor films, LP-C/Zn(5). To this end,
the porous LP-C/Zn(5) sensor films were infiltrated and
embedded in an epoxy resin and cut with a microtome into
thin slices of ~50 nm thickness.”® An optical micrograph of the
block face is presented in Figure 3a. Across the entire section,
the films show a distinct porosity with visible pore sizes on the
order of 5—10 um represented in the scanning electron
micrograph in Figure 3b.

The area in Figure 3b was further analyzed by energy-
dispersive X-ray (EDX) analysis to obtain an overview of the
chemical composition across the film. As demonstrated in
previous studies, due to the direct exposure to the laser beam,
the upper layer consists of porous turbostratic graphite with a
highly crystalline structure (Figure 3c—e) and it is free of Zn.*®
In the lower layers, significant amounts of Zn were detected
(Figure 3b). Scanning transmission electron microscopy—
electron energy-loss spectroscopy (STEM-EELS) further
confirmed the clear chemical and structural delineation
between the highly graphitized top layer and the Zn/N-
containing bottom layer (Figure 3c, right).

Depth-dependent laser thermal material conversion was
evident based on the presence of highly ordered graphitic
structures in the upper layer and ZnO in the lower part of the
sensor, as detailed by the high-resolution TEM (HRTEM)
images and the corresponding selected-area electron diffraction
(SAED) patterns (Figure 3d—f).

These observations were corroborated by X-ray photo-
electron spectroscopy (XPS) (Figure SS and $6). In the C,
energy region, the main peak at 284.4 eV is attributed to sp’-
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Figure 3. (a) Cross-sectional optical micrograph of LP-C/Zn(5); (b) cross-sectional backscatter SEM micrograph with a correlated qualitative
EDX element map of zinc (net intensities displayed); (c) cross-sectional TEM analyses of the sensor film: (left) the representative high-angle
annular dark-field (HAADF)-STEM micrograph with uninfiltrated regions (black), epoxy resin (dark gray), and lacey TEM support film (light
gray), (top right) graphitized carbon component in the upper layer identified by principle component analysis (PCA), (bottom right) N (blue) and
Zn (purple) distribution in the bottom layer of the sensor; (d) exemplary HRTEM image of graphitized carbon in the upper region; (e) combined
SAED pattern of graphitic domains in the top layer and ZnO in the bottom layer (logarithmic display); (f) exemplary HRTEM image of the ZnO
nanoparticle in the lower layer; (g) XPS analysis of the LP-C/Zn(5) film surface: the XPS Zn 2p region (upper panel) and O 1s region with
percentual peak distribution (lower panel); (h) proposed formation mechanism of the LP-C/Zn composite structure. Zn(NOs;), is distributed
among the CNFA particles in the precursor films. After laser carbonization, the in situ-generated ZnO nanoparticles catalyze the pore formation in

the upper layer and remain in the lower layer.

carbon; the other minor peaks at 285.2, 286.0, 287.5, and
289.1 eV correspond to spa-carbon, C—N/C-0, C=N/C=
O, and COOH, respectively. The Ny region of the laser-
carbonized films (LP-C/Zn(x)) was deconvoluted into three
individual peaks maximizing at 399.0, 400.0, and 401.4 eV
corresponding to pyridinic, pyrrolic, and graphitic nitrogen,
respectively. For the primary films C/Zn(x), two additional
peaks at 402.8 and 406.4 eV originate from NO,~ and NO,~,*
which are attributed to the addition of Zn(NO;), into the
primary inks. The vanishing of these peaks confirms the
decomposition of Zn(NOs;), after laser patterning,

In the Zn,, region (Figure 3g), the two intense peaks
centered at binding energies of 1021.5 and 1044.5 eV are
attributed to Zn 2p;,, and Zn 2p, . The Zn 2p spectra of Zn
oxide suffers from an overlap of Zn metal peaks, which makes
it difficult to unambiguously determine the chemical state of
Zn.*** Nonetheless, the different binding energy of oxygen in
metal oxides compared to organic compounds are reflected in
the O, region** and can be used to identify the variety of ZnO
surfaces.” The O signal is deconvoluted into four peaks
(Figure 3g), three major peaks centered at 531.2, $32.1, and
533.0 eV assigned to C=0, C—0O (aliphatic), and C-O
(aromatic),"” respectively, along w1th a 0.8% peak contribution
at 530.2 eV assigned to Zn— 0.%

These results demonstrate the function of nanosized ZnO as
a pore templating agent in the upper layers of the film during
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laser carbonization. The ZnO hard-templating effect based on
the carbothermic reduction at different temperature stages
occurs in situ within the time frame of milliseconds in a one-
step process. As Figure 3h shows, the homogeneously
distributed zinc salt (Zn(NOs;),) in the primary films forms
ZnO nanoparticles upon elevating the reaction temperature
during laser carbonization. When the laser-induced temper-
ature reaches ~670 °C, ZnO is reduced to Zn according to the
carbothermic reduction mechanism, during which carbon is
oxidized to gaseous monoxide carbon (CO(g)) » Remaining
carbon is rearranged and recrystalllzed and thus forms highly
graphitized domains (Figure 3c—e).* At temperatures above
the boiling point of zinc (907 °C), liquid zinc evaporates. The
high degree of graphitization and the absence of ZnO
nanoparticles in the upper layers of the LP-C/Zn film indicate
that the reaction temperatures are significantly higher than 907
°C. On the other hand, the presence of considerable amounts
of ZnO nanoparticles and the rather amorphous character of
carbon in the lower layers indicates lower reaction temper-
atures below 670 °C. Due to continuous evaporation of the
carboneous matrix in the lower layer under those conditions,
surface enrichment as well as the ripening of ZnO occurs
(Figure 3c)

The increased SSA and the potential occurrence of ZnO-
templated micropores is a great advantage for sensitivity
toward the detection of gaseous analytes. We tested the
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Figure 4. (a) Sensing response of the LP-C/Zn films toward 2.5% acetone (left) and 0.4% toluene (right); (b) resistive response of the LP-C/
Zn(S) film toward 2.5, 1.25, 0.25, and 0.125% acetone (inserted is a plot of the sensitivity response AR/R, vs CO, concentration) (gray area: 100%
nitrogen sparged, nongray area: contains different concentrations of analytes); (c) resistive response of the LP-C/Zn(S) film toward 0.4% acetone,
0.4% ethanol, 0.4% toluene, and 0.4% hexane; (d) resistive response of the LP-C/ZnO(2) film toward 0.4% acetone, 0.4% ethanol, 0.4% toluene,
and 0.4% hexane; (e) resistive response of LP-C/Zn(5) after 17 months toward 2.5% acetone in comparison to a freshly prepared sensor platform;
(f) illustration of the adsorption mechanism of polar (acetone) and nonpolar (toluene) analytes to polar (oxygenated) or nonpolar (7-conjugated)

surfaces.

resistive response of each sensor composite film toward the
exposure of representative polar and nonpolar VOCs, namely,
acetone and toluene."Figure 4a,b shows the response of each
sensor film with different Zn content toward the test analytes.
All samples, except for the reference without Zn, show a clear
negative response upon exposure to acetone. The response to
acetone rises with the Zn content and reaches a peak for the
sample with S wt % of Zn (LP-C/Zn(S), e.g, AR/R, =
—21.5% at 2.5% acetone). In comparison to the samples with
slightly less or more Zn, LP-C/Zn(4) and LP-C/Zn(6), the
response is drastically low by one order of magnitude. Also, the
response toward the nonpolar analyte, toluene, is enhanced in
the zinc-containing films, although the trends are not as clear
in this case. In fact, the reference film free of zinc shows no
response toward toluene whatsoever. The highest response of
AR/Ry = —0.9% to the exposure of 0.4% toluene is observed
for LP-C/Zn(2). Samples LP-C/Zn(4) and (5) give lower
specific responses for toluene and again LP-C/Zn(6) gives a
decent response. The drastic increase in the response at LP-C/
Zn(S) is likely due to the formation of high amounts of
micropores in this concentration regime.
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The response depends on the analyte concentration, as
shown in Figure 4b. A reasonable response of AR/R; = —1.9%
at relatively low analyte concentrations of 0.125% (1250 ppm)
acetone is detected. With regard to selectivity, the sample LP-
C/Zn(S) shows the highest affinity and selectivity to polar
VOCs, e.g, AR/R = —4.7% at 0.4% acetone and AR/R =
—3.0% at 0.4% ethanol (Figure 4c), while it shows little
response to nonpolar toluene and hexane at the same
concentration. This response pattern indicates physisorption
based on different binding mechanisms of polar and nonpolar
analytes. In addition, in stability testing of up to 24 h, we
observed that sensitivity remained nearly constant over time
Figure S13.

In previous works, we demonstrated the polar character of
the LP-C surface due to an abundance of oxygen functional
groups.” For polar analytes such as acetone, two physisorption
scenarios with polar sites on the surface need to be considered:
hydrogen-bonding and van der Waals interactions. Considering
that the latter consist of contributions from dipole, induction,
and dispersion forces, the adsorption of acetone to the LP-C
surface is mostly attributed to dipole—dipole interactions.”* >
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For toluene, on the other hand, dispersion forces or 7—n
stacking are implicit (Figure 4f).>>>* Taking these fundamental
molecular interactions into consideration, the sorption
selectivity in the different samples is attributed to the surface
properties of LP-C. Generally, the surface of LP-C is polar and,
therefore, sensitive to polar analytes. On the one hand, the
hard-templating effect of ZnO nanoparticles promotes the
formation of small pores and eventually micropores, which
enhances the response toward acetone. On the other hand, the
graphitization-catalyzing effect of ZnO during carbothermic
reduction promotes the formation of an extended z-surface,
which enhances the sensitivity toward toluene.

To demonstrate the feasibility of the suggested mechanism,
we also tested the sensing performance of films prepared with
presynthesized ZnO nanorods with average sizes of ~2 ym as
precursors. These sensor films are named LP-C/ZnO(x), with
x indicating the mass percentage of Zn in the precursor inks.
The rhombus-like ZnO nanorods were randomly distributed in
the primary film and underwent the same in situ carbothermic
reduction process during laser patterning (Figure S7). Due to
their significantly larger size, the ZnO nanorods are expected
to support the formation of larger graphitic domains in the
upper layers of the LP-C films. Indeed, the SEM images show
an open porous but nonsporulated morphology (Figure S8).
After the laser patterning process, it can be seen from the EDX
mapping analysis (Figure S9) that some of the ZnO nanorods
or their debris are still distributed on the surface of the sensor
films, but their shapes are enlarged or even broken due to the
expansion effect. Regarding the characteristics in terms of
graphitization (Figure $10) and electrical conductivity, the two
representative samples, LP-C/ZnO(2) and LP-C/ZnO(7),
show the same trends as the samples from the LP-C/Zn(x)
series. In comparison to the reference LP-C, the conductivity
of the LP-C/Zn(x) series decreased (Figure S11). However,
we observe a slight increase in conductivity with the amount of
ZnO nanorods added. We assume that the enhanced formation
of graphitized domains supports electrical conductivity.

In general, for the samples prepared with presynthesized
ZnO nanorods, upon laser patterning, the ZnO nanorods in
the upper layer are partially reduced to Zn to catalyze the
graphitization of surrounding carbon and then evaporate. Parts
of the ZnO nanorods accumulate in the intermediate region of
the bottom and top layer, whereas particle ripening is hindered
in the lowest region due to preoxidation and lower temper-
atures (Figure S12).

In fact, the sample containing 2 wt % Zn, ie.,, LP-C/
ZnO(2), shows a significantly higher selectivity toward 0.4%
toluene and hexane with a response of AR/R, = —0.8 and
0.3%, respectively, than to acetone (AR/R, = —0.2% at 0.4%
acetone) and ethanol (AR/R, = —0.13% at 0.4% ethanol)
(Figure 4d). Furthermore, as shown in Figure S14, LP-C/
ZnO(2) shows good stability over time. A reasonable response
of AR/Ry = 0.14% at a relatively low analyte concentration of
0.4% (400 ppm) toluene is detected.

At last, we tested the long-term stability of the sensor
platforms. We stored the sensor film LP-C/Zn(5) under
ambient conditions for 17 months and tested it under the same
2.5% acetone. Comparing the freshly prepared sample, the
aged sample shows a slightly lower response of AR/R, =
—12.7% (Figure 4e). The reduced sensitivity is attributed to
the increased base resistance, which may be due to a partial
oxidation/degradation of the surface groups on the sensor
films.>* Moreover, we tested the sensor films at different
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ambient temperatures (Figure S15) and at room temperature
(25 °C), which shows the highest resistance response. On the
other hand, a stable and fast response, even at an ambient
temperature of 60 °C, is observed.

B CONCLUSIONS

The carbothermic reduction initiated by the presence of ZnO
nanoparticles during laser carbonization was studied. ZnO
nanoparticles were generated in situ from Zn(NO;), that was
added to the primary films. A comprehensive investigation of
the chemical composition and microscopic morphology by
XPS and cross-sectional HRTEM reveals a heterogeneous
gradient profile due to the induced temperature gradient
during laser carbonization. Two positive effects were observed:
(1) A significant increase in the active surface area due to the
hard-templating effect of the ZnO and (2) the catalysis of
graphitization around the ZnO nanoparticles. By careful
selection of the initial Zn(NO;), concentration, the surface
structure of LP-C can be tuned in terms of surface properties,
predominantly porosity and polarity. Thereby, a drastically
enhanced response toward different VOCs was achieved in
resistive sensing experiments. Notably, electronic effects on the
sensitivity were not specifically tested. At a concentration of §
wt % Zn, the response toward acetone was increased by 43X
with respect to the reference (AR/R, = —21.5% at 2.5%
acetone), which is attributed to a significantly higher porosity.
The surface polarity was considered an important factor. Using
presynthesized ZnO nanorods as additives, large graphitic
domains were obtained after laser carbonization, which present
extended nonpolar s-surfaces as active sites. Thereby, a
response with a high selectivity toward toluene (AR/R, =
—0.8% at 0.4% toluene) was achieved. The herein-presented
advancements in laser carbonization may inspire the develop-
ment of smart sensor arrays based on a simple materials
processing technology. Yet, the increase of the sensitivity to the
low ppm level and the decrease in the response times still
remain a challenge.

B EXPERIMENTAL SECTION

Chemicals. Citric acid (99%, Sigma-Aldrich), urea (>99.3%, Alfa
Aesar), zinc nitrate hexahydrate (Zn (NO,),-6H,0, standard grade,
Thermo Fisher Scientific GmbH), ethylene glycol (>99.7%, AnalaR
Normapur, VWR chemicals), poly(vinylpyrrolidone) (average mol wt.
10,000, Sigma-Aldrich), acetone (>99.8% HPLC grade, Thermo
Fisher Scientific GmbH), and toluene (>99.8% HPLC grade, Thermo
Fisher Scientific GmbH) were used as received.

Substrate. Melinex sheets (PET substrates) with a thickness of
170 pm were obtained from Plano GmbH.

Preparation of the CNFA. The CNFA was prepared following a
protocol described elsewhere.”' Briefly, citric acid and urea were
mixed in equivalent weight proportions in a quartz crucible. The
mixture was annealed at 300 °C in a tube furnace (RHTC 80/450/15,
Nabertherm) for 2 h with a heating rate of 3.11 K:min™'. After
annealing, the reaction products were ground by ball milling (PM
100, Retsch) for 1 h at 600 rpm. The resulting black powder is named
CA/U(300).

Preparation of the ZnO Nanorods. Zn(NO;), (3g) and NaOH
(0.8 g) were added to 500 ml of H,O. The resulting white suspension
was partially added to the microwave vessel. Then, using a microwave
power of 200 W to reach the reaction temperature of 150 °C held for
S min. The reaction product mixture was centrifuged to remove the
soluble part. The precipitate was washed with ethanol and
centrifuged; the washing process was repeated 2 times. The obtained
white solid ZnO nanorods were dried overnight at 70 °C in the oven.
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Preparation of the Primary Films. Poly(vinylpyrrolidone)
(PVP) (film-forming agent) was dissolved in ethylene glycol
(EtGly) to obtain a 0.2 gmL™' solution (PVP/EtGly). Solutions
with eight different concentrations of zinc nitrate (Zn(NO;),)
ranging from 0 to 0.6 mg-mL™' were prepared, referred to as LP-
C/Zn(1-8), where the number represents the amount of Zn in wt %
(Table 1). CA/U(300) was then added and stirred for 24 h to obtain
a viscous suspension with a concentration of 0.8 gmL™'. All
concentrations are given with respect to the volume of the solvent.
A drop of the ink was applied onto the substrate and the ink was
doctor bladed with a blade distance of 300 um. Ethylene glycol was
then evaporated at 80 °C on a precision hotplate (PZ2860-SR,
Gestigkeit GmbH) overnight to obtain films with a thickness of 40
pum. The thickness was determined with a digital micrometer or cross-
sectional SEM.

Laser Carbonization. A high-precision laser engraver setup
(Speedy 100, Trotec) equipped with a 60 W CO,-laser (4 = 10.6 +
0.03 pm) was used for laser carbonization. Focusing was achieved
with a 2.5 in. focus lens providing a focal depth of ~3 mm and a focus
diameter of 170 ym. The scanning speed v’, generically given in
percentage, was converted into s\m™". The effective output power P of
the laser was measured with a Solo 2 (Gentec Electro-Optics) power
meter. The resulting energy input per distance (or fluence) F in J-m™
in the vector mode onto the film is given by

F=P-

For the experiments, the laser settings were adjusted to meet the
requirements of the films according to Table 2. Each laser pattern
consists of five parallel laser lines with a length of 5 mm and a line
separation of 0.1 mm to obtain a sensor film.

Table 2. Laser Parameters Used in the Experiments to Fit
the Film Thickness

ower% speed% speed fluence
thickness(um)  (generic) power(W) (generic) (sm™) (Jm™)
20 2.0 1.02 0.6 98 99.5

VOCs Sensing. The sensor experiments were performed in a gas-
flow cell (V. = 0.1 L). The ends of the sensor films were connected
to two electrode pins and electrically characterized with an impedance
unit (Solartron 1287 potentiostat in combination with a SI 1260
impedance unit) at a frequency of 1000 Hz and in AC conditions
applying a current of 0.05 mA. The gas flow was controlled with a set
of three mass-flow controllers (GF040 from Brooks instruments). The
total gas flow was set to 1 L-min~". Cycles of 30 min between pure
nitrogen and the analyte (acetone or toluene) were performed. To
this end, a defined volume of the total flow was passed through a
reservoir of the respective liquid VOCs. The final concentration of the
analyte was approximated using the ideal gas law based on the vapor
pressure of the VOC.

Characterization. Conductivity measurements were carried out
by connecting the ends of each sensor film with silver ink and
measuring the resistance with a four-point geometry using an RS
PRO2 RSDM30SSA digital multimeter.

Specific surface area measurements were performed using the
methylene blue adsorption method.>>™>” LP-C films of size 2 X 4 cm?
were printed on PET sheets. Pieces of ~0.5 X 1 cm® with the laser-
patterned films on top were balanced and then immersed into defined
solutions of methylene blue (9.5 X 107° M) to disperse the LP-C film
in the solution. To determine the mass of the film, the PET substrate
was removed and weighted. The LP-C dispersion in the MB solution
was stirred for 24 h and then centrifuged. The amount of adsorbed
MB was determined by measuring the absorbance of the supernatant
with respect to a reference solution. An area of 1.35 nm? per molecule
MB is assumed. As a reference, the same mass of activated carbon was
used (1269 m’g™'). The standard error was determined by the
standard deviation of six values obtained from six measurements.
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Raman spectra were obtained with a confocal Raman microscope
(alpha300, WITec, Germany) equipped with a piezo-scanner (P-500,
Physik Instrumente, Karlsruhe, Germany). The laser, 4 = 532 nm, was
focused on the samples through a 50X objective. The laser power on
the sample was set to 5.0 mW.

Cross-sectional preparation of LP-C for electron microscopic
analyses was performed using a Leica EM UC?7 ultramicrotome.
Therefore, sensor strips were embedded in epoxy resin (Araldite 502,
Science Services, Germany) to enable sectioning by infiltrating the
highly porous heterostructures. Curing of the epoxy resin was carried
out overnight at 60 °C. A diamond knife (DIATOME 45° trim knife)
was utilized to trim a trapezoid-shaped block face which subsequently
was cut with a DIATOME 45° ultrasonic diamond knife to obtain
cross-sectional TEM samples with minimal compression. The floating
sections (deionized water) were transferred onto lacey carbon TEM
grids (Plano AG) to provide sufficient support. Analysis by optical
microscopy (OM) and environmental SEM was conducted with the
resulting block face.

Top-view scanning electron microscopy was performed on a Zeiss
LEO 1550-Gemini system (acceleration voltage: 3 to 10 kV). An
Oxford Instruments X-MAX 80 mm? detector was used to collect the
SEM-EDX data. Cross-sectional imaging with back-scattered electrons
and EDXS elemental mapping of the epoxy-embedded samples
(microtomy block surface) were performed using an environmental
FEI Quanta 250 FEG-SEM. An Apollo XL SDD detector was used to
obtain EDXS elemental maps at 5 keV primary electron energy as a
compromise between count rate and lateral resolution. To reduce
sample charging, the instrument was operated at a N, pressure of 70—
90 Pa.

Transmission electron microscopy was performed using a Thermo
Fisher FEI Talos F200X operated at 200 kV. Besides an XFEG high-
brightness gun and a large-area Super-X EDXS detector, the
instrument is equipped with a Gatan Continuum ER spectrometer
for electron energy-loss spectroscopy. Bright-field imaging, selected-
area electron diffraction, high-resolution TEM, and high-angle annular
dark-field scanning TEM were utilized to analyze the structure and
morphology of the LP-C microtomic cross-sections. Dual EELS
mappings with an energy range of the core-loss spectra of 200—800
eV (dispersion 0.3 eV/channel) for the upper region and 200—1800
eV (dispersion 0.75 eV/channel) for the lower region were acquired
to include the ionization edges of C, N, O, and Zn at around 285, 400,
532, and 1020 eV, respectively.

To visualize the distribution of graphitized carbon in the top layer
as well as the N and Zn distributions of the bottom layer, principal
component analysis (PCA) was employed to analyze the STEM-EELS
data. PCA was used as implemented in the Gatan Microscopy Suite
(GMS) version 3.4.%% (The details of the data evaluation are described
in our previous study).

X-ray photoelectron spectroscopy was acquired using a Kratos Axis
SUPRA using monochromated Al ka (1486.69 eV) X-rays at 15 mA
emission and 12 kV HT (180W) and a spot size/analysis area of 700
X 300 um? The instrument was calibrated to gold metal Au 4f (83.95
eV) and dispersion was adjusted to give a BE of 932.6 eV for the Cu
2p3/2 line of metallic copper. The Ag 3d5/2 line FWHM at 10 eV
pass energy was 0.544 eV. The source resolution for monochromatic
Al Ka X-rays is ~0.3 eV. The instrumental resolution was determined
to be 0.29 eV at 10 eV pass energy using the Fermi edge of the
valence band for metallic silver. Resolution with the charge
compensation system on <1.33 eV FWHM on PTFE. High-resolution
spectra were obtained using a pass energy of 20 eV, step size of 0.1
eV, and sweep time of 60 s, resulting in a line width of 0.696 eV for
Au 4£7/2. Survey spectra were obtained using a pass energy of 160 eV.
Charge neutralization was achieved using an electron flood gun with
the filament current = 0.4 A, charge balance = 2 V, and filament bias =
4.2 V. Successful neutralization was adjudged by analyzing the C 1s
region wherein a sharp peak with no lower BE structure was obtained.
Spectra have been charge corrected to the main line of the carbon Is
spectrum (adventitious carbon) set to 284.8 eV. All data was recorded
at a base pressure of below 9 X 10-9 Torr and a room temperature of
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294 K. Data was analyzed using CasaXPS v2.3.19PR1.0. Peaks were fit
with a Shirley background prior to component analysis.
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Energy dispersive X-ray analysis of Zn(NO3),;-enriched primary films
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Figure S1. Exemplary top-view EDX map of the precursor film C/Zn(8), EDX spectra of C/Zn(2), (5), (6), and (8).

Scanning electron microscopy of Zn(NQO;),-based sensors
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Figure S2. Top-view scanning electron micrographs of LP-C/Zn (0),(1),(2), (5), (6), and (8).

Energy dispersive X-ray analysis of Zn(NO3),-based sensors
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Figure 3. EDX spectra of LP-C/Zn(2), (5), (6), and (8).
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Raman spectroscopic analysis of Zn(NO;),-based sensors
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Figure S4. Multi-peak fittings of the Raman modes in the region between 900 and 1900 cm'.
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X-ray photoelectron spectroscopic analysis of Zn(NQO3),-based sensors
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Figure S5. X-ray photoelectron spectroscopic analysis of LP-C/Zn(0),(4),(5) and (6)
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X-ray photoelectron spectroscopic analysis of Zn(NO3),-enriched primary films
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Figure S6. X-ray photoelectron spectroscopic analysis of primary films C/Zn(0),(4),(5) and (6)
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Scanning electron microscopy of ZnO-nanorods-based sensors

Figure S8. Top-view scanning electron micrographs of LP-C/ZnO(7) (left) and LP-C/ZnO(2) (right).

Energy dispersive X-ray analysis of ZnO-nanorods-based sensors

Figure S9. Exemplary top-view EDX map of sensor film LP-C/ZnO(2).
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Raman spectrum of ZnO nanorods-based sensors
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Figure S10. Top-view Raman spectra of sensor films LP-C/ZnO(2) and LP-C/ZnO(7).

Electrical conductivity of ZnO nanorods-based sensors
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Figure S11. Electrical conductivity of sensor films LP-C/ZnO(2) and LP-C/ZnO(7).
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Cross-sectional microscopic analysis
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Figure S12. a) Cross-sectional optical micrograph of the sensor film; b) Cross-sectional backscatter SEM micrograph
with correlated qualitative EDX element map of zinc (net intensities displayed),; Cross-sectional TEM analyses of the
sensor film: c) Representative high-angle annular dark- field (HAADF)-STEM micrograph with uninfiltrated regions
(black), epoxy resin (dark grey), and lacey TEM support film (light grey) d) (top) Graphitized carbon component in
upper layer identified by PCA, (bottom) N (blue) and Zn (purple) distribution in bottom layer of sensor, e¢) HRTEM
image of graphitized C of top layer with corresponding SAED pattern (inset), f) Proposed formation mechanism of
the LP-C/ZnO composite structure.
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Sensor performance
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Figure S13. Stability test over time of LP-C/Zn(3) film towards 2.5% acetone.
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Figure S14.a) Stability test over time of LP-C/ZnO(2) film. b) Resistive response of LP-C/ZnO(2) film towards 0.4%,
0.2 % and 0.04% toluene.
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Trained laser-patterned carbon as high-performance

mechanical sensors

Marco Hepp @', Huize Wang?, Katharina Derr’, Simon Delacroix (@7, Sebastian Ronneberger?, Felix F. Loeffler?, Benjamin Butz' and

Volker Strauss (™

We describe the mechanical properties of turbostratically graphitized carbon films obtained by carbon laser-patterning (CLaP) and
their application as bending or mechanical pressure sensors. Stable conductive carbonized films were imprinted on a flexible
polyethylene terephthalate (PET) substrate by laser-induced carbonization. After initial gentle bending, i.e. training, these sponge-
like porous films show a quantitative and reversible change in resistance upon bending or application of pressure in normal loading
direction. Maximum response values of AR/Ry = 388% upon positive bending (tensile stress) and —22.9% upon negative bending
(compression) are implicit for their high sensitivity towards mechanical deformation. Normal mechanical loading in a range
between 0 and 500 kPa causes a response between AR/Ry =0 and —15%. The reversible increase or decrease in resistance is
attributed to compression or tension of the turbostratically graphitized domains, respectively. This mechanism is supported by a
detailed microstructural and chemical high-resolution transmission electron microscopic analysis of the cross-section of the laser-

patterned carbon.

npj Flexible Electronics (2022)6:3; https://doi.org/10.1038/s41528-022-00136-0

INTRODUCTION

With the advent of future applications in robotics, bionics, and
smart textiles, flexible electronic devices are receiving an
enormous scientific interest'~3, Besides charge storage, energy
conversion, or light-emitting devices, flexible responsive
materials—sensors—are being explored for health monitoring
or human-machine interfaces*S.

Typical functional (semi)conductive materials for flexible
electronics include metal or semiconductor nanowires or nano-
particles (e.g., silver, gold, metal oxides)’"'°. Their nanoscale
morphologies and properties are decisive for their flexible
performance and advantageous for their utilization in thin skin-
like devices'. For the fabrication of reliable devices, methods such
as chemical vapor deposition, photolithography, screen printing,
polydimethylsiloxane (PDMS) transfer techniques, or transfer
printing are commonly used?. In most cases, these nanomaterials
are coupled with or processed into flexible and stretchable
polymers such as PDMS matrices'"'2. For film thicknesses on the
micrometer scale inner material sheer forces typically cause
cracking or delamination'>,

A great potential is attributed to organic electronic materials
based on conductive polymers, such as poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate (PEDOT:PSS), polyaniline, or
polyacetylene due to their easy processability, structural tunability,
and light-weight'#"'6, However, several drawbacks, such as poor
environmental stability, poor repeatability, or low mechanical
stability, arise with their utilization'”. Great achievements in
developing flexible electronic devices have been made with
nanocarbons such as carbon nanotubes or graphene'®2'. These
materials are generally well-suited for thin-film flexible electronic
devices due to their intrinsically low dimensions and tunable
electronic properties, which have been demonstrated in a
plethora of studies?’?®. A broad overview of carbon-based

materials used in flexible electronics is covered in a recent book
on ‘flexible carbon-based electronics’’’. Among the greatest
challenges for the production of flexible devices are long-term
stability and large-scale production.

In general, carbonized natural materials with high-surface areas
and high conductivities have the potential to replace currently
used standards due to their abundance and environmental
sustainability?®. In fact, a trend towards using carbon-based
semiconductor materials is observed in the past few years, due
to undeniable advantages like tunable electronic properties or
flexible morphology and above all: biodegradability and resource
independence?®. However, reproducible processing of carbonized
materials into functional devices is often a challenge. Modern
processing methods, such as 3D-printing or laser-processing have
recently emerged as simple fabrication techniques®®?’. The latter
is particularly interesting as it allows for the variable printing of
film-based electronics in various structures?®, Laser patterning of
electronically conductive carbon is investigated mostly in terms
of laser-assisted reduction of graphene oxide (GO) into 3D-graphene
films, which have been used for energy storage and sensing
applications?®=3%. Major drawbacks are the high costs of GO
production and the difficulties in tuning the properties of the
resulting reduced GO films as it requires a multitude of synthesis
steps. Another high potential material is laser-induced graphene
(LIG) from polyimides (Pl) which can be understood as a type of
laser-induced carbonization®=*'. Even more advantageous is the
use of organic nanoparticle inks based on naturally abundant
molecules as precursors. It provides transferability to different
flexible substrates and a high degree of tunability of the
properties of the final carbons*?*3. These inks can be produced
from a variety of molecular precursors**. Moreover, the porous,
semi-crystalline structures are environmentally stable and their
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Fabrication and initial characterization of flexible LP-C sensor strips. A Scheme of the fabrication process of laser-patterned carbon

structures. B Digital optical micrographs of a laser-patterned carbon strip on transparent PET, top view on the left and cross-section on the
right. € 2D height profile of a LP-C sensor strip obtained by vertical scanning interferometry. D Scanning electron micrographs of a LP-C film
on PET shown in (B). E Photographs of the LP-C strip on flexible PET upon positive and negative bending.

electrical properties are responsive to temperature and chemical
environment*>4¢,

In this study, we utilize carbon laser-patterning (CLaP) to
produce functional carbon-based films with an intrinsically flexible
morphology as a transferable and inexpensive method to produce
reliable mechano-sensor platforms. The laser-patterned carbon
(LP-C) was obtained from simple molecular precursors, namely
citric acid and urea, and forms a composite with the flexible
substrate, namely polyethylene terephthalate (PET) or polyur-
ethane (PU). Based on a comprehensive cross-sectional investiga-
tion by high-resolution transmission electron microscopy (HRTEM),
scanning transmission electron microscopy (STEM), and electron
energy loss spectroscopy (EELS) a mechanism for the change in
resistance of the LP-C films is proposed. After gentle training, the
mechano-sensor strips show reliable and stable performance for
several hundred cycles. The impact on the electronic properties
during quantitative bending and compression experiments was
analyzed in depth. Reversible changes in resistance on the order
of AR/R,=388% upon positive bending and —22.9% upon
negative bending are characteristic. Furthermore, quantitative
reversible responses between AR/Ry;=0 and —15% were mea-
sured for mechanical pressure in the normal loading direction.

RESULTS
Fabrication of the sensor strips

Laser-patterned carbon (LP-C) was fabricated according to a
recently published protocol with small modifications**. In brief, a
mixture of citric acid and urea was pre-carbonized at 300 °C. The
thus obtained carbon network-forming agent (CNFA) was
processed to an ink using ethylene glycol as a solvent,
polyvinylpyrrolidone (PVP) as a film forming agent (FFA), and
sodium iodide as a porogen. The mixture was gently stirred for
24 h to obtain a homogeneous viscous ink, which was applied on
polyethylene terephthalate substrates (PET), polyurethane (PU), or
nitrile gloves by doctor blading. The ink was patterned with a CO,-
laser engraver using the vector mode according to Fig. 1A (see
“Experimental” section for details). Finally, the unexposed
precursor film was rinsed off the substrate with H,0. The presence
of an infrared-laser transparent porogen (Nal) supports the
penetration of the laser energy into deeper layers and increases
the carbonization yield. However, no residues were found after
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laser patterning by spectroscopic electron microscopy within the
limitations of the applied techniques.

Characterization

Typical dimensions of LP-C patterns are 10 x 0.5mm or 2 X
0.5 mm serving as a standard for the flexibility or compression
tests, respectively. An optical micrograph of a representative
printed pattern is presented in Fig. 1B. The thickness of the
resulting laser-carbonized patterns was varied between 34 and
53um by adjusting the distance of the doctor blade during
precursor film application (Supplementary Fig. 1). The films
generally show a high roughness due to the hierarchical porous
structure generated during the laser carbonization as shown in the
height profiles obtained by vertical interference topography
measurements (Fig. 1C). The roughness arises with the formation
of the foamy structure due to evaporating products during the
carbonization process (Fig. 1D). The laser treatment imposes a
rapid heating, through which carbonization is achieved*’. The
energy input takes place from top to bottom of the film resulting
in gradual carbonization across the film. This foamy morphology
provides a high degree of mechanical flexibility compared to
purely crystalline materials.

As we have shown in previous studies, the penetration depth of
the laser is dependent on the extinction coefficient of the
precursor material**. A thickness of 15-50 um allows for penetra-
tion throughout the precursor film. The electrical conductivities
across the films were determined to be 7.2+0.8S cm~". The LP-C
film appears to be resistant against bending and touching as
shown in the photographs in Fig. 1E. After manual fast bending,
however, the films showed an infinitely high resistance although
upon inspection by eye the LP-C strip seems intact. Upon slow
bending, only minor changes in resistivity were detected as in
detail discussed in the following.

Bending sensor

To study the stress-strain characteristics of the LP-C strips, we
monitored the resistance R upon quantitative bending using a
specially designed movable electrode stage suited for periodic
fatigue testing. In the photographs in Fig. 2A an LP-C strip on PET
is mounted between two electrodes. One of the electrodes was
moved with a defined speed to bend the LP-C strip in positive

Published in partnership with Nanjing Tech University
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Fig. 2 Performance of flexible LP-C strips as bending sensors. A Photographs of a LP-C strip on flexible PET showing maximum bending in
positive and negative direction. B Curvature analysis of the LP-C strip in dependence of the distance between the two electrodes in the
movable stage. C Training the LP-C strip: Upper panel: applied change in curvature of the LP-C strip (blue: positive bending; red: negative
bending). Center panel: Corresponding resistance response in the first run (training mode). Lower panel: Corresponding resistance response
after the first cycle (operation mode). D SEM image of the LP-C strip at maximum bending after training. E, F Performance of the trained LP-C
strip in operation mode. Upper panel: change in curvature of the LP-C strip in the movable stage. Lower panel: Corresponding resistance
response of three cycles. G Photographs of a LP-C sensor strip fixed onto a nitrile glove for detection of finger motions.

(upward) or negative (downward) direction. The maximum
curvature of the bending is dependent on the distance between
the two electrodes as shown in Fig. 2B and was quantified in a
range between a minimum value of 0.07 and a maximum value of
0.4mm~" (see Supplementary Fig. 2 and “Experimental” section).
The LP-C strip was placed in the center between the moveable
electrode stage and the electronic response towards quantitative
bending was recorded with a four-probe resistance measurement
setup.

Initially, the LP-C strips were bent with a speed of Tmms™' to
reach the maximum curvature of 0.4 mm~" within 10's. After this
first test, the electrical integrity of the LP-C strip is irreversibly
destructed, i.e. the resistance of the LP-C strip responds
indistinctly to a quantitative change in curvature (Supplementary
Fig. 3). This is attributed to fractures of the material upon fast
bending. A closer inspection by scanning electron microscopy
(SEM) (Supplementary Fig. 4) shows the emergence of cracks
when looking at the LP-C pattern in a bent state. To avoid fracture,
fresh LP-C strips were bent at a slow speed of only 10 ums™'
starting at low curvatures of 0.07 mm~" and slowly increasing to
the maximum curvature of 04mm~' (three times for each
curvature/amplitude) (Fig. 2C). Thereby, the electrical integrity of
such LP-C strips was retained. This systematic training procedure
was applied for both bending directions, positive and negative in
a subsequent manner to each LP-C strip. The upper panel in Fig.
2C shows the applied curvature as a function of time (blue =
positive bending, red = negative bending), while the center panel
shows the corresponding response of R upon bending in the first

Published in partnership with Nanjing Tech University

run (training). The lower panel depicts the resulting response of R
for operation. In the training of the positive bending, at low
curvatures, the change in R is rather small but becomes larger with
increasing curvatures. After the training, the response has changed
in terms of AR and stabilizes for all subsequent cycles—in the
operation mode. A closer look at the resistance curves during the
first cycle in the inset of Fig. 2C shows two interesting aspects: (1)
AR behaves non-linear to the change in curvature and (2) each
time the curvature is increased, a step in the AR curve is observed.
This response is attributed to a slowly induced structural change in
the material. This sustainable change is finally reflected in a subtle
increase of the resistance at rest (R)—in the flat state—in the
particular case from 1.02 before to 1.29Q after the bending
experiment. Nevertheless, the structural integrity of the LP-C film in
the bent state is largely retained and only minor cracks in the
material are observed (Fig. 2D and Supplementary Fig. 4).

The asymmetric top-to-bottom geometry of the LP-C sensor
strips, i.e. the placement of the active layer on one side of the
substrate, is an advantage for the differentiation between positive
and negative bending. As shown in the red curves in Fig. 2C, a
decrease in resistance is observed upon negative bending.
Although, the extent of AR is significantly smaller (ARpax=
—183 Q) than for positive bending, a quantitative and reversible
signal is obtained.

After finishing the training, the LP-C strips can be cycled at any
speed (max: 400mms~") to any indicated curvature giving a
stable response (lower panel in Fig. 2C). For example, 600 bending
cycles to a fixed curvature show a stable quantitative response

npj Flexible Electronics (2022) 3
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Fig.3 Performance of flexible LP-C strips as pressure sensors. A Photograph of an LP-C pressure sensor on flexible PET used for quantitative
experiments. B Experimental setup for the pressure sensing experiments. C Training and performance of the LP-C. Upper panel: Initial
response of the resistance upon application of different pressures (Training). Center panel: Response of the resistance upon application of
different pressures after training/stabilization (Operation). Lower panel: Change in resistance in dependence of the applied pressure, the
dashed lines indicate a quantification of finger pressure (smart phone touch (light), pressing door bell (medium), maximum finger pressure
(dark). D Scanning electron micrographs of the LP-C pressure sensor before and after applying a maximum pressure of 500 kPa. E Quantitative
response of LP-C sensors with different thickness or laser settings. F Photographs of LP-C pressure sensors directly printed onto nitrile gloves

or PET.

(Fig. 2E). Two further exemplary bending patterns are given in
Fig. 2F. The two bending directions and the extent of bending can
be clearly differentiated. Such patterns represent, for instance,
finger motions in the positive mode as shown in Fig. 2G.

The response is systematically dependent on the film thickness.
In Supplementary Fig. 5 the resistance response of four samples
with different thicknesses—34, 41, 48, and 53 um—is shown.
Notably, the general response behavior is the same for all tested
samples. In the low curvature regime (<0.10 mm~"), the response
of thicker films is weaker, while in the high curvature regime
(>0.15 mm™"), the response of thicker films is significantly higher.
For example, at maximum curvature we find AR/R=451% for a
48 um thick film in the positive training cycle, whereas for 41 and
34 um thick films we measure AR/R values of 302% and 259%. A
mean film thickness of 53 um leads to a non-quantitative response
at high curvatures (Supplementary Fig. 5B). Therefore, we consider
the mean thickness of 48 um to be the upper threshold for
producing stable quantitative sensors. These films are character-
ized by maximum operating AR/R values of 388% and —22.9% for
maximum curvature in the positive and negative bending mode,
respectively. (Supplementary Fig. 5C, D).

Strain sensor

To test the flexibility with regard to stretching and their
applicability as strain sensors, LP-C films were printed on

npj Flexible Electronics (2022) 3

stretchable polyurethane (PU) substrates. The printing pattern
was slightly adopted to provide a better integrity upon substrate
deformation (Supplementary Fig. 6). Quantitative response was
observed upon stretching the LP-C film to 1.1 or 2.2% giving AR/R
values of 13 or 73%, respectively. Up to a strain of 3.3%, a
reversible behavior was measured giving AR/R values of around
425%, but the signal is indistinct quantitative. Strain higher than
3.3% results in irreversible rupture of the LP-C film.

Mechanical pressure sensors

The flexibility of the electrically conductive LP-C on PET and, in
particular, the porous foamy morphology induced by the laser
carbonization also facilitates the application as mechanical
pressure sensors (normal loading direction). A force gauge with
a flat tip (diameter 1.5 mm, mounted on a manual test bench) was
employed to quantitatively apply pressure on an LP-C strip (0.5 X
2mm) to test the electrical response upon normal mechanical
loading (Fig. 3A, B). As in the previous bending experiments an
initial training step was applied to bring the sensor into a
reversible state, i.e. stabilizing the resistance at rest (R,). The
training is visualized in the upper panel of Fig. 3C. First, a
maximum pressure of 924 kPa was applied which caused an
increase in R, from 136 to 171 Q. This procedure was repeated
with different pressure until the R, after application of pressure
was stabilized. After each pressure exertion a temporary decrease

Published in partnership with Nanjing Tech University
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Fig. 4 Cross-sectional chemical and structural analysis of flexible LP-C sensor strips. A Optical micrograph of the resin infiltrated LP-C film.
B Cross-sectional high-angle annular dark-field (HAADF)-STEM overview of LP-C film (PET substrate on bottom cropped, some pores appear
black due to insufficient infiltration, web of Lacey TEM support film superimposed, epoxy at constant gray value). C EELS elemental maps of C,
N, and O taken from the dashed area in (A) (concentrations given in at% without hydrogen). D Bonding analysis of the same region (blue: pure
graphitic carbon, red: amorphous pore walls, yellow: pockets, white/black: resin). E EELS fitting parameters visualizing the distributions of the
four components. F Representative HRTEM images from the upper and lower film regions. G Representative selected-area electron diffraction
(SAED) patterns from the upper and lower regions of the LP-C film where the atomic-resolution micrographs were recorded. H Radial intensity
scan from SAED pattern of the upper region of the LP-C film as shown in (F) (black) and simulated graphitic carbon (red).

in resistance is noted, however, the R, increases slightly until it
stabilizes at 181 Q.

Once the R, is stable, the sensor strip was tested for different
pressure settings. Every subsequent pressure exertion quantita-
tively translates to a decrease in resistance. The center panel of
Fig. 3C shows the resistance of an LP-C sensor strip upon
subsequent application of different pressures as indicated in the
graph. Notably, during operation the R, is stable. In the lower
panel of the graph, the quantitative response in terms of AR/Ry is
shown. The change in resistance scales in a bi-linear fashion with
the applied pressure as shown in the lower panel of Fig. 3C. In the
low-pressure regime <60 kPa, a steeper slope is observed with AR/
Ro values of up to —5%. The high-pressure regime >60 kPa is
characterized by a resistance response of AR/Ry in the range of —5
to —10%. The overall morphology of the LP-C strip after the
application of pressure appears still porous. However, obvious
compression effects are noted. The SEM images in Fig. 3D show
the same spot of the LP-C strip before and after exertion of
pressure. Apparently, the porous structure is plastically com-
pressed, which leads to a temporary increase in conductivity, as
additional connections within the conductive material are
established. Upon release of the mechanical pressure, these
temporarily established connections are disconnected.
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Like with the bending sensors, the response of LP-C as pressure
sensors changes with the thickness of the LP-C. As demonstrated
in Fig. 3E, four different mean film thicknesses of 34, 41, 48, and
53 um were tested and a higher response was found for thicker
LP-C films. The 53 um thick film gives a response with maximum
values of AR/Ry= —15%. A lower mean thickness of 34 um results
in AR/R, of only —5%. One intriguing aspect about the employed
laser carbonization technique is its versatility regarding the choice
of substrates. For example, the LP-C sensors can be printed
directly onto nitrile gloves (Fig. 3F).

Cross-sectional characterization
To obtain a deeper understanding of the functional principle of
the electronically responsive LP-C sensors, we conducted a
detailed cross-sectional analysis. To preserve the film morphology
and to generate cross-sectional samples for optical microscopy
(OM) and TEM by ultramicrotomy, the LP-C films were infiltrated
and thus completely embedded in a resin (see “Experimental”
section).

The optical micrograph in Fig. 4A shows that the LP-C film is
literally imprinted into the PET substrate. Under the applied laser
illumination, the upper layer of approximately 40 um of the PET
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substrate appears lighter with respect to the rest of the substrate.
In this region, the LP-C penetrates into the PET and vice versa
providing the overall stability of the LP-C films against delamina-
tion. This effect stems from the heat induced by the laser, which
causes the PET to melt (mp =260 °C) and merge with the LP-C.
The molten PET becomes visible after removing the LP-C film with
the aid of ultrasonication in 0.1 M KOH/H,O (Supplementary Fig.
7). Furthermore, the optical micrograph shows a color/reflectance
gradient from dark gray to shiny from the top to bottom of the
film. This is correlated to chemical and structural variations across
the film, which were analyzed in detail by (S)TEM.

Throughout the whole film, the LP-C patterns appear highly
porous with a sponge-like structure as demonstrated by the STEM
micrograph of a representative thin section Fig. 4B. The analysis
corroborates a high degree of open porosity as almost all pores
are well infiltrated with the resin throughout the films with a few
local exceptions mostly on the substrate side (also confirmed by
OM). Those residual voids appear black in the detailed analysis
and do not show any signals (Fig. 4B, C, E). The pore diameters
typically range from a few tens of nanometers up to a few
micrometers throughout the functional film (Fig. 4A, B). The
thickness of the pore walls varies from only a few nanometers at
the top of the film and up to a few 100 nm towards the PET
substrate (cf. STEM overview image in Fig. 4B and corresponding
chemical-bond mapping in Fig. 4E). Moreover, at the substrate
side, pockets between the pores are found, which are more
evident in the chemical-bond mapping in Fig. 4E. Those pockets
appear to be filled with less converted precursor material.

The cross-sectional TEM investigation allows for a detailed
chemical and structural analysis across the whole LP-C film. A clear
gradient with respect to the local chemical composition and
consequently the bonding of carbon was found and confirms our
previous interpretations**. The EELS elemental distributions in Fig.
4C show the compositional gradients of carbon, nitrogen, and
oxygen across the film. As expected from the laser treatment with
the highest process temperature at the upper half of the film, the
top part appears to be converted to mostly graphitic carbon
explaining the thin pore walls. In contrast, high nitrogen and
oxygen contents close to the composition of the reactants are
determined in the lower half of the film. Unfortunately, the local
concentration of hydrogen is not directly accessible by the
employed techniques. The chemical-bond analysis (Fig. 4D, E,
details in Experimental Section) clearly confirms the almost
exclusive presence of graphitic carbon in the upper part (cf.
obtained reference spectrum of graphite in Fig. 4D), while two
components, i.e. amorphous pore walls and the less affected
pocket regions in-between are clearly distinguished in the lower
part of the film. Although the pockets between the pores -
towards the substrate side — and the adjacent pore walls show
similar compositions and are thus hardly separable in the
elemental distributions (Fig. 4C), they clearly show different
bonding character (Fig. 4E). Representative HRTEM images of the
upper and the lower part of the films are presented in Fig. 4F.
These images in conjunction with corresponding selected-area
electron diffraction (SAED) patterns in Fig. 4G confirm a high
degree of crystallinity of turbostratic graphitic carbon in the upper
LP-C film regions while the lower regions still consist of
predominantly amorphous pore walls and pockets. The crystal
structure of graphite is clearly confirmed by comparing the radial
SAED intensity distribution from the upper film region with a
kinetic simulation presented in Fig. 4H; the differences in
intensities, in particular the lower intensities of the (002), (004)
and related reflections are attributed to the geometry of the cross-
sectional TEM sample with presumably less basal planes of the
graphite in diffraction condition.
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DISCUSSION

Taking all information from the cross-sectional analysis into
consideration, we draw the following conclusions. The overall
mechanical stability against delamination is provided by penetra-
tion of molten PET into the LP-C film. Furthermore, we observe
systematic chemical and structural gradients across the films due
to the depth-dependent energy input during the laser-induced
carbonization, resulting in a gradual graphitization. Around
10-15 pm below the film surface a clear and considerably abrupt
transition region from crystalline turbostratic graphite to amor-
phous oxygen and nitrogen containing carbon is found.

This observation supports previous results**. During laser
carbonization, heat induced by the laser causes the decomposi-
tion of the precursor. The subsequent rapid release of gases
causes the formation of pores, while the remaining material (pore
walls) carbonizes and partly graphitizes. A lower degree of
graphitization in the lower regions results in thicker pore walls.
The expansion of the material during the laser-induced evapora-
tion of the precursors causes some of the unreacted precursor
material to be trapped in pockets between the pores.

It seems likely, that the turbostratically graphitized material is
responsible for the electronic conductivity, however, morphologi-
cal variations throughout the film impede a detailed micro-
electrical analysis. As the overall porous morphology stays intact
after mechanical training as well as during operation, the origin of
the change in resistivity is attributed to nanoscopic changes of the
local microstructure while preserving the mechanical integrity.
The conductive part, i.e. the pore walls, is of turbostratic graphitic
nature, i.e. nanocrystalline carbon and is best compared to
activated carbons**. According to the electric contact theory’, the
conductivity of activated carbons depends on the distance
between conductive particles and their average size*®. Application
of mechanical stress such as positive bending of the LP-C sensor
effectively results in the release of mechanical pressure from the
carbon network while application of mechanical pressure
(negative bending) compresses the graphitized domains in the
carbon network. In the same manner, the conductivity in activated
carbons changes upon variation of the pressure®®>°, In LP-C,
maximum bending results in a response of AR/Ry = 400% or —15%
for positive or negative bending, respectively. Most stand-alone
(binder-free) flexible carbon materials are based on graphene,
carbon nanotubes, or carbon fibers. These carbon materials are
genuinely advantageous due to their extremely high conductiv-
ities and their chemical inertness. However, their high conductiv-
ities limit their response for resistive sensing. For example, a
graphene/carbon nanotube composite gives a AR/Rp=2% at
maximum bending. Pure carbon nanotube (CNT) networks give an
even lower response”'. Motion sensors based on carbon blacks are
typically composited with conductive metallic nanoparticles to
form conductive networks. Such motion sensors give a reasonable
response of up to AR/R, = 80%°2. However, in these scenarios, the
response it not sensitive to the bending direction. In comparison,
the herein discussed conductive foamy turbostratic carbon
networks produced by CLaP are an extremely simple and cost-
effective method and show excellent performance as mechanical
sensors. Yet, the main drawback is the limited performance when
applied as strain sensors.

We presented a comprehensive study on the mechanical
properties of turbostratically graphitized carbon films obtained
by CLaP. After slow training, the porous films show a stable and
reproducible change in resistance of AR/Ry=388% and —22.9%
upon bending in positive or negative direction, respectively, with
a quantitative response to any curvature. The films are envir-
onmentally stable and can be operated for several thousand
cycles. A quantitative response is also obtained upon compression
at normal loading. These properties make laser-patterned carbon
films applicable as mechanical motion and pressure sensors
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envisioning their utilization in robotics and bionics. An in-depth
microscopic and spectroscopic cross-sectional analysis provides
unprecedented insights into the microstructure and local chem-
istry of laser-patterned carbon. A compositional and structural
gradient across the film due to the unidirectional laser impact was
visualized by HRSTEM and EELS analyses. The sponge-like
morphology of the turbostratic crystalline carbon provides a high
degree of flexibility for reversible resistance changes. These
properties make laser-patterned carbon interesting as a novel
sustainable material for mechanical sensors with excellent
mechanical properties and durability.

METHODS
Raw materials

Citric acid (99.5% for analysis, Fisher Scientific GmbH), urea (Certified AR for
analysis, Fisher Scientific GmbH), ethylene glycol (299.7%, AnalaR
Normapur, VWR), polyvinylpyrrolydone (average mol wt. 10,000, Sigma
Aldrich), sodium iodide (99.5% min, Alfa Aesar) were used without further
purification. PET substrates (Melinex sheets, Dupont) with a thickness of
170 um were used as obtained from Plano GmbH. PU substrate was
Desmopan 9370 AU from Covestro Deutschland AG.

Preparation of carbon network-forming agent (CNFA) and the
precursor films

Citric acid and urea were thoroughly mixed in a quartz crucible. The vessel
was covered with a lid to avoid spilling of the foaming reaction product
and to allow evaporation of evolving gases a small opening was placed
under the lid. The mixtures were annealed at 300 °C in a tube furnace for
2h under constant flux of N, (0.1 Lmin~"). After annealing, the black
reaction product was retained and grinded in a ball mill to obtain a fine
black powder (CNFA).

Polyvinylpyrrolidone (200mgmL~") was dissolved in ethylene glycol
(EtGly) to obtain a 0.2gmL™" solution (PVP/EtGly). Sodium iodide was
dissolved in the mixture at a concentration of 0.4 mg mL~". The CNFA was
then added and stirred for 24h to obtain a 1gmL~" dispersion. The
resulting ink was was doctor bladed on the PET substrates to obtain
uniform films. Ethylene glycol was then evaporated at 80 °C on a precision
hotplate (PZ2860-SR, Gestigkeit GmbH) to obtain the precursor films.

Laser-assisted carbonization

Laser carbonization was conducted with a high-precision laser engraver
setup (Speedy 100, Trotec) equipped with a 60 W CO, laser. Focusing was
achieved with a 2.5 inch focus lens providing a focal depth of ~3 mm and a
focus diameter of 170 um. The center wavelength of the laser is 10.6 +
0.03 um. The scanning speed v/, generically given in %, was converted into
ssm~ . The effective output power P of the laser was measured with a Solo
2 (Gentec Electro-Optics) power meter. The resulting energy input per
distance (or fluence) Fin Jm~" in the vector mode onto the film is given by

F=P-V

For the experiments, the laser settings were adjusted to meet the
requirements of the films. After laser carbonization the unexposed zones of
the precursor films were rinsed off the substrate with H,O.

Mechano-resistance measurements

Bending experiments were performed with a home-made force table. The
sample strip was clamped by two opposing copper electrode clips at a
distance of 25 mm, of which one was connected to a movable table. To
provide a better electrical contact both ends of the carbon strip were
connected with silver paint to the copper electrodes. The curvature of the
bending was determined by translating the shapes from photographs into
x-y data using the freeware Engauge Digitizer. The curvature is defined
as the inverse radius at the maximum point of bending.

Compression experiments were conducted with a digital force gauge with
a flat tip with a diameter of 1.5cm mounted on a manual test bench.
Sensor strips with dimensions 0.5 X 2mm were patterned on PET
substrates. At the two ends of the pattern silver ink was applied to provide
proper contact to the electrodes. Reference measurements were
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conducted to ensure that the silver ink did not affect the performance
of the sensor.

In all experiments, the resistance was monitored in four-point geometry
using a RS PRO RSDM3055A digital multimeter controlled by Matlab-based
software.

Preparation of resin infiltrated films for cross-sectional TEM
analysis

Cross-sectional preparation of electron transparent TEM samples was
conducted by ultramicrotomy using a Leica EM UC7 microtome. To
conserve the film morphology, individual patterned samples on PET were
extracted by doctor-blade cutting and embedded in epoxy (Epofix, Struers,
Germany). A self-built vacuum tool was employed to infiltrate the highly
open-porous samples. Curing of the epoxy was achieved by annealing at
60 °C for 4 h. The sample regions, potentially damaged by blade cutting,
were removed by trimming (DIATOME 45° trim knife) a truncated pyramide
with a trapezoid-shaped block face. Cross-sectional TEM samples were cut
with a DIiATOME 45° histo diamond knife and were subsequently
transferred onto Lacey carbon TEM grids (TedPella/Plano) for enhanced
support.

Characterization

Scanning electron microscopy was performed on a Zeiss LEO 1550 Gemini
microscope at acceleration voltages in the range of 3-10 kV.

Vertical scanning interferometry was performed with a vertical scanning
interferometer smartWLI compact (GBS mbH, Germany) with the software
smartVIS3D 2.28 Tango and visualized with MountainsMap 8.

Transmission electron microscopy was performed utilizing a Thermo
Fisher FEI Talos F200X operated at 200 kV. The instrument is equipped with
a XFEG high-brightness gun, a large-area Super-X EDXS detector and a
Gatan Continuum ER spectrometer (with high-speed DualEELS, dispersion
0.3 eV/channel, DigiScan, EDXS integration, GMS 3.4x) for electron energy-
loss spectroscopy. For morphological and structural analyses, bright-/dark-
field (BF/DF) imaging, selected-area electron diffraction (respective
selected-area diameter on sample corresponding to almost 1 um), high-
resolution TEM and high-angle annular dark-field scanning TEM were
conducted, while advanced electron energy-loss spectroscopy was
employed for detailed compositional and chemical-bond analyses. Owing
the relative thickness of the prepared cross-sections (around 0.4-1.2 mean-
free paths for inelastic scattering depending on the local material), Dual
EELS was used to simultaneously record core-loss as well as corresponding
low-loss spectra for systematic energy-loss recalibration and the removal
of multiple scattering from the element-specific core-loss spectra by
deconvolution. The core-loss spectra in the energy-loss range of
200-800 eV covered all interested ionization edges of C, N, and O at
around 285 eV, 400 eV and 532 eV, respectively. The elemental distribu-
tions of C, N, and O were quantified using the theoretical ionization cross-
sections as implemented in the Gatan software suite because the results
from the used epoxy as internal reference closely correspond to its given
composition. The presented atomic concentrations exclude hydrogen
because it is not measurable by EELS, thus cc + ¢y + ¢o in Fig. 4B equals
100 at%. For detailed chemical-bond analyses, four major components,
namely the epoxy, graphitic carbon (upper sample regions), pore walls in
the lower regions and less reacted pockets, were identified and reference
spectra were obtained from the mapping itself. Therefore, individual
spectra from such well characterized regions (match with STEM/HRTEM
data) were thoroughly selected, summarized and finally normalized. To
distinguish between the different components, each individual spectrum
of a mapping was evaluated by fitting (multiple least-squares minimiza-
tion) those references to the carbon ionization edge (energy-loss range
280-310eV). The evaluation implied the thorough verification of the
corresponding intensities of the N and O ionization edges.
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Supplementary Figure 1. Thickness analysis of LP-C sensor strips. a) 2D height profiles of the LP-sensor strips
measured by vertical scanning interferometry; b) Mean height of the LP-sensor strips obtained from the 2D height
profiles above.

Supplementary Figure 2. Bending experiments. Photographs of the LP-C strip on PET mounted between two movable
electrodes. The number indicates the curvature.
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Supplementary Figure 3. Bending experiments. a) change in curvature of the LP-C strip in the movable stage at a
speed of 0.4 mm s%. b) Corresponding change in resistance.

Supplementary Figure 4. Scanning electron micrographs of LP-C strips in a bent state (positive = upwards) a)
without and b) after training.
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Supplementary Figure 5. Performance of LP-C sensor strips with different thickness. a) Resistance response in the
training cycles (positive curvature) of LP-C strips with different mean thickness — 34 um (red), 41 um (black), 48 pm
(green); b) Resistance response in the training cycles of an LP-C strip with a thickness of 53 pm (blue). c) Resistance
response in the positive bending training (dark green) and operating cycle (light green) of LP-C strip with a mean
thickness of 48 pm (green); d) Resistance response in the negative bending training (dark green) and operating cycle
(light green) of LP-C strip with a mean thickness of 48 pm (green).
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Supplementary Figure 6. Stretching experiments. a) Printing pattern used for stretching experiments. Sensor strips
were printed on PU substrates; b) Response of R upon stretching the sensor strip to 1.1, 2.2, or 3.3%.

S3



© 200 5}[11

Supplementary Figure 7. PET substrate after removing the LP-C film. a) Digital micrograph of a LP-C strip on PET;
b) The same region after removing the LP-C film by ultrasonication in 0.1 M KOH/H,O; c) Cross-sectional view on
the PET substrate after removing the LP-C film by ultrasonication in 0.1 M KOH/H,0. The two images in the center
and on the right show the molten regions in the PET substrate. It can be seen that besides the laser keyholes the PET
elevates above the flat upper substrate surface.
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Flexible CO, Sensor Architecture with Selective Nitrogen
Functionalities by One-Step Laser-Induced Conversion of

Versatile Organic Ink

Huize Wang, Charles Otieno Ogolla, Gyanendra Panchal, Marco Hepp, Simon Delacroix,
Daniel Cruz, Danny Kojda, Jim Ciston, Colin Ophus, Axel Knop-Gericke, Klaus Habicht,

Benjamin Butz,* and Volker Strauss*

Nitrogen-containing carbons (NC) are a class of sustainable materials for selec-
tive CO, adsorption. A versatile concept is introduced to fabricate flexible NC-
based sensor architectures for room-temperature sensing of CO, in a one-step
laser conversion of primary films cast from abundant precursors. By the unidi-
rectional energy impact in conjunction with depth-dependent attenuation of the
laser beam, a layered sensor heterostructure with a porous transducer and active
sensor layer is formed. Comprehensive microscopic and spectroscopic cross-
sectional analyses confirm the preservation of the high content of imidazolic
nitrogen in the sensor. The performance is optimized in terms of material mor-
phology, chemical composition, and surface chemistry to achieve a linear relative
resistive response of up to AR/Ry =—14.3% (10% of CO,). Thermodynamic anal-
ysis yields A,4cH values of —35.6 and 34.1 k]-mol™' for H,0 and CO,, respectively.
The sensor is operable even in humid environments (e.g., AR/Rq gy — 502, = 0.53%)
and shows good performance upon strong mechanical deformation.

1. Introduction

Monitoring CO, is imperative to understand its origin and
impact. Both, the global climate crisis and the current COVID-19
pandemic have shifted attention and created awareness of the

need for comprehensive CO, monitoring
on local and global scales.l"? To fight global
warming, a deeper awareness of the public
of the impact of greenhouse gases like CO,
may be required. In industrial and work
environments, high concentrations of CO,
(in)directly pose health risks due to acidosis
or the enrichment of undesired species like
viruses, or may cause performance loss
even during office work.’l Capable smart
mobile devices and flexible wearables to
collect exhaled breath may support decen-
tralized healthcare as well as professional
and amateur sport.

Handheld or stationary infrared absorp-
tion sensors represent state-of-the-art
device technology but exhibit limitations
regarding versatility, compactness, and
integrability.’) Integrated micro-sensors,
with a superior property portfolio including small size, flex-
ibility, and low cost would facilitate comprehensive spatial and
temporal analyses of CO, in a wide range of applications.[®!

Thus, the development of simple miniaturized sensors with
a rapid response for a wide range of CO, concentrations has
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Figure 1. Scheme of sensor fabrication, optimization, and testing: A) Pyrolysis of adenine/glucose, mixing with porogen, film-forming agent, and sol-
vent to obtain a viscous ink; B) Coating by doctor-blading and subsequent laser-patterning in different atmospheres; C) Photographs of a 20 cm? PET

substrate with 36 LP-NC sensor strips (left) and a single sensor strip on flexible PET bent in positive direction (right);

D) Schematic of the “inverted”

sensor architecture of an LP-NC sensor with the graphitized carbon transducer layer and the N-containing carbon sensor layer; E) Illustration of the
gas-sensing cell used to characterize the resistive response of the LP-NC sensors in different environments.

attracted the attention of materials scientists.”l Device concepts
are typically based on synthetically functionalized or hybridized
(with metals or metal oxides) carbon nanomaterials (CNM) to
provide specific active sites on their surface or to tune their
electronic properties, respectively.®! However, relatively high
costs, associated with the sophisticated materials and fabrica-
tion processes, are still a challenge for commercialization.[¥]

A promising inexpensive alternative is tailored nitrogen-
containing carbons (NCs). Such NCs, obtained from pyrolysis,
are a class of materials, which has been proposed for selec-
tive CO, capture or conversion as they intrinsically provide
selective binding sites for CO,."! In particular, polypyrrole
or imidazole-based NCs demonstrate a remarkable CO, sorp-
tion capacity as well as excellent environmental stability and
electrical conductivity.'*-8 Like CNMs, those particulate NCs
require additional processing steps to generate complex sensor
architectures.

Considering that simple, fast, and cost-effective processing
makes a difference in applicability, printing technologies are
a favored solution as they minimize fabrication costs and
personal training procedures.!” In the past decade, laser pro-
cessing has become popular for the fabrication of flexible min-
iaturized chemical®23 and mechanical®*2% sensors®’! but
also other flexible d. Commonly, porous laser-patterned carbon
(LP-C) films with tailored properties are obtained by laser treat-
ment of, for example, graphene oxide,?® polyimides,?! or
lignins.% Typical strategies for sensor improvements for gas-
eous or liquid analytes include detection by a change of the
thermal conductivity, by incorporation of heterojunctions, or
post-functionalization.??7l In contrast to using polymeric pre-
cursors, naturally abundant, molecular compounds as starting
materials provide enhanced versatility to engineer materials
by implementing specific functional groups during their
fabrication.}l

This study demonstrates that the proposed concept of single-
step laser-patterning of optimized organic precursor coatings

Adv. Funct. Mater. 2022, 32, 2207406 2207406 (2 of"IZ)

enables the fabrication of tailored sensor heterostructures even
on flexible substrates. Here, we present a complete architec-
ture for CO, sensing on polyethylenetherephthalate (PET).5?
The flexible nitrogen-containing LP-C (LP-NC) sensors exhibit
high sensitivity to CO, and a decent degree of selectivity even
in humid environments in conjunction with good cycling sta-
bility and excellent mechanical properties. Adenine was used as
the major precursor due to its rich nitrogen functionalities; glu-
cose and sodium iodide were employed as foaming agents and
porogen, respectively. The fabrication process was optimized in
terms of precursor synthesis, primary film composition/thick-
ness, laser parameters, and reaction atmosphere to enhance the
sensor response. The performance for CO, sensing was proven
in dry as well as humid environments. Structure formation and
operating principle of the complex sensor were elucidated by
comprehensive micro- and nanoanalyses.

2. Results and Discussion

2.1. Design of CO, Gas Sensor and Processing

Laser-patterned LP-NC sensors (0.5 X 5 mm with enlarged
end electrodes) were realized in a resistive sensor design. The
integrated approach includes ink optimization/preparation,
film-casting, and laser-carbonization (Figure 1A,B). The pre-
cursor ink combines functionalities of pre-carbonized adenine
(CsNsHs) as nitrogen-rich precursor, pre-carbonized glucose as
foaming agent®* (and additional carbon source), sodium iodide
(Nal) as porogen,*¥ and polyvinylpyrrolidone (PVP) as film-
forming agent (FFA).1*l Those were dissolved in ethylene glycol
(EtGly) and the resulting ink was cast onto flexible polyethyl-
eneterephthalate (PET) substrates of 20 cmf? by doctor-blade
coating.

The primary films were irradiated with a mid-infrared
COj-laser under different atmospheres (air, N, or O,) to create

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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the LP-NC sensor strips. The unexposed precursor material
was rinsed off the substrates with deionized water. By laser
treatment, we produce an “inverted” sensor architecture with
a graphitized carbon transducer layer (upper layer) and N-con-
taining carbon sensor layer (lower layer) inside each sensor
film (Figure 1D). A typical electrical or electrochemical sensor
architecture is composed of 1) a high-surface area sensor mate-
rial with specific binding sites and 2) a conductive transducer
material that transmits the signal to a 3) read-out unit. In the
present case, the conductive transducer material evolves as a
porous graphitic carbon network on top of the sensor layer.

In each batch, 36 gas sensor strips were produced in only
144 s (Figure 1C). Subsequently, the LP-NC strips were tested as
resistive sensor platforms to detect CO, at room temperature
in a gas-flow cell (Figure 1E). To enhance the sensor response
toward CO,, the pre-carbonization parameters, laser param-
eters, process atmosphere, ink composition, and coating thick-
ness were optimized.

2.2. Materials and Process Optimization
2.2.1. Screening CNFA Reaction Temperature

Pre-carbonization of molecular precursors is a requirement for
laser-carbonization, as it condenses the precursors and sup-
ports the formation of a conductive LP-C film (Figure 2A).3Y
In a temperature range of 300—400 °C, adenine undergoes con-
densation, which is revealed by a color change and a reduction
of the N-content (formation of carbon-network forming agent:
CNFA) (p. S2, Figure S1, Supporting Information).

To be applicable as chemiresistive sensors, the electric
conductivity (o) of LP-NC and the change of resistance upon
exposure to 10% CO, (response: AR/R,) are essential factors.
We tested the influence of the pre-carbonization temperature
on o of the LP-NC (produced under air) and their response
to exposure to 10% CO,. The LP-NC films produced from the
different CNFAs are named LP,,_Ade300 — LP,;,_Ade400. In
Figure 2A, the conductivity and response to exposure of 10%

CO, of these films are plotted. LP,;,_Ade300 and LP,;,_Ade320,
and LP,;, Ade400 are not conductive while the highest con-
ductivity of 30.6 S cm™ is observed for LP,;,_Ade340. In initial
sensing experiments, we found that LP,;-Ade380 shows the
highest AR/R, values in comparison to the precursors annealed
at lower or higher temperatures (Figure 2A). For all subsequent
experiments, we used the Ade380 as the standard CNFA. Glu-
cose was pre-carbonized at 300°C according to the previous
optimization.[*!l

2.2.2. Laser Parameters

As recently demonstrated, each CNFA shows a characteristic
response to the laser processing parameters, i.e., the incident
power and scanning speed.?!) Optimal scan speeds of 189 cm s7!
and laser power of 1.1 W (pp. S2-S3, Figure S2, Supporting
Information) were obtained by optimizing the conductivity and
performance of reference LP-NCs (pure adenine-CNFA).

2.2.3. Process Atmosphere

Moreover, the reaction atmosphere is a critical factor for the
resulting properties (Figure 2B), as laser-patterning involves
pyrolysis and combustion processes, and the surface polarity
induced by oxygenation was found to improve the sorption of
CO,. When changing from N, or air to a pure O, atmosphere,
the resistive response was increased by more than one order of
magnitude from AR/Ry = —0.22% to -3.2% for LP,-Ade380 at
10% CO, exposure, while the LP-NC morphology is only mar-
ginally influenced by the reaction atmosphere (p. S3, Figure S3,
Supporting Information).

2.2.4. Porosity — Foaming Agent

Increasing porosity leads to improving the accessibility of CO,
to active sites in the film. Glucose is a well-known precursor for

Ade380 / %
0.0- 7 5100 90 80 65 50 35 20 10 0 0.
130
X ‘.-E R -2+ < -4
= -0.2] 205 > = .
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Figure 2. Materials and process optimization: A) Dependency of electric sheet conductivity (black dots) and resistive response (green) on pre-carbon-
ization temperature of adenine (LP,;-Ade300—-400) upon exposure to 10% C0O,:90% N, (starting coating thickness 75 um, optimized pre-carbonization
temperature highlighted in red; green star symbol referring to the same sample in B); B) Resistive response (10% CO,:90% N,) of pure and mixed
LP-NC heterostructures upon laser-treatment in different environments (N,, O,, air) (optimized composition highlighted in red; orange star symbol
referring to the same sample in C); C) Resistive response of LPy,-Ade3804,/Glu300,, sensors, laser-treated in oxygen, with different thickness of 45,
75, and 100 um upon exposure to 10% CO,:90% N,.
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carbonized materials that generate high surfaces by foaming.
In this study, we use pre-carbonized glucose (Glu300) as a
CNFA in laser patterning, and a carbon foam is obtained. Bub-
bles in a size range between tens of nanometers up to several
microns are observed (Figure S4, Supporting Information).
This foaming effect of Glu300 during laser-carbonization is
used to increase the porosity of the LP-NC. To test this hypoth-
esis nine compositions with different mixing ratios of Ade380
(N-source) and Glu300 (foaming agent) were tested for the
response toward 10% CO, (Figure 2B; p. S4, Figure S4, Sup-
porting Information). As both, high concentrations of active
N-sites and good access to those sites by sufficient porosity are
required, LP-NC films with a significant fraction of glucose-
CNFA yield the highest responses., i.e., the best response is
obtained for adding 10 wt% of Glu300 to the Ade380 precursor
film (LPg,-Ade3804y/Glu300;y) produced under O, reaching
AR/Ry = —6.3%. Therefore, for the optimized sensor, compre-
hensively investigated in this study, a CNFA ratio of 90:10 wt%
(adenine-CNFA:glucose-CNFA) was used.

2.2.5. Film thickness

The response of LP,-Ade3809y/Glu300,, was finally enhanced
to AR/Ry = —14.3% by increasing the thickness of the initial
precursor coating from 75 to 100 um (Figure 2C), while the
response of the 45 um film was much reduced (Figure 2C).
This is owing to a reduced number of active sites in the lower
layers. In fact, a balance between the severely graphitized upper
layer and the preservation of active N-sites in the lower layers is
required to form an efficient two-layer sensor heterostructure.
However, further increase of the thickness leads to delamina-
tion (e.g., materials loss upon rinsing).

2.3. Microstructure and chemistry of sensor architecture

To unravel the structure formation and functionality of the
LPy,-Ade3809y/Glu300, sensor with its N and O functionalities,
a comprehensive investigation of the film morphology, local
composition/bonding, and structure was carried out (Figure 3).
Throughout the entire laser-irradiated area the films show a
typical open-porous morphology®” (Figure 3A,C,D; Figure S5,
Supporting Information) facilitated by the synergistic foaming
effects of Glu300 and Nal. The depth-dependent attenuation of
the irradiation was successfully utilized in one-step laser treat-
ment to create the lateral heterostructure with transducer and
sensor sub-layers (Figure 3C,D). Strongly different morpholo-
gies of the two layers in terms of composition and structure
(Figure 3C-F; Figure S5, Supporting Information) afford their
different functions. The excellent mechanical integrity and
good interconnection are reflected in the cross-sectional data
as well as in the sensing tests upon repeated elastic bending
(Figure 4F).

The granular starting morphology with um-sized glucose/
adenine-CNFA particles is proven by cross-sectional SEM-EDXS
(Figure 3C). To distinguish between device regions from
the glucose-CNFA and the embedding resin, the local pres-
ence of the porogen Nal is considered. The homogeneous
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Na distribution within the sensor layer in contrast to the
patchy N-distribution confirms a few um-sized regions, which
are attributed to the globular glucose-based CNFA within the
N-containing matrix.

Extensive pore formation occurs during laser treatment. In
the upper transducer layer, open, interconnected macropores
are generated as indicated by the complete infiltration by epoxy
resin (Figure 3C,D). That pore network ensures excellent acces-
sibility to the active N-sites of the sensor layer by the analyte
and carrier gas. Only a sparse network of graphitized carbon
remains, which is laterally interconnected and ensures a suf-
ficient charge transport capability. The sensor layer exhibits a
generally lower degree of porosity as expected from the reduced
laser impact at larger depths. Only a minor volume fraction of
enclosed meso- and macropores was observed (e.g., unfilled
pores in Figure 3C,D (left), Figure S5C, Supporting Informa-
tion). A quite narrow transition zone between the sensor and
transducer layer is corroborated by the cross-sectional analyses
(Figure 3B,C). The foaming agent becomes pyrolyzed or par-
tially transformed into graphitized carbon, whereas the porogen
Nal (partially) evaporates, with Nal still being present in the
sensor layer (Figure 3C, Na map).

In conjunction with the depth-dependent pore morphology,
severe compositional and chemical bond gradients are revealed
(Figure 3C,D). The gradient conversion of the precursors, both,
from the sensor to the transducer layer as well as within the
sensor layer from the core regions to the surfaces, is evident.
The global preferential loss of nitrogen during carbonization3®!
is depicted in Figure 3C,D (cf. N/C maps). The graphitized
carbon skeleton of the central transducer layer did not show
any nitrogen signals in EELS/EDXS. Occasionally, residual
N-rich particles are found (Figure 3C,D, N map), which are
explained by severe enthalpic cooling upon evaporation of the
adjacent material.

Within the sensor layer, an abrupt depletion of the local
nitrogen content in the shell regions is observed, while the com-
position of the core regions is rather constant (Figure 3D, N/C
maps of sensor layer). Comparing that core composition after
laser treatment, i.e., a concentration ratio of nitrogen:carbon
=~35:55 (at%), with the composition of the adenine-CNFA
(Figure S1, Supporting Information) indicates a slight prefer-
ential loss of nitrogen. Substantial concentrations of oxygen of
the order of 5 at% are present, both, in the transducer layer as
well as the shell of the sensor layer due to the conversion in
an oxygen environment (Figure 3D; Figure S5B, Supporting
Information).

The strong thermal impact in the hot zone during laser treat-
ment, which is the upper half of the device, yields the highly gra-
phitized transducer layer as concluded from HRTEM, electron
diffraction, 4D-STEM, EELS, and Raman microscopy (Figure 3F—
H; Figures S5D and S7, Supporting Information).l’l Independent
of the reaction atmosphere the surface Raman spectra show
common features of a turbostratic graphitic material, ie., the
presence of pronounced D-, G-, and D’-bands, indicating a high
degree of graphitization.®® Notably, the LPg,-Ade38040/Glu300,
sensor, processed in an oxygen atmosphere, shows a significantly
higher degree of graphitization as only negligible contribu-
tions of spl¥l- and disorder-related D4 and D3 bands at 1200 and
1460 cm™, respectively, and a lower defect-attributed D-band are
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Figure 3. Scale-bridging characterization of LP,-Ade3804y/Glu300;y sensor: A) Top-view SEM micrograph; B) X-ray photoelectron spectrum with
emphasis of the N/y, region; C) Cross-sectional backscatter SEM micrograph with correlated EDXS element maps (composition in at% with sum of
C, N, O, Na being considered 100 at%); D) Cross-sectional TEM analyses (microtomic, epoxy-embedded cross-section) of representative regions (not
necessarily adjacent) of the transducer and sensor layers as well as the transition zone: (left) HAADF-STEM micrographs with a few uninfiltrated pores
(black), embedding epoxy resin (homogeneous dark gray), and superimposed lacey TEM support film (wavy horizontal contrast features in the STEM
image of the sensor layer indicate slight thickness variations due to microtomic sectioning), (center) corresponding EELS element maps with color
codes in at% (sum of C, N, O being considered 100 at%) with locally enhanced contrast in upper N map (0-5 at%) where nitrogen is present, (right)
bond mapping showing distributions (weightings) of major phases identified by PCA (red: graphitized carbon, yellow: shell phase, green/blue: core
phases I/I1); E) Respective PCA spectra of those phases (details in Figure S6, Supporting Information) with selected energy-loss ranges of C and N
ionization edges (background corrected, C edge normalized, N relative to C); F) Exemplary HRTEM images (overview images in Figure S5, Supporting
Information) and G) SAED patterns of graphitized carbon and shell regions; H) Flowline visualization of local basal-plane orientation with respect to
respective pore surface (ROl marked in D, details in Figure S5, Supporting Information): local misalignment angle between basal-plane normal and
pore-surface normal according to color code in histogram (distribution of misalignment angles in inset); I) Schematic function of sensor.
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observed.}*#* In more detail, 4D-STEM revealed a strong inter-
play of local morphology and local crystal structure within the
transducer layer. The systematic alignment of the surface-near
graphite basal planes parallel to the local pore surfaces, indicated
in individual HRTEM micrographs (e.g., Figure S5D, Supporting
Information), is depicted on a global scale in Figure 3H and
Figure S5E (Supporting Information) (cf. Figure 3D, explana-
tion in Figure S5E, Supporting Information). The representative
region of the transducer layer yielded more than 50% of the gra-
phitic material (with (001) excited for evaluation) within only +
20° misalignment (inset in Figure 3H).

The sensor layer is amorphous and shows several “phases”
of different chemical compositions identified by principal
component analysis of the EELS maps (blue/green/yellow in
Figure 3D). Although the material is not in thermodynamic
equilibrium, the term “phase” is used to describe regions
of similar composition and structure. These phases show
indications for evolving ordering with ongoing conversion
(Figure 3F,G; Figure S6A in Supporting Information, the multi-
scattering resonance of C ionization edge of shell phase).

Two major aspects, which are CO,-specific binding sites
(nitrogen) " in conjunction with increased surface polarity
by ionic groups (oxygen),*¥! have been described in the lit-
erature that facilitates the adsorption of CO, in porous carbon
materials. DFT calculations confirm a strong energetic interac-
tion between CO, and N-containing functional groups, in par-
ticular to multi-N-containing species like imidazole units.[*
The laser treatment of LPg)-Ade3809,/Glu300;, under high
O, concentration enhances its surface polarity by introducing
oxygen-containing groups such as C—0 and C=0 (Figure 3D;
Figure S6, Supporting Information) and strongly enhances the
response (Figure 2B). The specific binding of CO, is explained
by the presence of pyrrolic N species (Figure 3B).1*’]

For a correlation to the chemical bonding within the opti-
mized sensor, surface X-ray photoelectron spectroscopy (XPS),
global IR spectroscopy, and EELS bond analyses were performed.
XPS confirms a high degree of carbonization and the presence of
oxygen and nitrogen-containing functional groups by the promi-
nent sp[2]-carbon peak at 284.6 and in the Cy, region and signals
at 285.4, 286.1, and 2875 eV assigned to sp[3]-carbon, C—N/C—0,
and C=N/C=0, respectively (Figures S8-S10, Supporting Infor-
mation). Oxygen is bound in the form of C=0, C—O (aliphatic),
and C—O (aromatic) as evidenced by a set of three peaks at 531.3,
532.4, and 533.6 eV.”] Most importantly, the N, area shows a
prominent signal at 399.8 eV stemming from pyrrolic/imidazolic
N and two minor peaks at 398.5 and 401.5 eV typical for pyri-
dinic and graphitic N, respectively (Figure 3B).**1 Among the
nitrogen functionalities, the pyrrolic/imidazolic species amount
to 61%. This composition is independent of the addition of the
foaming agent as it is also observed for the pure LPg,-Ade380
(Figure S8, Supporting Information). In accordance with the
EELS bonding analysis, the XPS results support the interpreta-
tion of having imidazolic N groups as active sites but should not
be interpreted as direct evidence.

Upon laser treatment of the pure adenine-CNFA as well as
the optimized sensor, a variety of N functional groups is pre-
served in the N-containing phases of the lower layer. These
functional groups are detected in the low-energy region of
the FT-IR spectrum at 1064, 1241, and 1390 cm™ (Figure S11,
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Supporting Information). The latter two most likely originate
from C—N stretching vibrations, either graphitic or pyrrolic/
imidazolic N.>#8] The XPS analysis shows a major content of
pyrrolic/imidazolic N in the LP-NC films. It has been shown,
that pyrrolic N decomposes at temperatures >600-800 °C.[*!
The cross-sectional analyses of the sensor indicate that the
laser-induced reaction temperatures in the sensor layer are
lower, and thus a major part of the pyrrolic/imidazolic N is pre-
served after laser treatment.

Four major phases were identified throughout the device
cross-sections by EELS bond analyses (Figure 3D(right),E;
Figure S6, Supporting Information). Highly graphitized carbon
(red, no N) constitutes the transducer layer™”) whereas the
sensor layer consists of three N-containing phases, which are
a shell phase (yellow) and two less transformed core phases I/
IT (green/blue) of the same composition but in different bond
states.36°0 The detailed discussion is given in the supporting
information (Supporting Information, pp. S5-S8). In conclu-
sion, very high degrees of sp[2] hybridization of both elements
in all phases are confirmed with an increase in the early stage
of the transformation from core phase II to I (Figure 3E, blue
— green).[’ While the spectral data is governed by C=C bonds
in the graphitized carbon and predominantly C=N bonds in
both core phases with high N content, the dilution of N ren-
ders the shell phase a transition state (spectral superposition)
between both extremes with both, C=C and C=N bonds pre-
sent (Figure 3E).®>Y Partial electron transfer from C to N
causes the spectral shift by 1.5 eV.Pl

The sensor functionality is particularly attributed to those
sp[2]-bound N species observed within the shell phase.’>3
To distinguish between different pyrrolic/imidazolic/graphitic
nitrogen functionalities on the nanometer or even atomic scale
is, however, challenging due to the bulk characteristics of the
spectra with manifold contributions from different atomic
configurations.

As a reference, an LP-NC film from cytosine without pyr-
rolic nitrogen was prepared, which did not show any sensing
response (Figure S12, Supporting Information). Although
laser-treatment of cytosine produces LP-NC films with a high
nitrogen content and similar resistivity and morphology,*"
the inherent absence of pyrrolic N in the precursor only gen-
erates non-active N-sites. As an additional reference experi-
ment, we prepared laser-carbonized polyimide (well-known
as laser-induced graphene (LIG)). Again, no sensing response
toward CO, was observed (Figure S13, Supporting Informa-
tion). Noteworthy, the influence of the charge carrier properties
of the LP-NC on the sensor performance, tested by Hall meas-
urements, is negligible (Figure S14, Supporting Information).
Only the charge carrier mobility is slightly increased in the sen-
sors produced under oxygen. We assume that the combustion
supported by O, increases the effective reaction temperature,
which leads to a higher degree of graphitization and thus a
higher charge carrier mobility.

2.4. Sensor Performance

A comprehensive performance test of LP,-Ade3809,/Glu300,,
(thickness 100 um), was conducted (Figure 4). The maximum

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Performance of LPo,-Ade3804,/Glu300;, sensor: A) Resistance response toward exposure to different CO, concentrations in N, as carrier gas;
B) Resistance response toward 10% of CO, using N, (blue) or dry air (green) as carrier gas; C) Resistance response toward different relative humidities
in the N, carrier gas (black) and to 10% CO, (90% N,) at different humidities (orange); D) Values of A,4;H for CO; on the LPo,-Ade38040/Glu300,o
sensor in comparison to the reference LP,-Ade380; E) and F) Resistance response of a sensor with a thickness of 75 um toward 10% of CO, upon
bending (curvature: 0.25 mm™') (brown) compared to the flat state (orange) (N, carrier gas).

response values AR/R, of that sensor to different concen-
trations of CO, follow a linear trend (Figure 4A) indicating
that no saturation is reached at the maximum tested analyte
concentrations. Even at 0.5% CO, a reasonable response of
AR/Ry = —-1.8% is achieved. Fitting of the data in Figure 4
yields a sensitivity of S = —1.28 x 10 ppm™. The response
is stable upon cycling and is identical in air and N, as carrier
gases (Figure 4B). The response and recovery times during
cycling are the same in both environments with t,., = 25 s and
tec = 60 s. Consequently, the presence of O, does not influ-
ence the detection mechanism. In addition, the optimized
film LPy)-Ade3804y/Glu300,, shows a rather low sensing
response to the volatile organic compounds (VOCs) acetone
and ethanol as interference analytes (Figure S15, Supporting
Information).

The sensing performance was further characterized at dif-
ferent relative humidities (RH) (Figure 4C). Naturally, polar
LP-NC surfaces show a high affinity to adsorption of H,0
which is usually orders of magnitude higher than CO, due to
its electron-accepting character.¥] Although LPg,-Ade3804y/
Glu300,, shows a very strong and fast response to H,0 (up to
AR/Ry = 50% in RH = 100%, Figure S16, Supporting Informa-
tion), stable selective response to CO, even at such high relative
humidity levels is detectable (Figure S17, Supporting Informa-
tion). For example, in the range of RH of 40-80%, the response
increases from AR/Ry = 0.25 to 0.53% (Figure 4C). This sup-
ports the hypothesis of selective binding sites for CO,. In

Adv. Funct. Mater. 2022, 32, 2207406 2207406 (7 Of'lZ)

comparison, also nanocarbon-based gas sensors show a strong
relative response to H,O. Typical strategies for achieving selec-
tivity are compositing with selective moieties such as polypyr-
role or nitrogen doping.”’!

To understand the interaction between the LP-NCs and
water/CO, the standard enthalpy of adsorption A4 H® was
determined using a simple Langmuir's model: a monolayer
of adsorbed analyte (CO, or H,0) without interaction between
each other is present at the sensor surface in equilibrium with
gaseous analyte molecules. Assuming that the change of the
sensor resistance is proportional to the quantity of adsorbed
analyte, the transitory regime of the sensing curves is fitted to
determine the adsorption equilibrium constants at different
temperatures (Figures S18-S21 and Tables S2-S3, Supporting
Information). Finally, the standard enthalpy of analyte adsorp-
tion A,gsH on the sensor surface is determined according to
the Van't Hoff equation. The optimized sensor shows very large
A,gsH° values of 34.1 kJ-mol! for CO, in comparison to only
21.3 kJ -mol™ for the reference LP,-Ade380 (Figure 4D). Sim-
ilar values for A,4H® for CO, adsorption in porous N-containing
carbons are reported for CO,."3 The increase upon glucose
addition is attributed to the foaming effect in LPy,-Ade3804/
Glu300y, resulting in a higher amount of exposed pyrrolic/
imidazolic N and a larger interaction with the CO, molecules
for a given quantity of sensor material. Notably, the method is
not suitable for the determination of A,4H® values for water
(Figures S18-S21, Supporting Information).
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The sensing properties are retained upon mechanical defor-
mation for a sensor strip with a thickness of 75 um. The change
in resistance AR upon defined bending was quantified using
a movable electrode stage connected to a four-probe multim-
eter (Figure S22, Supporting Information). It is reversible and
comparable to previously analyzed LP-Cs.? In order to simu-
late the bending of the sensor film on the finger (Figure S23,
Supporting Information), we placed a flexible hose with a diam-
eter of =6 mm under the sensor film resulting in a curvature of
0.25 mm™ determined by translating the shapes from photo-
graphs into x-y data using the freeware Engauge Digitizer.
Then the sensor performance in the bent state was analyzed
in the gas-sensing cell (Figure 4E,F) (1000 s, 24 cycles). Details
of the experiment are given in the Supporting Information
(pp S16). For comparison, the same sensor strip was analyzed
in a flat state. Independent of the curvature, a stable response
is observed. Figure 4F demonstrates that the absolute change
in resistance AR, the feedback upon CO, loading, is retained
upon bending, whereas the resistance baseline shifts toward
higher values with increasing deformation. Consequently, the
relative response in the bent state is just about half of that
in a flat configuration (AR/R = -2.9 vs —5.7%). The observed
baseline change by a factor of around two for the curvature of
0.25 mm™!is in agreement with previous results about mechan-
ical LP-(N)C sensors.?2l Moreover, the response and recovery
times, t,s and t.., are the same. From the proposed functions
of the transducer and sensor layers, such behavior has to be
expected because both, the efficiency/density of the chemical
binding sites for CO, as well as their accessibility through the
still highly porous transducer layer, are hardly altered by such a
degree of deformation.

To demonstrate its applicability, the LPy,-Ade3804,/Glu300,,
sensor was used to repeatedly measure the CO, level in exhaled
breath (Figure S23, Supporting Information). Therefore, the
flexible sensor was directly placed under ambient conditions
without the need for a mask. In view of their rapid response,
high sensitivity, and good selectivity under ambient conditions
as well as their mechanical properties, the developed LP-NC
sensors may prospectively be employed as real-time wearable
breath detection sensors.

3. Conclusions

The depth-dependent laser-induced conversion of organic pre-
cursor coatings has successfully been utilized to fabricate a
complete flexible sensor architecture for selective CO, sensing
at room temperature. The method exhibits decisive advan-
tages for producing N-containing carbons from adenine as a
precursor: the gradual carbonization induces the formation of
a graphitized transducer layer but retains the active binding
sites in the less impacted, buried sensor layer. By intro-
ducing glucose as an efficient foaming agent, the sensitivity
is enhanced, as it systematically opens pore channels to access
those active species. In turn, the active sites, i.e., imidazolic
nitrogen, are preserved in the lower sensor layer. Systematic
optimization of the sensor morphology and surface chem-
istry resulted in a drastic performance increase of almost two
orders of magnitude.
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The introduced fabrication route, based on mostly abundant
organic precursors, is highly versatile as it facilitates the utiliza-
tion of chemical functionalities of the primary ink by a simple
one-step laser writing process. The well-defined morphology
and chemical functionality of those sensor architectures may
be tailored for other applications by changing/optimizing the
vast process parameters including the selected precursor mate-
rials with their specific functionalities, the ink composition, the
primary coating thickness, the substrate, the laser-treatment
parameters, and the conversion environment. The proposed
concept provides a materials synthesis strategy for chemical
sensors integratable into sensor array technologies which may
lead to application in wearable, easy-to-operate, and real-time
sensing devices. The conceptual development for the simulta-
neous read-out during flexible operation is the subject of future
feasibility studies.

4. Experimental Section

Chemicals and Materials: Adenine (>99%, TCI Europe N.V.),
D-glucose (anhydrous, Fisher Scientific GmbH), ethylene glycol
(>99.7%, AnalaR Normapur, VWR Chemicals), polyvinyl-pyrro-
lidone (average mol wt. 10000, Sigma Aldrich), sodium iodide
(99.5%, Alfa Aesar) were used as received. The PET substrates
with a thickness of 170 um were Melinex sheets obtained from
Plano GmbH.

Preparation of the CNFAs: Glu300 and Ade300-400 were pre-
pared by loading 1 g of D-glucose or 2 g of adenine into an alu-
mina crucible or a quartz glass boat with a lid and heating at
different temperatures between 300 °C and 400 °C in a tube
furnace with a heating rate of 3 K min™. A gentle stream of N,
(0.1 L min™') was ensured during the reaction. The hold-time
was 2 h. The reaction products were retained and grinded in
a ball mill (diameter of the ball: 1 cm) for 1 h with a speed of
600 rpm to obtain finely powdered products Glu300 or Ade300-
380 (Figure S1, Supporting Information).

Preparation of the Primary Coatings: Polyvinylpyrrolidone
(PVP) (Film-forming agent) was dissolved in EtGly to obtain a
0.2 g mL™ solution (PVP/EtGly).> Sodium iodide (0.4 g mL™)
was added and dissolved.?¥ The solution was added to the
CNFA and gently stirred for 24 h to obtain homogeneous inks.
The samples are labeled according to: CNFAI  ,eni(/CNFA2,.
ontent)> €-8., Ade380 and Glu300 as CNFAs synthesized from
adenine and glucose by pre-carbonization at 380 °C and 300 °C,
respectively. All concentrations of the different samples with
respect to the volume of the solvent are given in Table 1. A drop
of the ink was applied onto the substrate and the ink was doctor
bladed with a blade distance between 300 and 500 um. Ethylene
glycol was then evaporated at 80 °C on a precision hotplate
(PZ2860-SR, Gestigkeit GmbH) to obtain the final films with
thicknesses between 30-100 um. The thickness was determined
with a digital micrometer or vertical scanning interferometry.

Laser-Carbonization:  Laser-carbonization was conducted
with a high-precision laser engraver setup (Speedy 100, Trotec)
equipped with a 60 W CO, laser. Focusing was achieved with a
2.5-inch focus lens providing a focal depth of =3 mm and a focus
diameter of d = 170 um. The center wavelength of the laser is
10.6 £ 0.03 um. The scanning speed Vv, generically given in %,
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Table 1. The concentrations of components in the inks.

Inks Ade300400 [g mL™"]  Glu300 [g mL™]  EtGly/PVP [uL]
Ink_Ade300-Ade400 0.57 0 350
Ink_Glu300 0 0.47 430
Ade380 [g mL™"]  Glu300 [g mL™]  EtGly/PVP [uL]
Ink_Ade380,0/Glu3004, 0.06 0.51 350
Ink_Ade380,0/Glu300g, 0.1 0.46 350
Ink_Ade38055/Glu30045 0.2 0.37 350
Ink_Ade38050/Glu300s, 0.29 0.29 350
Ink_Ade38045/Glu30035 0.37 0.2 350
Ink_Ade3804,/Glu300, 0.51 0.06 350
Ink_Ade38040/Glu300;, 0.51 0.06 350

was converted into cm-s~%. The effective output power P in watts
of the laser was measured with a Solo 2 (Gentec Electro-Optics)
power meter. The resulting energy input per area (or fluence) F
in J-cm in the vector mode onto the film is given by

P
F—m (1)

For the experiments, the laser settings were adjusted to meet
the requirements of the films according to Table 2. A standard
sensor strip is made of five parallel lines of 5 mm in length dis-
tributed across a width of 0.5 mm. An open-top atmospheric
chamber was designed to generate a continuous flow of a selected
gas (O, or N,) for the fabrication of LP-NC under controlled gas
atmospheres (Figure S3, Supporting Information). The laser-
patterned (LP) samples are labeled according to: LPumosphere—
CNFAIoment(/CNFAZcoment), €8, LPo_Ade38040/Glu300;, for a
laser-patterned film of a mixture of Ade380:Glu300 (90:10 wt.%)
as CNFAs under O, reaction atmosphere.

CO, Sensing: The sensor platforms were placed in a gas-
proof glass flow cell (Vo = 0.1 L) and their ends were con-
nected to two electrode bins. The electrical characterization was
performed with an impedance unit at a frequency of 80 Hz and
an alternating current (AC) of 0.05 mA for all measurements.

The total flow of gas mixtures was set to 1 L min~'. Concen-
trations of 0.5%, 1%, 5%, and 10% CO, with respect to the total
flow were controlled by mass flow controllers (GF040, Brooks
Instrument GmbH). Humidity was controlled by a humidity
generator (HUMIgen-04, Dr. Wernecke Feuchtemesstechnik).
The sensitivity of the sensor was calculated according to

AR

" Re-AC @

Langmuir's model was used to describe the interaction
between the gas molecules and the sensor surface. At a given
temperature, the fraction of occupied sites on the sensor sur-
face is 6. The equilibrium constant of adsorption K is defined
as the ratio between the rate constants of adsorption k, and
desorption kp. The variation of 0 is given by Equation 3, where
P, is the partial pressure of the analyte in the gas phase:

- ®)
1+K*P,

When molecules are adsorbed on the surface of the LP-NC,
the resistivity decreases. Then 6is given by:

0=a*(R,—R,) 4

where Rj is the initial resistance, R, is the resistance at equilib-
rium, o is the proportionality coefficient.

The heat of adsorption of CO, or H,O was determined
according to the van "t Hoff equation.

d(an) _ AHads (5)
dT  RT?

Bending Experiments: The experiments were performed with
a homemade movable stage. The PET-supported sample strip
was mounted between two electrodes (one movable) at a dis-
tance of 25 mm and bent in a positive (upwards) direction
(Figure S20, Supporting Information). To provide a better elec-
trical contact both ends of the carbon strip were connected with
silver paint. The curvature of the bending was determined by
translating the shapes from photographs into x-y data using
the freeware Engauge Digitizer. The curvature is defined as the
inverse radius at the maximum point of bending.

Sample Preparation for Electron Microscopy: Cross-sectional
preparation of the sensors was conducted by ultramicrotomy
utilizing a Leica EM UC7 microtome. Individual sensor strips
were separated by doctor-blade cutting and embedded in epoxy
resin (Araldite 502, Science Services, Germany) to facilitate
the sectioning of the highly porous sensor heterostructures.
Impregnation of the pores was supported by evacuation and
subsequent pressurization of the uncured resin using a dedi-
cated pressure vessel (miniclave steel, Biichi AG, Switzerland).
Curing was carried out overnight at 60 °C. To create a trapezoid-
shaped block face and to remove potentially damaged sample
regions from cutting, trimming with a diamond knife (DiA-
TOME 45° trim knife) was performed. A DIATOME 45° ultra-
sonic diamond knife was employed to obtain cross-sectional

Table 2. Laser parameters used in the experiments to fit the coating thickness.

Samples Thickness [um] Power % [generic] Power W Speed % [generic] Speed cm 57 Fluence [J cm™
LP_Glu300 75 2.20 112 0.30 0.53 125
LP_Ade380 75 2.10 1.07 0.30 0.53 19
LPo2)n2/air—Ade38050/Glu3004 45 1.90 0.97 0.30 0.53 108

75 2.10 1.07 0.30 0.53 19

100 2.20 1.12 0.30 0.53 125
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TEM samples with minimal compression. The floating sections
(deionized water) were transferred onto lacey carbon TEM grids
(Plano AG) to provide sufficient support at reduced impact
during EELS measurements. The resulting block face was used
for complementary analysis by optical microscopy (OM) and
environmental SEM.

5. Instrumental

5.1. Scanning Electron Microscopy

Top-view scanning electron microscopy with secondary elec-
trons was performed on a Zeiss LEO 1550-Gemini field-emis-
sion microscopes (acceleration voltage: 3—-10 kV). Cross-sectional
EDXS element mapping and related imaging with back-scat-
tered electrons of the embedded sensors (microtomy block sur-
face) were performed using an environmental FEI Quanta 250
FEG-SEM. The instrument is equipped with an Apollo XL SSD
detector for energy-dispersive X-ray spectroscopy and a differ-
ential pumping system to allow operation at low-vacuum levels
for minimal charging. EDXS element maps were obtained at
5 keV primary electron energy to obtain sufficient count rates at
the best achievable lateral resolution under low-vacuum condi-
tions (=100 Pa).

5.2. Transmission Electron Microscopy

For bright-field transmission electron microscopy (bright-
field TEM, BFTEM), selected-area electron diffraction (SAED,
selected area diameter 150 nm), and high-resolution TEM
(HRTEM), a FEI TitanX 60-300 TEM (NCEM/LBNL) (Schottky
emitter, super twin objective lens, no aberration corrector, oper-
ated at 200 kV acceleration voltage) with Gatan 2k Ultrascan
CCD camera was utilized. A gold particle sample was used to
calibrate microscope magnification and camera length.

High-angle  annular  dark-field  Scanning  TEM
(HAADF-STEM) in conjunction with electron energy-loss spec-
troscopy (EELS) were carried out using an FEI Talos F200X
S/TEM (MNaF/Univ. Siegen) at 200 kV acceleration voltage.
The microscope is equipped with an XFEG high-brightness
gun and a Gatan Continuum ER spectrometer (with high-speed
DualEELS, DigiScan, EDXS integration, GMS 3.5x). The accel-
eration voltage of 200 kV was chosen as a compromise between
the mean-free path for inelastic scattering (EELS) and electron-
beam induced damaging, the latter being minimized by sub-
pixel scanning during EELS mapping acquisition.

EELS mappings were acquired from representative areas
of the microtomic sensor cross-sections, which exhibit excel-
lent and homogeneous relative thicknesses of t/4 = 0.35 — 0.5
depending on the local sensor density (=0.25 for the adjacent
embedding epoxy due to the lower density). Dual EELS map-
pings (step size =20 nm) with core loss spectra in the energy-
loss range of 200-800 eV (dispersion 0.3 eV/channel, ratio
convergence/acceptance angle ~2) were recorded to cover the
essential ionization of C, N, and O at =285, 400, and 532 eV,
respectively. Energy calibration was employed utilizing the
respective low-loss datasets.
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EELS element distributions for C, N, and O were derived by
quantification with theoretical cross-sections as implemented
in the Gatan software. For background correction, a power law
function for C, O but a 1-order log-polynomial function for N
were employed (pre-edge fit range for all elements: 50 eV, post-
edge fit ranges: 50 eV (C) and 25 eV (N, O)). As hydrogen as well
as Na, I are not accessible in the recorded spectra range, the pre-
sented atomic concentrations refer to cc + ¢y + co = 100 at%.

To unravel variations of the local bond states within the
sensor cross-sections without a priori knowledge of the
resultant reaction products, principal component analysis
(PCA), as implemented in GMS 3.40 (with Varimax orthogonal
matrix rotation)l® was applied to the recorded EELS datasets.
As a result, PCA components were obtained, which describe
individual phases, meaning, which include all three ioniza-
tion edges, rather than individual element-specific signals.
The spatial distributions in the main manuscript depict the lat-
eral weighting factors of those identified components/phases.
Due to better statistics, however, the phase-specific PCA com-
ponents were separated into their C, N, and O contributions
(independent background correction for each ionization edge),
normalized with respect to the maximal intensity of the C K
ionization edge, and presented throughout the manuscript. To
verify the validity of those obtained spectral PCA distributions,
50 experimental spectra were selected from the respective map-
ping datasets, summed, normalized, and compared to the cor-
responding spectral PCA components (Figure S6, Supporting
Information). The major challenges and limitations of PCA in
this study are in detail discussed in the supporting material
(pp- S5-S7, Supporting Information).

Experimental 4D-STEM datasets were acquired using the
TEAM 1 instrument (NCEM/LBNL), a double aberration-cor-
rected Thermo Fisher Titan fitted with a Gatan Continuum
energy filter and K3 direct electron detector (operated in elec-
tron counting mode, 4x binning).”> The energy-filtered dif-
fraction patterns (15 eV slit width, central beam covered by
2.5 mrad beam stop) were acquired at an accelerating voltage
of 300 kV in microprobe mode with a beam convergence semi-
angle of 0.7 mrad (beam diameter =2 nm, beam current 70 pA)
and a covered spectrometer semi-angle of maximum 21 mrad.
A shadow image of the sample (i.e., a strongly defocused image
of the STEM probe) was recorded to align the rotation between
the scan field and recorded diffraction patterns. The datasets
were evaluated employing the pyADSTEM software package.®
Details are provided in the supporting information. Fourier-
transform infrared spectroscopy

FT-IR spectroscopy was performed using a Nicolet iS 5 FT-
IR-spectrometer in conjunction with an iD7 ATR unit from
ThermoFisher Scientific. The LP-NC powder was scratched off
the PET substrate and directly analyzed.

5.3. Raman Spectroscopy

Raman spectra were obtained with a confocal Raman Micro-
scope (alpha300, WITec, Germany) equipped with a piezo-
scanner (P-500, Physik Instrumente, Karlsruhe, Germany). The
laser, A = 532 nm was focused on the samples through a 50x
objective. The laser power on the sample was set to 5.0 mW.
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5.4. Hall Measurements

The electrical conductivity o of carbonized films was deter-
mined at room temperature by the van der Pauw method®! in a
Hall effect measurement system 8404 (Lake Shore Cryotronics,
Inc.). The samples, all shaped in precise cloverleaf geometry
with a 10 mm diameter, were placed on a commercial 10 mm
prober pin sample card of the 8404 Hall effect measurement
system. Excitation currents from —5 to +5 mA have been used
for the I-V measurements. All the I-V curves for all four dif-
ferent four-probe contact configurations show the expected
linear behavior.

Both, the DC and the Double AC Hall method*®>% employing
two MFLI lock-in amplifiers (Zurich Instruments AG) and a
CS580 voltage-driven current source (Stanford Research Sys-
tems) have been applied in the same setup to determine the
charge carrier concentration. Different sets of oscillating
excitation current (I = 2 to 6 mA with frequency f; = 88 Hz)
and magnetic field (0.08, 0.16, and 0.23 T with frequency f; =
0.8 Hz) have been used to measure the Hall voltage Vi; = V(f; +
fa) + V(fi — f3), automated by a home made LabVIEW program.
The linear relationship between Vi and I X B (Equation 6) is
used to calculate the charge carrier density

_10(IxB) .
p_et oVy (©)

where e is the elementary charge and t is the thickness of the
sample. The charge carrier mobility 4 was calculated by the for-

mula g = g
pe’

5.5. X-Ray Photoelectron Spectroscopy

XPS measurements were performed at the ISISS beamline
of the synchrotron radiation facility BESSY II of Helmholtz-
Zentrum Berlin, Germany. The used endstation consisted of
a bending magnet (D41) and a plane grating monochromator
(PGM) in the soft X-ray range 80-2000 eV with an 80-200 um
beam spot. The photoelectron analyzer is provided by SPECS
GmbH (Phoibos 150) hemispherical analyzer. In order to mini-
mize losses of photons and electrons, a 50 nm thick SiNx X-ray
membrane close to the sample was used. Each sample was
fixed on the sapphire sample holder. XPS spectra were analyzed
through CasaXPS and Igor Pro. The spectra were deconvoluted
with a combined Gaussian and Lorentzian function after a
Shirley + linear background subtraction.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Material Optimization

CNFA reaction temperature

The selection of the pyrolysis temperature during pre-carbonization is critical to the electronic
properties of final LP-NC. To identify the optimal pyrolysis temperature, adenine was pyrolyzed
at temperatures between 300-400 °C and their products were tested as CNFAs. The samples are
denoted with respect to the annealing temperature, for example, Ade380 represents adenine
annealed at 380 °C. Notably, as the pre-carbonization temperature increases, the color of the
products becomes darker from light brown over dark brown to black (Figure S1). The elemental
compositions of all CNFAs obtained by elemental combustion analysis show a trend towards an
increase of the C/N ratio with increasing temperature. Only minor changes for pyrolysis
temperatures above 320 °C were observed. It seems likely that at 320 °C crosslinking/
polymerization of adenine starts to occur.

A B
Elemental analysis of the powders

Ade320 Ade340 C N o H C/N
. Adenine (theor.) 44 52 4 0.84
Ade300 43 45 3 4 0.95
Ade320 45 43 7 3 1.04
Ade340 46 44 6 3 1.06
Ade360 Ade3so | Ade400 " Ade360 45 42 7 3 1.07
Ade380 46 42 7 3 1.09
Ade400 47 43 7 3 1.09

Glucose (theor.) 40 53 s

Glu300 63 31 5

Figure S1. A) Photographs of as-synthesized CNFA powders; B) Elemental mass percentage of the CNFAs and
reference obtained from combustion elemental analysis.

Laser parameters

We optimized the laser processing parameters, i.e. the incident power and scanning speed, as they
are critical for the carbonization process of the selected CNFA — Ade380. A quantification of the
energy fluence based on the relationship of power and scanning speed is given in the plot in Figure
S2. In general, slower speed and higher power give higher energy fluence. Each CNFA gives a
characteristic response pattern in terms of resulting conductivity.! Ade380 shows the highest
conductivities of up to 24 S-cm™ in the speed range between 150-450 ms-mm™ (0.67-0.22 cm-s?)
and the power range 0.95-1.15 W.
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Figure S2. 2D plot of the electrical conductivities of LPair_Ade380 in dependence of laser power and scanning speed;
B) Radiant energy fluence of the laser energy versus scanning speed and laser power.

Process atmosphere

We employed an open-top atmospheric chamber to fabricate LP-NC under controlled reaction
atmospheres while keeping the pressure constant (Figure S3). The resulting LP-NC films are
denoted accordingly, for example, LPn2-Ade(380) represents laser-patterned Ade380 under Na
atmosphere.

AR/R,/ %

Figure S3. A) Influence of the synthesis atmosphere on the response of LP-Ade(380) to exposure of 10 % CO,; B)
Ilustration of the fabrication of laser-carbonized films inside a controlled atmosphere chamber: top view and side
view; C) Top view SEM images with lower magnification of laser-carbonized films with different CNFAs under N2/O>

gas atmospheres.

Porosity — foaming agent

Foaming, i.e. formation of bubbles, is commonly observed in thermally treated carbohydrates.?
When using pre-carbonized glucose (Glu300) as a CNFA in laser-patterning, a carbon foam with
bubbles in a size range between tens of nanometers up to several microns are observed (Figure
S4A). Prior to laser-treatment the primary coatings of Glu300 and Ade380 consist of micron sized
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particles. The foaming of Glu300 during laser-carbonization is used to increase the porosity of the
LP-NC. The best response is obtained for adding 10 wt% of Glu300 to the Ade380 primary coating
(LPo2- Ade38090/Glu30010) produced under Oz reaching AR/Ro=-6.3 %. As a reference, the pure
glucose derived LP-Cs were tested, but all samples regardless of the atmosphere (LPn2sairo2-
Glu300) show a low response of only AR/Ro= -0.15 % to exposure of 10% CO> (Figure 2B).

A BT LP;=GIu300 LPo2-GIu300 7}

N b
-v&v“'/ﬂ{"g.: v

Figure S4. A) Top view SEM images of the LP-C films obtained from Glu300 as a CNFA in different process
atmospheres; B) Top view SEM images of LPn2-Ade380g0/GIu30010, LPair-Ade38090/Glu30019, and LPo-
Ade38090/GIu30010.
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Characterization and discussion

Cross-sectional characterization
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Figure S5. Supplementary cross-sectional data of LPo.-Ade380s0/Glu30010 sensor: A) optical bright-field
micrograph of embedded sensor (microtomy block surface) in reflection, B) EELS oxygen net signal (red) visualizing
higher oxygen content in the graphitized carbon phase and the shell phase: this information is lost upon quantification
as epoxy exhibits similar O content but lower density, C) overview bright-field TEM micrographs depicting the
regions, where the presented HRTEM images were recorded, D) supplementary HRTEM image of the graphitized
carbon phase; E) Determination of local basal-plane alignment® with respect to the respective pore surface (similar
region as in B) by comparing the mean peak orientations of (001) Bragg peaks of graphitic carbon for all probed
positions (2-fold rotational symmetry applied, exemplary microprobe diffraction pattern depicted) and local
orientation of the pore surface calculated from two independent derivatives using a Gaussian kernel with a standard
deviation of 8 probe positions (2-fold rotational symmetry applied). Details about the utilized flowline visualization
(Figure 3H) are found in Ref. .
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EELS chemical-bond analysis

Chemical bond analyses by principal component analysis (PCA)° of the EELS datasets were
conducted (methods section). The spectral PCA components with significant Eigen values (Figure
3E), well describing the experimental datasets in the whole spectroscopic range (with C, N, and O
ionization edges), were extracted to derive their spatial distributions (Figure 3D). Various
boundary conditions due to the complex samples, however, caused minor inevitable residual
intensities between the experimental and the joint PCA data considering only the selected
components. Those are

- the sample thickness of t/A = 0.4-0.5 (a few 10 nm). Although a probe size of only a few A
was used, many EELS spectra will not have originated from pure material due to the sample
morphology (projection through different phases, including the epoxy). Although that
thickness already caused slight spectral shifts to higher energy losses, multiple scattering was
not corrected for (prior to PCA) because of unresolved artifacts from common deconvolution
techniques.

- slight thickness and density variations within the ultra-microtomic cross-sections.

- the anisotropic ionization of the randomly aligned graphitized carbon®’ causing local
orientation-dependent variations of the 1s — n* to Is — o* intensity ratio (not exactly at
magic angle). Hence, the average intensity ratio, determined by PCA may locally
underestimate (or even overestimate) the measured experimental signals (Figure S6).

- minor spectral artifacts due to the very large fields of view of the recorded mappings at the
upper microscope limit in regular STEM mode (no de-scan coils available).

Nonetheless, four major phases were clearly identified throughout the device cross-section (Figure
3D (right)). Those are the graphitized carbon phase (red), the shell phase (yellow) and the two core
phases I/11 (green/blue) of the same composition but in significantly different bond states. The
EELS PCA spectra of those phases and their spatial distributions are shown in Figure 3D, E and
Figure S6. Those PCA components were validated by comparing to 50 (summed and normalized)
representative experimental spectra (marked by lines with symbols in Figure S6). Most fit very
well; only the intensity ratio of 1s — n* and 1s — o* (pre-peak intensity) of the graphitized carbon
is not well reproduced in all regions as discussed before.

Those spectra exhibit characteristic but significantly different shapes of the C K and N K edges
with distinct peaks at energy losses due to ionization from 1s into the respective n*/c* anti-bonding
states (dipole-allowed transitions), representing n-/c-bonds and thus the local hybridization state
of the involved species®®, pronounced 1s — m* pre-peaks (relative to the normalized (Is — o*
peaks) and thus high degrees of sp? hybridization were found for both, carbon and nitrogen, in all
identified phases. Dependent on the phase and its predominant atomic nearest-neighbor
environment of the major element carbon, the peak positions of the C K ionization edge
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(exemplarily marked for the 1s — n* peak in Figure 3E, left) distinctly shift. Those shifts are
explained by the partial electron transfer from carbon to the more electronegative nitrogen (or
oxygen).1°

As the spectral data is a superposition of independent ionization events at hundreds of carbon
atoms in different environments per probed sample volume, the local composition must be
considered. The most probable next-neighbor possibilities for sp? hybridized carbon in those
phases are C=N versus C=C, with a minor fraction of C=0 due to the relatively low oxygen
concentrations.!! As a consequence, the observed pronounced C K pre-peak of the N-rich core
phases I/11 is attributed to predominantly C=N bonding within those phases, yielding a shift of 1.5
eV. This is in agreement with literature.® The typical energies of the pre-peak as well as the narrow
1s — o* peak in the spectrum of the graphitized sp? carbon resemble the C=C bonding in that
crystalline phase; C=0 bonds as well contribute to that measured signal to a minor extent (not
resolved), with similar intensity distributions (1s — n* and 1s — ¢* transitions) expected at even
higher energy losses. Due to the consecutive loss of nitrogen, a systematic transition from the N-
rich core phases I/11 through the N-poor shell phase to the final graphitized carbon (no nitrogen)
is seen in Figure 3E (left). In accordance to the composition of the shell phase with significant
fractions of, both, C=C and C=N environments, the spectrum of the C ionization edge of that phase
is considered a superposition of the measured extremes with (1S — 7*)c=c or c=N or (c=0), (15 —
6*)c=c or c=N or (c=0) and (1s — o*) signal contributions with (1s — 7*)c=c dominating. This
particularly explains the shallow valley observed.®

In contrast, there is generally no shift of the N K ionization edge (cf. energy loss at 1s — m*)
because the bond partners of any nitrogen atom are most probably carbon atoms independent of
the N content of the respective phase (Figure 3E, right). The same integral N K intensities of the
two core phases I/11 reflect the similar composition of the core regions, whereas the reduced N
content of the rim phase is evident from the reduced N K signal (with respect to the corresponding
C signals of the different phases). However, a systematic change of the shapes of the N as well as
C ionization edges from the core phases Il to I is observed, i.e., increasing 1s — n*:1s — o* ratios,
indicating the increase of sp?-bound nitrogen as well as carbon in core phase 1.2 The shell phase
exhibits a very similar shape of the N ionization edge and thus similar nitrogen bonding as core
phase | (for comparison the intensities of the shell phase are scaled in Figure 3E (right)).

The phase distributions in Figure 3D (right) confirm that the transducer layer consists of the most
converted phase (graphitized C) with a minor fraction of less converted material, while the less
converted shell and core phases are mostly found in the sensor layer. The transition zone in
between consists of core phase I, shell phase and graphitized carbon with a narrow gradient as
shown.

The high degree of crystallinity of the transducer layer is corroborated by the evolving extended
fine structures of the C ionization edge (Figure S6A, left) with a pronounced feature around AE =
329 eV (typical multiple elastic scattering resonance (MSR) for graphite).® The core and shell
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phases of the sensor layer are amorphous with indications of local ordering within the shell layer
by the faint but broad MSR at around AE =328 eV.

A graphitized C shell phase core phase | core phase |l
1
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Figure S6. Supplementary data to EELS chemical-bond analyses: A) PCA components of the C K, N K, and O K
ionization edges (same as in Figure 3E but with different energy-loss ranges (for each phase, the N, O edges are in
scale with the respective C K edge): C K edge of graphitized carbon with pronounced MSR close to 330 eV (evolving
in shell phase), B) validation of PCA components (continuous lines) by comparison to 50 summed and normalized
experimental spectra from selected regions (marked by lines with symbols): two experimental curves are shown for
the graphitized carbon, which are obtained from thin pore walls (squares) and an extended graphitized region

(circles)

Raman spectroscopy
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Figure S7. Raman spectrum of LPn2-Ade38090/Glu30010and LPo2-Ade38040/Glu30010 obtained upon excitation at 532
nm. The insets show a deconvolution of the D and G region.
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X-ray photoelectron spectroscopy
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Figure S8. Composition of nitrogen of LPo2-Ade38090/Glu30040 in comparison to LPo,-Ade380 obtained by XPS.
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Figure S9. X-ray photoelectron spectrographs of the Oss, Nis, and Cis regions (from left to right) of LPo-
Ade38090/Glu30010, LPair-Ade38090/Glu30010 and LPn2-Ade38090/Glu3001 (top to bottom).
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Figure S10. X-ray photoelectron spectrographs of the O, Nis, and Cys regions (from left to right) of LPoz2-Ade380
and LPo2-Glu300 (top to bottom).

Table S1. Composition of carbon of sensor obtained by deconvolution of the C1s and O1s peaks of the XPS spectra.

Sample Ci; peaks (% of total peak area) 015 peaks (% of total peak
area)

C-Sp? C-Spt C-N/ C=N/ COOH - ¥ C=0 C-O0 C-O

C-0 C=0 (aliph)  (arom)
LPo2-Adego/Gluig 55.1 7.9 19.2 10.3 34 4.1 454 30.2 24.4
LPair-Adego/Glusg 66.1 5.2 124 5.5 5.0 5.8 354 25.1 39.5
LPn2-Adego/Glusg 56.8 111 16.0 94 2.7 4.0 38.7 44.6 16.7
LPoo-Ade380 42.9 19.9 16.7 10.3 51 51 36.8 20.3 42.9
LPo2-Glu300 41.4 5.2 18.2 6.2 7.7 21.3 38.5 21.9 39.5
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Fourier-transform infrared spectroscopy
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Figure S11. Fourier-transform infrared spectrum of adenine, Ade380 and LPo2-Ade38090/Glu30010.
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Figure S12. Resistive response of the laser-patterning sensor using an optimized cytosine based LP-NC towards 10%
of COQ.1
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Figure S13. Resistance response of laser-patterned polyimide (LP-PI) towards 10% CO; using N2 as carrier gas
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Hall measurements
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Figure S14. A) Charge carrier mobilites (i) and charge carrier densities (p) of all laser-carbonized films obtained
by Hall measurements; B) Charge carrier properties of all laser-carbonized films obtained by Hall measurements.

Figure S13 presents the charge carrier mobilities (i) (orange) and densities (p) (green) of LP-
Ade380, LP-Glu300, and LP-Ade38090/Glu30010 produced in either N2 or O, atmosphere.
Obviously, LP-GIu300 exhibits generally high p with values up to 10 x higher than in LP-Ade380.
Throughout all tested samples, O in the reaction atmosphere promotes an increase in both p and
p. Upon addition of GIlu300 to Ade380, p is increased by a factor of ~2. In view of the band-
structure and the influence of the charge density, for sensor applications, low p is favorable to
achieve higher sensitivity.!® However, the effect of Glu300 on the overall sensor performance is
positive. We assume that the porogenic activity of Glu300 outweighs the detriment of the increased p.

Sensor performance

Interference test

We performed some selectivity sensing experiments using volatile organic compounds (VOCs)
acetone and ethanol as interference analytes. In Figure S15, the optimized sensor film LPo»-
Ade38090/Glu30010 shows a resistance response AR/Rg = 0.06% to 2.5 % acetone and almost no
response to 0.8% ethanol.

1810

— acetone ethanol
1880+
C 1808- G
> @ 1870+
1806 - 1860 {
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time/s Time/s

Figure S15. Resistance response of sensor films LPo2-Ade38040/Glu3001 sensor towards 2.5% acetone (left) and
0.8% ethanol (right) using N as carrier gas.
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Thermodynamic analysis
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Figure S16. Resistance response of LPoz_Ade38090/Glu30010 to different relative humidities in a 100% N
environment.
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Figure S17. Resistance response of LPo2_Ade38090/Glu30010 to 10% CO, (90%N>) at different relative humidities.
The sharp peak at the end of the cycles originates from a sudden pressure release from the valve.
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LPo,-Ade380 (CO,)
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Figure S18. Plots of 1/4R as a function of 1/P at 20 °C, 30°C, 40°C and 50 °C for the determination of the equilibrium
constants K of LPo2_Ade380 to CO- (upper panel) or H.O (lower panel).
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Figure S19. Plots of In K as a function of 1/T for the determination of AasH of CO, and HO to LPo2_Ade380.

S14



LP,,-Ade380/Glu300 (CO,)
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Figure S20. Plots of 1/4R as a function of 1/P at 20 °C, 40 °C and 60 °C for the determination of the equilibrium

constants K of LPoz_Ade380s0/Glu30010 to CO, (upper panel) and H.O (lower panel).
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Figure S21. Plots of In K as a function of 1/T for the determination of AasH of CO, and H,O to

LPoz2_Ade38090/Glu30010.

S15



Table S2. Equilibrium constants K, parameter a, and heat of adsorption AagsH of LPo2_Ade380.
LPoz Ade380

CO: H20
K o K 1}
20°C 6.76 x 10 0.06 7.88 x 107 1.64 x 107
30°C 8.58 x 10 0.07 2.45 x 107 1.36 x 107
40°C 1.17 x 1073 0.11 1.23 x 10°° 9.19 x 10
50°C 1.49 x 1073 0.12 3.08 x 10 6.01 x 10
AadsH 21.3 ki-mol* -81.7 kJ-mol*

Table S3. Equilibrium constants K, parameter a, and heat of adsorption AagsH of LPoz2_Ade380s0/Glu30010.
LPo2 Ade38090/Glu30010

CO2 H.O
K 1} K 1}
20°C 6.23 x 10* 8.00 x 102 4.00 x 10 8.35 x 10
40 °C 1.07 x 10* 5.57 x 107 5.86 x 107 6.90 x 10°°
60 °C 1.72 x 10°° 6.39 x 10°° 2.83 x 10 9.35 x 10
80 °C 2.62 x 1073 5.25x10*
100°C 1.28 x 10 6.88 x 1073
AadsH 34.1 kJ-mol? -35.6 kJ-mol*

Bending experiments

The curvature of the bending is dependent on the distance between the two electrodes and was
determined in a range between a minimum value of 0.09 and a maximum value of 0.41 mm™.14
The response changes gradually with the curvature. During the first (initial) bending sequence, the
sensor strip was bent at a slow speed of only 10 um s starting at low curvatures of 0.09 mm™ and
slowly increasing to the maximum curvature of 0.4 mm? (three times for each
curvature/amplitude). Figure S20 shows the corresponding response of increasing R: small change
at low curvatures, becomes larger at increasing curvatures. After the first run, the response remains
stable in all subsequent runs and exhibit a quantitative response to any curvature.

Curvature: 0.00

y/ mm

O N R OO 0 O
| L | | L

4 0 4 8 12 16 0 4000 8000 1200016000
X/ mm Time/s

Figure S22. A) Photographs of the LPo2-Ade380s0/Glu30010 sensor strip on PET mounted between two electrodes
(one movable). B) Curvature analysis of the LP-NC strip in dependence of the distance between the two electrodes in
the movable stage; C) Change in resistance upon steadily increasing the curvature in the first run (training mode);
D) Change in resistance upon steadily increasing the curvature in all subsequent runs (operation mode).
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Operation mode
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Figure S23. A) Photograph of breath monitoring test in an open environment; B) resistive and kinetic response of
LPo2-Ade380s0/Glu30010 to exhaled breath of a human at rest; C) Resistive and kinetic response to exhaled breath of
a human at exercise.

References

1. Wang, H. et al. Laser-carbonization: Peering into the formation of micro-thermally produced (N-doped)carbons. Carbon
N. Y. 176, 500-510 (2021).

2. Wang, X. X. et al. Three-dimensional strutted graphene grown by substrate-free sugar blowing for high-power-density
supercapacitors. Nat. Commun. 4, (2013).

3. Ophus, C. et al. Automated Crystal Orientation Mapping in py4DSTEM using Sparse Correlation Matching. Microsc.
Microanal. 28, 390-403 (2022).

4, Panova, O. et al. Diffraction imaging of nanocrystalline structures in organic semiconductor molecular thin films. Nat.
Mater. 18, 860865 (2019).

5. Lucas, G., Burdet, P., Cantoni, M. & Hébert, C. Multivariate statistical analysis as a tool for the segmentation of 3D
spectral data. Micron 52-53, 49-56 (2013).

6. Daniels, H. et al. Experimental and theoretical evidence for the magic angle in transmission electron energy loss
spectroscopy. Ultramicroscopy 96, 523-534 (2003).

7. Ferrari, A. C. & Robertson, J. Interpretation of Raman spectra of disordered and amorphous carbon. Phys. Rev. B 61,
14095-14107 (2000).

8. Fernandez, A. et al. Characterization of carbon nitride thin films prepared by dual ion beam sputtering. Appl. Phys. Lett.
69, 764-766 (1996).

9. Daniels, H., Brydson, R., Rand, B. & Brown, A. Investigating carbonization and graphitization using electron energy loss
spectroscopy (EELS) in the transmission electron microscope (TEM). Philos. Mag. 87, 4073-4092 (2007).

10. Ramos, F. et al. TEM, Edx and EELS Study of Cnx and Si Doped Cnx Thin Films. in Electron Microscopy and Analysis
381-384 (Bristol, U.K. Institute of Physics Publishing, 1999).

11. Pels, J. R., Kapteijn, F., Moulijn, J. A., Zhu, Q. & Thomas, K. M. Evolution of nitrogen functionalities in carbonaceous
materials during pyrolysis. Carbon N. Y. 33, 1641-1653 (1995).

12. Wan, L. & Egerton, R. F. Preparation and characterization of carbon nitride thin films. Thin Solid Films 279, 34-42 (1996).

13. Wang, H. et al. In Situ Synthesis of Molybdenum Carbide Nanoparticles Incorporated into Laser-Patterned Nitrogen-
Doped Carbon for Room Temperature VOC Sensing. Adv. Funct. Mater. 31, 2104061 (2021).

14. Hepp, M. et al. Trained Laser-Patterned Carbon for High-Performance Mechanical Sensors. npj Flex. Electron. DOI:

10.1038/s41528-022-00136-0 (2021). doi:10.1038/s41528-022-00136-0

S17



Open Access Article. Published on 19 October 2022. Downloaded on 5/22/2023 10:56:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry A

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: J. Mater. Chem. A, 2022, 10,
24156

Received 24th July 2022
Accepted 2nd October 2022

DOI: 10.1039/d2ta05838¢

Modulating between 2e~ and 4e pathways in the
oxygen reduction reaction with laser-synthesized
iron oxide-grafted nitrogen-doped carbont

Huize Wang, © 12 Maria Jerigova,1? Jing Hou, ©2 Nadezda V. Tarakina, ©?2
Simon Delacroix, ©° Nieves Lc’>pez—Salasﬂ3*a and Volker Strauss & *2

In this study, we demonstrate the tuning of the oxygen reduction reaction (ORR) using iron/iron oxide
nanoparticle grafted laser-patterned nitrogen-doped carbon (LP-NC) electrodes. Depending on the
preparation route, ie. addition of a molecular Fe(NOs), precursor before (route 1) or after pre-
carbonization (route 2) of the citric acid/urea precursors, either the 4e™ or the 2e™ pathway in the ORR
is facilitated leading to either H,O or H,O, as a reaction product, respectively. The kinetic reaction
conditions afford mixed valence metal oxide nanoparticles embedded in LP-NC in the form of either
Fe,Oz/Fe or Fe,O3/FeO/Fe, respectively, facilitated by an in situ carbothermal reduction during the laser-
induced carbonization. In HR(S)TEM analysis we found evidence for the occurrence of Fe,Osz in the n- or
a-phase, depending on the preparation route. Reciprocally, the graphitization is also affected by the
preparation route leading to either homogeneous graphitization or a locally graphitized shell structures
around the nanoparticles. In the 4e™ mediated ORR facilitated by n-Fe,Oz/Fe@LP-NC onset potentials as
low as 0.70 V (vs. RHE) with a H,O, production efficiency of 4% and 10% in alkaline and neutral
electrolyte, respectively, were determined. On the other hand, a-Fe,O3/FeO/Fe@LP-NC presents an
onset potential for the 2e™ mediated ORR as low as 0.77 V with a H,O, production efficiency of nearly
80%. The changes in selectivity and physicochemical properties of the electrocatalysts by applying
simple modifications in the synthetic route point to laser-patterning as a very promising route to scale

rsc.li/materials-a

Introduction

In the face of current global energy and environmental chal-
lenges, the development of alternative energy conversion
systems has become increasingly critical. In this regard, elec-
trochemical energy conversion facilitated by sustainable elec-
trocatalysts is expected to be a frontrunner in future energy
supply.' An essential reaction in a number of electrocatalytic
applications is the oxygen reduction reaction (ORR), in which
molecular oxygen (O,) is electrochemically reduced to either
H,0 or H,0, following the 4e~ or 2e” pathway, respectively.> In
the ORR process, the common intermediate adsorbate on the
catalyst interface is *~OOH (* denotes an active site). Depending
on the active sites and the catalyst design either the dissociation
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up designer electrodes for electrochemical conversion.

at the active site (*~OOH) or the O-O bond (*O-OH) is favoured,
resulting in the formation of H,0, or 2H,O, respectively.
According to the standard potentials the 4e~ pathway is ther-
modynamically preferred.’

The latter is applied in state-of-the-art proton-exchange
membrane (PEM) fuel cells to convert chemical energy into
electric energy.* Today, carbon-supported platinum (Pt) is the
preferred choice of a catalyst system in commercial devices to
achieve the best economic ORR performance.® Such systems
provide excellent reaction kinetics and flexibility.*” However,
high costs due to limited natural reserves and rapid deactiva-
tion due to the inevitable phenomenon of methanol crossover
are still limiting factors for the widespread practical application
of PEM fuel cells.? Furthermore, the 4e~ ORR is used in metal-
air batteries.® On the other hand, H,0, formed in the 2e™
reduction pathway is a valuable chemical used in many appli-
cations such as paper production, chemical synthesis, or water
treatment,' and is currently produced by a highly energy-
consuming process of anthraquinone oxidation." However, the
production of cheap and stable catalysts showing high selec-
tivity towards the 2e” reduction pathway is still a topic of
research."

This journal is © The Royal Society of Chemistry 2022
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To avoid the use of expensive noble metals, abundant tran-
sition metals on carbon supports with competitive catalytic
activity and selectivity for the ORR are a promising alternative.*
For instance, iron oxides (a-Fe,0s,' v-Fe,O3 (ref. 15 or Fe;O,
(ref. 16) or iron carbides'”*® have been shown to catalyze the 4e™
pathway reduction of O, and exhibit long-cycle durability.
Furthermore, recent research shows that the adsorption and
desorption of adsorbates on the catalyst surface in iron-
nitrogen co-doped carbon-based catalysts is enhanced due to
the unique electronic Fe-N-C bond structures. It has a favour-
able impact on surface stability and catalyst activity, and
exhibits an anti-poisoning effect in fuel cells.”**® On the other
hand, some reports show iron oxides embedded in carbon
matrices that selectively catalyze the 2e~ pathway of the
ORR.>*** Additionally, Fe single-atom coordinated oxidized
carbon nanotubes have shown high activity (>90%) in the
selective 2e” ORR in neutral electrolytes.>* Understanding the
mechanisms behind selectivity is still a central issue in
designing catalysts.”®

An essential aspect for commercial application in electro-
catalytic systems are the fabrication costs of the electrodes. In
the past few years, laser-assisted processing methods of low-
cost starting materials have been widely investigated for applied
electrocatalytic systems. For instance, in 2017, a laser-carbon-
ized membrane was demonstrated as an efficient electrode for
water-splitting to produce both H, and 0,.?° In 2018, O,-plasma
treatment of the surface of such laser-carbonized membranes
was proven to increase the density of oxygen functional groups
as active sites, which reduces the activation energy by facili-
tating adsorption of OER intermediates.”” Therefore, in addi-
tion to high electrocatalytic activity, the simple and low-energy-
consumption preparation method of the electrode has attracted
extensive attention.

Here, we report the laser-assisted synthesis of a carbon-
supported mixed valence iron oxide-based ORR catalyst. We use
citric acid and urea as molecular precursors to create a carbon
network-forming agent (CNFA) for laser-assisted carbonization
and iron(w) nitrate as a precursor for the in situ formation of
iron-containing nanoparticles in a laser-patterned nitrogen-
doped carbon (LP-NC) matrix. By selection of the synthesis
route, the structure of the composite is varied and the ORR
selectivity is tuned between the 2e~ and 4e” pathways.
Comprehensive complementary analysis by X-ray photoelectron
spectroscopy (XPS) and high-resolution transmission electron
microscopy (HRTEM) suggests the kinetic formation of cata-
lytically active mixed valence iron oxide nanoparticles of
different compositions depending on the synthesis route. Their
formation mechanism via laser-induced carbothermal reduc-
tion also influences the local graphitization of the LP-NC matrix
surrounding the mixed valence iron oxide nanoparticles.

Results and discussion
Sample preparation and characterization

Laser-patterned catalyst electrodes were fabricated by a two-step
approach including ink preparation and laser-carbonization.
The inks were prepared by two different routes as illustrated in

This journal is © The Royal Society of Chemistry 2022
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Fig. 1. In route 1, all molecular precursors, namely citric acid,
urea, and Fe(NOj); were thoroughly mixed and then pre-
carbonized at 300 °C for 2 h (see the Experimental section). The
resulting iron-containing carbon network-forming agents
(CNFA(Fe)) with different iron contents were then processed
into inks. In route 2, different amounts of Fe(NOs); were added
to the readily prepared iron-free CNFA and further processed to
inks. As a standard solvent for all inks, ethylene glycol was used.
The inks were doctor-bladed on the substrates (PET, Si wafer, or
carbon cloth) and dried to obtain films with mean thicknesses
of ~30 pm. Then the dry films were irradiated with a mid-
infrared CO,-laser (A = 10.6 pm) to create homogeneous elec-
trode films in the desired dimensions. The resulting iron-con-
taining LP-NC electrodes are named LP-NC(Fe)_n(x) with n
indicating the preparation route (1 or 2) and x indicating the
mass percentage of Fe after laser-carbonization. The mass
percentages of iron in the laser-patterned films were deter-
mined by inductively coupled plasma mass spectrometry (ICP-
MS) and are listed in Table 1.

In accordance with previous observations, laser-induced
carbonization causes a drastic increase in the carbon content at
the expense of nitrogen and oxygen (Table S1t). The quantita-
tive iron content is slightly increased after laser treatment. For
example, the carbon and iron contents of 48 wt% and 2.3 wt%
in CNFA(Fe)_(2.3) increased to 78 wt% and 3 wt% in LP-NC(Fe)
_1(3.0) after laser carbonization (Table S1%), respectively. The
addition of iron nitrate seems to have no significant influence
on the formation of the typical disordered, porous morphology
of the films with a relatively low iron content. Only in route 1 at
higher concentrations of Fe, e.g. 12.1 wt%, the morphology of
LP-NC(Fe)_1(12.1) is considerably different compared to that of
the films with lower Fe concentrations in terms of forming
a somewhat crumpled structure. In comparison, no such
impact on the morphology upon addition of iron nitrate is
observed for the films prepared by route 2.

The Raman spectra of the films prepared by following route
1, i.e. LP-NC(Fe)_1(x), show relatively sharp D-, G-, and G"-bands
at 1340, 1574, and 2676 cm™ ', respectively, and negligible
contributions from disorder-induced carbon and sp*-carbon
(D3 at 1460 cm™ " and D4 at 1200 cm™ '), indicating the forma-
tion of a turbostratic graphitic material with a high degree of
carbonization.”®** With the increasing iron content an increase
in the defect related D-band is observed. The same principal
observation is also made in the films prepared by following
route 2. However, all LP-NC(Fe)_2(x) films show large contri-
butions of D3 and D4 peaks as well as a low and broad G’ band.
This is generally attributed to samples with a lower degree of
graphitization. Iron-based compounds are well-known as cata-
lysts for graphitization of carbon.*® The mechanism of graphi-
tization is often not clear; however, in this case we observe an
obvious difference between the two preparation routes. During
pre-carbonization at 300 °C partial decomposition and cross-
linking of the molecular precursors occur. Adding Fe(NO;); to
the molecular precursors prior to pre-carbonization supports
the formation of an iron-containing CNFA(Fe), in which Fe** is
present during the cross-linking, and is thus homogeneously
incorporated by coordination (Fig. S11). On the other hand, the
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Fig. 1 Illustration of the sample preparation via two routes. (a) Route 1: mixtures of citric acid, urea, and Fe(NOxs)s are pre-carbonized at 300 °C
and the resulting CNFA(Fe) is processed to an ink; Route 2: citric acid and urea are pre-carbonized at 300 °C and Fe(NOs)s is added to the CNFA
and processed to an ink; (b) casting of the CNFA films on substrates and laser-patterning of the films.

Table 1 Overview of the samples. The upper half was prepared according to route 1 and the lower half was prepared according to route 2

Fe(NO3)3-9H,0, Fe content
Sample, LP-NC(Fe)_n(x) Citric acid, g Urea, g g (ICP), %
Route 1 LP-NC(Fe)_1(3.0) 5 5 0.2 3.0
LP-NC(Fe)_1(4.6) 5 5 0.3 46
LP-NC(Fe)_1(12.1) 5 5 1 12.1
CNFA, Fe(NO3);-9H,0, Fe content
g g (ICP), %
Route 2 LP-NC(Fe)_2(3.3) 0.2 0.02 3.3
LP-NC(Fe)_2(3.8) 0.2 0.04 3.8
LP-NC(Fe)_2(14.5) 0.2 0.1 14.5

iron-free CNFA used in route 2 is cross-linked before Fe(NO3); is
added. As a result, the in situ decomposition of the iron-
precursors is affected, which is demonstrated in the different
Raman patterns, on the one hand, and different electrical
conductivities, on the other. In route 1, LP-NC(Fe)_1(3.0)
exhibits the highest electrical conductivity with 7.8 S cm™* and
decreases with the higher iron content (Fig. S2t)., whereas for
route 2 the opposite trend is observed, namely LP-NC(Fe)_2(3.3)
with a lower iron content has a lower electrical conductivity of
3.5 S em™ ", which increases to 8.7 S em™" for higher iron
contents LP-NC(Fe)_2(14.5).

Further support for this interpretation is found in the XRD
patterns of the films, as we observe narrower graphitic (200) and
(10) reflections at 26 and 44° 26 for samples prepared by route 1
(Fig. 2e-f). Interestingly, the (10) reflection increases in inten-
sity with the increasing iron concentration, indicating an
increase in defects and a change in the lateral size of the
graphitic domains.*" This suggests that an optimal amount of
iron is necessary to achieve a high degree of graphitization.
Additional peaks at 30.0, 35.4, 43.0, 53.4, 56.9 and 62.5° that
appear in the film with the highest iron concentration LP-
NC(Fe)_1(12.1) are assigned to the (220), (311), (400), (422),
(511), and (440) crystal planes of Fe;O, [ICDD 19-629],

24158 | J Mater. Chem. A, 2022, 10, 24156-24166

respectively. These peaks are not detected in the samples with
lower iron concentrations, most likely due to a too small size
and too low concentrations of iron-containing nanoparticles.

As a reference, for the primary films of route 1, only
graphitic reflection with no signals of iron oxides is observed
(Fig. S47). This indicates that iron oxide is formed during laser-
carbonization and not during pre-carbonization. This is also
reflected in reference measurements using TEM/EDX analysis,
where no iron oxide particles are found in the primary films
(Fig. s47).

In the XRD patterns of the samples prepared by route 2
(Fig. 2f), e.g. LP-NC(Fe)_2(14.5), the diffraction peaks at 35.6,
and 49.5° correspond to the (110) and (024) lattice planes of
Fe,0; (ICDD 33-664) and those at 35.4 and 43.0° are assigned to
the (311) and (400) crystal planes of Fe;0,. Again, for LP-NC(Fe)
_2(3.3) with a lower Fe content, only the graphitic reflection
(002) and the carbon (111) symmetric Bragg reflection are
observed. Therefore, we conclude that the addition of iron
nitrate in different routes not only affects the final oxidation
form of iron but also the degree of graphitization and the local
crystal structure of the LP-NC.

To study the bonding structure of the materials, X-ray
photoelectron spectra (XPS) of all LP-NCs as well as the primary

This journal is © The Royal Society of Chemistry 2022
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(a) SEM images of films of LP-NC(Fe)_1(x) prepared on a flexible PET substrate by following route 1 and (b) LP-NC(Fe)_2(x) prepared by

samples prepared by following route 1 and (d) route 2; (e) corresponding

X-ray powder diffraction (XRD) patterns of the LP-NC(Fe)_1(x) films prepared by following route 1 and (f) route 2.

films with a focus on the Cqg, Nyg, Oy, and Fe,, regions were
collected (Fig. S5-S9t). The C;4 region of all LP-NCs reveals
a high degree of carbonization reflected by the prominent sp>-
carbon peak at 284.4 eV and the presence of oxygen and
nitrogen-containing functional groups indicated by the peaks at
285.3, 286.2 and 287.9 eV which are assigned to sp>-carbon, C-
N/C-0, and C=N/C=0, respectively. The N;4 areas of LP-NCs
from both route 1 and route 2 show a prominent signal at 399.8
eV stemming from pyrrolic N and two minor peaks at 398.5 and
401.5 eV from pyridinic and graphitic N, respectively. In the
primary films, pyridinic N is the major peak (Fig. S71).

An important difference between the primary films of route 1
and route 2 (pre_NC(Fe)_1(x) and pre_NC(Fe)_2(x)) is found in
the Ny region. The pre_NC(Fe)_2(x) films (route 2) show an
additional peak at 406.5 eV corresponding to NO; ™~ (Fig. S97),
while it is not present in pre_NC(Fe)_1(x) (route 1). This indi-
cates that in route 1, iron nitrate is decomposed after pre-
carbonization. The O, regions of the samples show peaks
originating in oxygen functional groups from the carbon matrix,
as well as an iron oxide related peak at 530.1 eV (Fig. S6 and
S97). The intensity of this peak increases with an increase in the
iron content coming from the formation of iron oxide.

For the Fe,, region of route 2, in the primary film pre-NC(Fe)
_2(3.3), the peaks at 710.3 eV and 723.4 eV constitute the
characteristic doublet of Fe 2P;,, and 2P, core-level spectra of
Fe*" are observed due to the addition of iron nitrate (Fig. 3a).
After laser-carbonization, the spectra of LP-NC(Fe)_2(3.3)
shows an additional Fe(0) peak at 706.8 and the peaks shift to
high binding energy and broaden, which is typically assigned
to the co-presence of Fe*" and Fe®* species.?®* In contrast, for
LP-NC(Fe)_1(3.0), in addition to the Fe(0) peak, the levels
Fe**(2P;,,) and Fe**(2P,,,) and their satellite peak at around
719.5 eV are characteristic of Fe,O;. However, the peaks

This journal is © The Royal Society of Chemistry 2022

observed in the primary film pre-NC(Fe)_1(3.0) shift to low
binding energy and the peaks appearing at 709.5 eV and 722.6
eV are assigned to Fe®'(2P;,) and Fe®'(2Py.,), respectively.
Interestingly, from the elemental composition quantified by
using the XPS spectra (Table S2t), the iron content on the
surface of the LP-NC(Fe)_2(x) films of route 2 is significantly
higher than that of route 1.

The two samples with low iron contents, LP-NC(Fe)_1(3.0)
and LP-NC(Fe)_2(3.3), were investigated using (scanning)
transmission electron microscopy ((S)TEM) and energy-
dispersive X-ray (EDX) microanalysis (Fig. 3b). In both samples
iron-containing nanoparticles are embedded in a carbonized
matrix; however, the type of the crystalline phase formed
during the synthesis and the overall distributions of the
particles in the matrix are found to be different. In the LP-
NC(Fe)_2(3.3) sample we observed a local increase in the
degree of graphitization of the carbonized matrix around the
iron-containing particles, forming a “graphitic” shell. In
contrast, in LP-NC(Fe)_1(3.0) the carbon film displayed
uniform graphitization throughout all analyzed areas (Fig. 3c).
This observation is in good agreement with the Raman data
presented above, showing that LP-NC(Fe)_1(3.0) exhibits
a higher degree of graphitization. Analysis of fast Fourier
transforms (FFTs) obtained from the HRTEM images of iron-
containing nanoparticles suggests that these two samples
contain different forms of iron oxides. LP-NC(Fe)_1(3.0) has n-
Fe,0; particles (orthorhombic unit cell, sp.gr. Cmcm), while in
LP-NC(Fe)_2(3.3) a-Fe,0; particles (trigonal unit cell, sp.gr.
R3c¢) and FeO particles (cubic unit cell, Fm3m) were observed. In
general, the LP-NC(Fe)_2(3.3) sample was found to be less
homogeneous, showing, in addition to nanoparticles, large Fe—
O-containing flakes as well as very small Fe-containing clusters
(Fig. S11t). Local EDX analysis performed on both samples
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right.

confirms that nanoparticles contain Fe and O; however, since
oxygen is partially present in the carbonized matrix, direct
determination of the phase composition from EDX maps is not
always possible. Moreover, one can see variations of the
contrast in annular-dark field STEM (ADF-STEM) images
(Fig. 3a) and in the oxygen distribution in the O-K maps,

24160 | J Mater. Chem. A, 2022, 10, 24156-24166

suggesting that the oxygen content can vary even within the
same particle. Overall, the TEM and EDX data are in line with
XPS measurements, suggesting that via route 1 Fe,O; oxide is
predominantly formed, while route 2 leads to the formation of
both Fe,0; and FeO.** The intrinsic inhomogeneity among the

This journal is © The Royal Society of Chemistry 2022
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particles found by EDX can be the reason for the small but
distinct signal of Fe(0) observed in the XPS spectra (Fig. S117).

Proposed formation mechanism

Taking the results of the previous characterization investiga-
tions into consideration, we propose the formation mechanism
based on carbonization of the CNFA and simultaneous carbo-
thermal reduction of the iron precursors (Fig. 4). Typically,
during such carbothermal reductions, which occur in the
temperature range of up to 1000 °C, the carbon is oxidized and
cleaves off CO or CO,, which subsequently supports the
graphitization of the remaining carbon.*>*® Notably, the reac-
tion temperature cannot be measured directly. However, by the
degree of graphitization a reaction temperature gradient of <500
°C and >1500 °C between the lower and the upper layer of the
LP-NC film is assumed.*” The difference between the two routes
lies in the prearrangement and the nature of the iron precursors
in the primary inks.

For route 1, at temperatures >80 °C urea decomposes into
isocyanate and ammonia which reacts with iron nitrate to
generate coordinated Fe®* species (see XPS) and potentially
FeO(OH).*® These Fe®* species are expected to be incorporated
homogeneously into the cross-linked CNFA. In a previous study,
we demonstrate that upon annealing a mixture of citric acid and
urea, two main intermediate products are formed, namely
HPPT and oligomeric urea.* These two components form
strong hydrogen-bond networks which eventually cross-link at
elevated temperatures to form aggregated particles. The Fe**
species are found homogeneously inside these particles
(Fig. S4%). A recrystallization into «-Fe,Osz, as it has been
observed in other studies at ~300 °C, cannot be confirmed.****
Although, the decomposition of iron nitrate during pre-
carbonization (Fig. S71) is confirmed, no iron oxide nano-
particles were identified in XRD (Fig. S31) or TEM (Fig. S47)
analysis. The involvement of Fe** species in the process of cross-
linking during pre-carbonization may enhance thermal stability
and electrical conductivity of the resulting LP-NC network,
which is observed from the XPS spectra (Fig. 3) of pre-NC(Fe)
_1(x) where the peaks shift to a lower binding energy. During
laser-carbonization the cross-linked pre-NC(Fe)_1(x) form
a homogeneous graphitized carbon matrix with predominantly
n-Fe,O; particles incorporated.

This journal is © The Royal Society of Chemistry 2022

On the other hand, in route 2, Fe(NO); is added after cross-
linking and does not influence the cross-linking of the CNFA.
The transformation from Fe(NO); into iron-containing nano-
particles occurs during laser-treatment on a short kinetic time-
scale. The effect of the carbothermal reduction is apparent by
the formation of the graphitic shells around the iron-containing
particles (Fig. 3c). This shift of thermal energy during the laser
treatment leads to the localized graphitic domains while larger
fractions of the carbon network are still amorphous, which
explains the presence of D3 and D4 bands in the Raman spectra
(Fig. 2d). In general, higher concentrations of iron precursors
foster the formation of larger iron oxide particles which are
detected in XRD, while the small particle sizes of <20 nm at low
concentrations do not afford sharp peaks.

Electrocatalytic ORR performance

The performance of the LP-NC(Fe)_1(x) and LP-NC(Fe)_2(x)
composite materials was evaluated as ORR electrocatalysts in
alkaline media (0.1 M KOH) using a rotating ring disk electrode
(RRDE) set up. The analysis was performed using a glassy
carbon RRDE tip with a platinum ring (see the Experimental
section). A slurry prepared using ground materials with Nafion
as a binder was drop cast on the tip. The larger current densities
reached with LP-NC(Fe)_1(x) samples compared to that with LP-
NC(Fe)_2(x) in the linear sweep voltammetry curves (Fig. 5) are
indicative for higher activity and local conductivity of the
samples (Fig. S21) and could be explained by the higher
graphitization of the catalyst. The number of electrons trans-
ferred during the reduction reaction was calculated based on
the amount of H,0O, detected at the Pt ring. LP-NC(Fe)_1(x)
samples clearly promote the reduction of oxygen mainly
through a 4e” transfer mechanism but, at lower iron loadings
a certain contribution of the 2e~ transfer mechanism is
observed. On the other hand, O, is reduced through a 2e™
transfer by LP-C(Fe)_2(3.3) and through a 4e™ transfer mecha-
nism by sample LP-C(Fe)_2(14.5).

There are many properties which influence the performance
and mechanism of a sample as a catalyst in the ORR, such as
conductivity, structure and functional groups of the carbon
matrix as well as the presence of metallic particles. Due to this
fact, it is not easy to pinpoint the exact catalytic site and clearly
state a cause for the main difference between samples. Samples
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Fig. 5 ORR performance in oxygen saturated 0.1 M KOH evaluated using an RRDE setup. (a) Linear sweep voltammetry and (b) calculated
number of transferred electrons and H,O, production efficiency of LP-NC(Fe)_1(3.0), LP-NC(Fe)_1(4.6), and LP-NC(Fe)_1(12.1); (c) linear sweep
voltammetry and (d) calculated number of transferred electrons and H,O, production efficiency of LP-NC(Fe)_1(3.3), and LP-NC(Fe)_1(14.5).

H,O, ring current and selectivity (%) are in dashed lines.

prepared by route 1 are more conductive which enhances the
current densities. The difference in conductivity may facilitate
the electron transfer and favour the 4e™ transfer mechanism.

Another property that needs to be addressed is the nitrogen
species. Importantly, the samples LP-C(Fe)_1(3.0) and LP-C(Fe)
_2(3.3) contain mainly pyrrolic nitrogen and show relatively
high H,0, production efficiency (Table S37). The role of pyrrolic
nitrogen in selective H,O, production was well demonstrated by
Yang et al. in a report on low-cost N-doped carbon catalysts
fabricated in a one-step carbonization of pomelo peel biomass
waste.*® Furthermore, Li et al. have shown that an increase in
the content of pyrrolic nitrogen leads to a higher production of
H,0,, which they further supported by X-ray absorption near-
edge structure spectroscopy (XANES) analysis.** When looking
at our XPS analysis, it was found that the content of pyrrolic
nitrogen compared to that of other nitrogen types is higher for
samples from route 2, which supports the 2e~ mechanism.
Pyrrolic nitrogen is dominant in both sets of samples, and
might have a larger influence as a catalytic site at lower iron
loadings. This goes along with the certain contribution of the
2e~ mechanism observed for samples LP-NC(Fe)_1(3.0) and LP-
NC(Fe)_2(3.3).

24162 | J. Mater. Chem. A, 2022, 10, 24156-24166

The studies on carbon-based materials that contain iron
oxide do not show a clear correlation between the type of iron
oxide and the resulting mechanism and a through literature
survey is presented in Table S4.1 We observed a clear difference
in the nature of the iron oxides present in our materials as
summarized in Table 2. In the case of LP-NC(Fe)_1(x), the iron
oxide is distributed on an evenly carbonised matrix, meaning
that the iron oxide will be directly in contact with the electrolyte.
In the case of LP-NC(Fe)_2(x), the iron oxide nanoparticles are
surrounded by a graphitic layer, which prevents direct exposure
to the electrolyte. This will change the active site and will have
an effect on the desorption of the ~-OOH intermediate, which
might lead to a different mechanism. We observed that for both
sets of samples the performance of the electrocatalysts towards
the 4e” mechanism is enhanced at larger iron loadings. At
larger loadings, the formation of larger carbon graphitic
domains is more favourable which might facilitate the electron
transfer. The iron catalytic sites from route 1 are exposed to the
electrolyte and the support conductivity favours that, even at
low iron loadings, the contribution of the 4e™ transfer mecha-
nism predominates. On the other hand, in samples from route 2
the sites are not directly exposed to the electrolyte and the

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta05838c

Open Access Article. Published on 19 October 2022. Downloaded on 5/22/2023 10:56:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Journal of Materials Chemistry A

Table 2 Summary of the results obtained using the materials as oxygen reduction reaction electrocatalysts

a

n H,0, production
Sample Onset E°, V pH = 14? pH = 14° pH = 7.2¢ Fe type
LP-NC(Fe)_1(3.0) 0.77 3.5 40% 10% n-Fe,0; and Fe(0)
LP-NC(Fe)_1(12.1) 0.80 4 2% — Fe;0,4
LP-NC(Fe)_2(3.3) 0.70 2.5 80% 3% a-Fe,03, FeO, and Fe(0)
LP-NC(Fe)_2(14.5) 0.72 3.5 8% — a-Fe,O3

¢ Number of transferred electrons. © 0.1 M KOH as an electrolyte. ¢ Phosphate buffer as an electrolyte.

carbon support is not as conductive. Thus, at a low iron content,
the 2e~ mechanism predominates due to the contribution of
the pyrrolic functional groups and the poorer conductivity.
When the loading of iron increases, the contribution of the 4e™
transfer mechanism also does. We also analysed the behaviour
of samples LP-C(Fe)_2(3.8) in order to further corroborate this
hypothesis (Fig. S121). The results show that when the iron
content is between that of samples LP-C(Fe)_2(3.3) and LP-C(Fe)
_2(14.5), the contribution of both mechanisms is also in
between. For instance, the average number of electrons trans-
ferred is 3 and the average percentage of H,O, produced is 50%.

Samples LP-C(Fe)_1(3.0) and LP-C(Fe)_2(3.3) were also eval-
uated in O,-saturated neutral media (500 mM phosphate buffer
with pH 7.2). In this electrolyte, the onset of the ORR is at 0.5 V
vs. RHE in both cases. Both samples yield very little H,O, and
the number of transferred electrons is above 3 (Fig. S1371). The
limiting current obtained was much larger than that found in
basic media.

Conclusions

In summary, we introduced a concept to fabricate ORR catalyst
electrodes by a simple and cost-effective laser-assisted carbon-
ization method affording mixed valence iron oxide nano-
particles embedded in a nitrogen-doped carbon matrix. The
electrodes are based on earth-abundant and recyclable mate-
rials and are processed by an efficient, fast and low-energy
synthesis method. By simply changing the preparation
sequence we were able to modulate the catalyst performance
between the 2e” and 4e~ pathways and thereby create product
selectivity in the ORR. Our experimental results demonstrate
how different iron contents and the sequence of the film
preparation influence the chemical and structural composition
of the active catalysts, namely the type of iron oxide, the degree
of graphitization, and the local structure of the final laser-
carbonized electrodes. The effect of the type of nitrogen func-
tionality, degree of graphitization and iron type was used to
rationalize the ORR performance of the samples. The obtained
mixed valence iron oxide structures, namely 3 wt% a-Fe,O3/
FeO/Fe embedded into N-pyrrolic doped carbons were identi-
fied as highly active and selective for O, reduction to H,O,. Well
graphitized LP-NC with predominant n-Fe,Oz/Fe species
embedded preferably supports the 4e” pathway to generate H,O
with 4% and 10% efficiency in alkaline or neutral electrolyte,

This journal is © The Royal Society of Chemistry 2022

respectively. Future efforts can be focused on the electrode
design for pure H,O generation and the utilization of alternative
carbon-network forming agents or precursors for the selective
formation of catalytically active interfaces. Such electrodes may
find application as environmentally friendly and sustainable
alternatives in, for example, energy storage, water treatment,
and H,0, generation.

Experimental section

Materials

Citric acid (>99%, Sigman-Aldrich), urea (>99.3%, Alfa Aesar),
iron(m) nitrate nonahydrate (>98%, Alfa Aesar), ethylene glycol
(=99.7%, AnalaR Normapur, VWR chemicals), poly-
vinylpyrrolidone (average mol wt. 10 000, Sigma-Aldrich), 0.1 M
Titripur® potassium hydroxide solution (Aldrich), Nafion 117
5% solution (Aldrich) and pH 7 phosphate buffer solution (500
mM, Aldrich) were used.

Preparation of LP-NC(Fe)_n(x)

Route 1. 5 g citric acid, 5 g urea and 0.2, 0.3, or 1.0 g iron(u)
nitrate nonahydrate (Fe(NOs);-9H,0) were dissolved in 10 mL
methanol and thoroughly mixed. The solvent was evaporated and
the solid mixture was annealed at 300 °C for 2 h in a tube furnace
at a heating rate of 3.11 K min~". The resulting black powders
were ground by ball milling (PM 100, Retsch) for 1 h at 650 rpm to
obtain the iron doped carbon network-forming agents
(CNFA(Fe)). 0.2 g of each CNFA(Fe) were then dispersed in 2 mL
of ethylene glycol and stirred for 24 h to obtain viscous inks.

Route 2. The CNFA (CA/U(300)) was prepared according to
route 1 without the addition of Fe(NOj);-9H,0.*® Fe(NO;);-
-9H,0 was dissolved in 0.2 mL ethylene glycol to obtain solu-
tions with different concentrations between 0.1 and 0.5 g mL™".
0.2 g of CA/U(300) was then added and the mixture was stirred
for 24 h to obtain a viscous ink.

A drop of the ink was applied onto the substrate (PET) and
the ink was doctor bladed with a blade distance of 130 um.
Ethylene glycol was then evaporated at 80 °C on a precision
hotplate (PZ2860-SR, Gestigkeit GmbH) to obtain the final films
with mean thicknesses of 30 um.

The powder collection of the sample. A drop of the ink was
applied onto a Si wafer and then doctor bladed with a blade
distance of 700 um. Ethylene glycol was evaporated at 80 °C on
a hotplate. After laser-carbonization, the powder of LP-NC(Fe)
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was scraped off the silicon wafer. The powders were thoroughly
washed with 1.0 M NaOH by sequential sonication and centri-
fugation until the supernatant was clear, i.e. all unconverted
precursors were washed out. The remaining black solid was
washed with H,0 and methanol to remove all NaOH and obtain
a pure laser-carbonized product.

A high-precision laser engraver setup (Trotec Speedy 100, 60
W CO,-laser, 2.5 inch focus lens, and a spot size of 170 pm) was
used for laser-carbonization. The resulting energy fluence (F =
72 m~ ") was calculated from the product of the laser power (P
=1.02 W) and the scanning speed (71 s m ™ '). Each laser pattern
consists of 100 parallel laser lines with a length of 10 mm and
a line separation of 0.1 mm to obtain a homogeneous electrode
film of 10 x 10 mm.

Characterization

Raman spectra were obtained with a confocal Raman microscope
(alpha300, WITec, Germany) equipped with a piezo-scanner (P-
500, Physik Instrumente, Karlsruhe, Germany). The laser, A = 532
nm, was focused on the samples through a 50x objective. The
laser power on the sample was set to 5.0 mW. Scanning electron
microscopy was performed on a Zeiss LEO 1550-Gemini system
(acceleration voltage: 3 to 10 kV). An Oxford Instruments X-MAX
80 mm® detector was used to collect the SEM-EDX data. Trans-
mission electron microscopy (TEM) was performed using
a double Cs corrected JEOL JEM-ARM200F (S)TEM operated at 80
kv, 10 pA and equipped with a cold-field emission gun and a high-
angle silicon drift energy dispersive X-ray (EDX) detector (solid
angle up to 0.98 steradians with a detection area of 100 mm?).
Annular dark field scanning transmission electron microscopy
(ADF-STEM) images were collected at a probe convergence semi-
angle of 25 mrad. The so-called “beam shower” procedure was
performed with a defocused beam at a magnification of 8000x for
30 minutes; it was necessary for reducing hydrocarbon contami-
nation during subsequent imaging at high magnification. To
prepare the TEM samples, the carbon material has been dispersed
in methanol, sonicated for 10 min, drop cast on a lacey carbon
TEM grid and dried at room temperature. Elemental combustion
analysis was performed with a vario MICRO cube CHNOS
elemental analyzer (Elementar Analysensysteme GmbH). The
elements were detected with a thermal conductivity detector
(TCD) for C, H, N and O and an infrared (IR) detector for sulphur.
Inductively coupled plasma mass spectrometry (ICP-MS) was
performed with a PerkinElmer ICP-OES Optima 8000. The sample
preparation: 10 mg powder of the sample was added into the ICP
tube, followed by 167 pL conc. HNO; and 333 pL conc. HCI. X-ray
diffraction was performed on a Bruker D8 Advance diffractometer
in the Bragg-Brentano mode at the Cu Ko wavelength. XPS
measurements were performed on a ThermoScientific Escalab
250 Xi. A micro-focused, monochromated AlKa X-ray source
(1486.68 eV) and a 400 um spot size were used in the analysis.
Samples were prepared using carbon tape. Calibration was per-
formed according to the sp® peak in each sample. CasaXPS soft-
ware was used to analyze the resulting spectra. Electrochemical
tests were performed using a rotating ring disk electrode (RRDE)
purchased from PINE and Interface 1000 and Interface 1010
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(Gamry) potentiostats. The three-electrode cell setup consisted of
an Ag/AgCl electrode as a reference, a Pt wire as a counter elec-
trode and 5 mm glassy carbon (disk)/platinum (ring) RRDE tips
modified with the materials as working electrodes. It is important
to consider that by using Pt rings the number of transferred
electrons might be overestimated.*® To prepare the RRDE tips for
measurements, 10 pL of catalyst ink was deposited on the glassy
carbon tip and dried at room temperature overnight. The ink is
prepared by mixing 50 pL of Nafion 117 solution (5 wt%,
purchased by Aldrich), 500 pL of distilled water, 250 pL of iso-
propanol, and 5 mg powder of laser-carbonized samples as cata-
lysts. Linear sweep voltammetry (LSV) was performed in O,
saturated 0.1 M KOH solution, or pH 7, 500 mM phosphate buffer,
with a scan rate of 10 mV s at 1000 rpm rotation speed. The ring
was set at a potential of 1.2 V vs. RHE to ensure fast oxidation of
H,0,. The collection efficiency of the ring was calibrated before
the measurements following the indication of the RRDE setup
provider. The electron transfer number, n, and hydrogen peroxide
yield, % H,0,, are calculated using eqn (1) and (2).w

IdXN
=4 X — 1
A XN L ()
2 x 1,
Ol)Hzoz =100 x MXT«;»I (2)
r

here I, stands for ring current, I for disk current and N for the
collection efficiency of the electrodes. The collection efficiency
was empirically measured using a ferrocyanide/ferricyanide
half-reaction as a single-electron, reversible half-reaction. The
rotating ring disc electrodes were placed in 10 mM of potassium
ferricyanide (K;Fe(CN)s) 0.1 M KOH solution and were operated
at rotation rates between 500 and 2000 rpm. The potential of the
disk electrode was swept from cathodic potentials at 50 mV s
towards more negative potentials (potential range 0.3 Vto —0.75
V vs. Ag/AgCl). The potential of the ring electrode was biased at
0.5 Vvs. Ag/AgCl. The current obtained from the ring when the
disk was disconnected was subtracted from I.. The measured
ratio of the ring (anodic) limiting current to the disk (cathodic)
limiting current is the empirical collection efficiency. We
checked that this number was independent of the rotation rate.
We obtained a collection efficiency of 0.21 + 0.01 for the bare
GC, and a collection efficiency of 0.26 £ 0.03 for all electrodes
except for electrode LP-C(Fe)_1(3.0) for which the collection
efficiency was 0.45 + 0.05.
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Chemical composition

Table S1. Elemental mass percentage of pre-NC(Fe) 1(x) and LP-NC(Fe) n(x) obtained from combustion elemental
analysis (N,C,H) and ICP-MS (Fe). *

sample N C H Fe
CNFA (CA/U300) 13 68 1 -
pre-NC(Fe)_1(2.3) 21 48 3 2.3
pre-NC(Fe) 1(2.7) 19 42 3 2.7
pre-NC(Fe) 1(8.6) 21 42 3 8.6
LP-NC(Fe)_1(3.0) 10 72 1 3.0
LP-NC(Fe)_1(4.6) 7 72 1 4.6
LP-NC(Fe)_1(12.1) 6 60 1 12.1
LP-NC(Fe) 2(3.3) 13 60 2 33
LP-NC(Fe)_2(3.8) 11 67 2 3.8
LP-NC(Fe) 2(14.5) 8 60 1 14.5

* The remaining mass is due oxygen.

Figure S1. EDX mapping of LP_NC(Fe) 1(3.0), LP_NC(Fe) 1(4.6) and LP_NC(Fe) 1(12.1).
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Electrical properties
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Figure S2. Electrical conductivity of films LP-NC(Fe)_1(x) and LP-NC(Fe)_2(x) obtained by averaging 30 sample
films.

Pre-Carbonization
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10 20 30 40 50 60 70 80
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Figure S3. X-ray powder diffraction patterns of the primary films to route 1 (pre-NC(Fe) _1(y)), pre-carbonized at
300 °C.
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Figure S4. (a) STEM-ADF images of pre_NC(Fe) _1(3.0); (b)corresponding EDX elemental mappings and spectrum
from (a).
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X-ray photoelectron spectroscopy
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Figure S6. XPS spectra of the samples prepared by route 1: LP_NC(Fe) 1(3.0), LP_NC(Fe) _1(4.6) and
LP _NC(Fe)_1(12.1) with emphasis on the F5,, Oy, Ny, and Cy, (from left to right) regions.
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Figure S7. XPS spectra of the primary films of route 1: pre NC(Fe) 1(3.0), pre NC(Fe) 1(4.6) and
pre_NC(Fe)_1(12.1) with emphasis on the F,,, O, N, and C, (from left to right) regions.
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Figure S§8. XPS spectra of the samples prepared by route 2: LP_NC(Fe) 2(3.3), LP_NC(Fe) _2(3.8) and
LP_NC(Fe)_2(14.5) with emphasis on the F,,, O, Ny, and Ci (from left to right) regions.
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Figure S9. XPS spectra of the primary films of route 2: pre NC(Fe) 2(3.3), pre NC(Fe)_2(3.8) and
pre_NC(Fe)_2(14.5) with emphasis on the I, Oy, Ny, and Ci; (from left to right) regions.
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Table S2. Elemental mass percentage of pre-NC(Fe) 1(x) and LP-NC(Fe) n(x) obtained from XPS survey spectra
quantification

Sample N C O Fe

LP-NC 5.05 77.54 17.41 -
pre-NC(Fe) 1(2.3) 13.63 69.21 17.08 0.09
pre-NC(Fe) 1(2.7) 12.06 71.03 16.78 0.13
pre-NC(Fe) 1(8.6) 12.92 70.63 16.10 0.35
LP-NC(Fe) 1(3.0) 9.77 77.24 12.82 0.74
LP-NC(Fe) 1(4.6) 4.11 75.42 15.53 0.96
LP-NC(Fe) 1(12.1) 6.33 74.58 18.96 0.56
LP-NC(Fe) 2(3.3) 7.05 72.43 14.74 5.78
LP-NC(Fe) 2(3.8) 5.25 73.02 16.48 5.25
LP-NC(Fe) 2(14.5) 3.02 61.29 23.92 11.77

Table S3.Composition of nitrogen of laser-carbon obtained by deconvolution of the N s peaks of the XPS spectra

H,0,

()

Sample Ni; peaks (% of total peak area) production
Pyridinic N Pyrrolic N  Graphitic N NO;

LP-NC 18.36 75.34 6.29 - 60
LP-NC(Fe) 1(3.0) 26.21 65.98 7.80 - 40
LP-NC(Fe) 1(4.6) 20.71 71.61 7.68 -

LP-NC(Fe) 1(12.1) 90.83 8.44 0.73 - 2
LP-NC(Fe) 2(3.3) 25.37 67.50 6.93 - 80
LP-NC(Fe) 2(3.8) 21.22 68.09 10.70 -

LP-NC(Fe) 2(14.5) 42.01 50.49 2.12 5.37 8
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STEM and EDX analysis
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Figure S10. EDX spectrum on overview (grey filling) and particle (red line) regions of LP_NC(Fe) 1(3.0) (bottom)
and LP_NC(Fe) _2(3.3) (top).
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Figure S11. (a) STEM image of thin film, clusters, and dense substrate (from left to right)from LP_NC(Fe) 2(3.3);
(b) EDX of dense carbon substrate grafted with iron clusters, (c) EDX with solid flake containing iron and oxide.
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Oxygen reduction reaction performance
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Figure S12. Calculated number of transferred electrons and H,0; production efficiency of LP-C(Fe) 2(3.8) in KOH
0.1M. H,O; production (%) in dashed lines.
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Figure S13. ORR performance in oxygen saturated 0.5M phosphate buffer (pH 7.2) evaluated using an RRDE setup.
(a) and (b) Linear sweep voltammetry of LP-C(Fe) 1(3.0) and LP-C(Fe) 2(3.3), (c¢) and (d) Calculated number of
transferred electrons and H>O; production efficiency of LP-C(Fe) 1(3.0) and LP-C(Fe) 2(3.3). H,O; ring current
and selectivity (%) in dashed lines
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Comparison with published studies

Table S4. Overview of onset potentials and H,O; production efficiencies of previously published and our materials in
alkaline electrolyte. The onset potential was calculated by the intercept with X-axes of the tangent to the LSV curve

at E1/72. The values in Table S4 are either given in the text or estimated from the data given in each manuscript.

Sample Fe type O(n\je‘fs[.l(l){tle{nél)al Mechanism ma;;gizoz Ref.
CA/U300 - 0.73 2¢ 60 this work
LP-C(Fe) 2(3.3) a-Fe,03/FeO/Fe(0)@LP_C 0.77 2e 80 this work
LP-C(Fe)_2(14.5) a-Fe,03/FeO/Fe(0)@LP_C 0.72 4e 8 this work
Fe-CNT Fe-C-O 0.82 2¢ 95 1
CG400 - 0.72 2¢ 93 2
O-CNT - 0.73 2¢ 93 3
Fe;04-graphene Fe;04 nanoparticles 0.74 2¢ 80 4
Ce0,/C - 0.75 2¢ 44 5
SnNi/C - 0.70 2¢ 88 6
FC304@NT FC304 2¢ 7
NC@Fe,05-CNT v-Fe,03, Fe-Ny, and FesC, 0.96 2¢ 97.3 8
Fe,03 (001) Fe,054 0.73 2e 100 9
Fe,03 (012) Fey05.4 0.84 - 10
0-Fe,03/g-C3Ny 0-Fe,03 2¢and4 e 20 10
Fe;04 NP Fe;04 -0.6 V vs. SCE (pH 8.5) 2 ¢ and 4¢ 50 11
y-Fe,0;/rGO v-Fe,0; 0.78 2+2 ¢ - 12
LP-C(Fe) 1(3.0) n-Fe,05/Fe(0) 0.77 2¢and4 e 40 this work
LP-C(Fe)_1(12.1) Fe;04 0.80 4e 2 this work
F6203/P-S-GC F6203 0.97 4¢ 13
0-Fe,O3;@NT a-Fe,05 4e 7
y-FeZO3@CNF 'Y-FCQO3 0.92 4e - 14
FeSA/FeONC/NSC FC-N4 and FezO3 0.99 4e 15 15
Fe,03/N-PCs-850 Fe,0; 0.936 4¢ 5 16
Fe,03/FeNy@CNF Fe,0; and Fe-N 1.10 4e 3 17
F6203@CNF F6203 1.06 4¢ 20
Fe-Fe,O3;@NGr Fe(0), Fe,03, and Fe-N 0.075 V vs. Hg/HgO 13 18
Fe-Fe,O;@RGO Fe(0) and Fe,O3 -0.07 V vs. Hg/HgO 51.2
Fe,O;@Fe-N-C-800 Fe,0; and Fe-N 1.02 4¢e - 19
Fe/Fe,0;/Fe; C@N- Hollow particles i
CNT Fe/Fe,0/FesC 0.90 de 2 20
Fe-CNSs-N o-Fe,03and Fe;0,4 0.90 4e - 21
FeN,/Fe,O3;-CNF v-Fe,0;5 and Fe-N 0.87 4e 6 22
F6203/N-bi0-c F€203 0.90 hybrld - 23
Fe and N co-doped C Fe-N-C 0.51 (neutral pH) 4e - 24
OMCS-Fe,03 0.804 4e - 25
Fe,O;@NC-800 v-Fe,0; 0.97 4e 1.20 26
Fe304 -GO Fe;O4 4e - 27
Fe,05/GO Fe,03 0.85 2+2e - 28
Fe/N-CNTs Fe-N 0.862 4¢ 29
P-Fe-C-900 P-Fe-C 0.825 4¢ 15 30
Hemin/NPC-900 Fe-N-C 0.99 4¢ - 31
Fe@N/HCS Fe;04 0.90 4e 15 32
Fe304@NHCS FC304 0.9 4¢ - 33
Fe;04/Fe;C@NC-1 Fe;04and FesC 0.97 4¢ 10 34
Fe;04 NPs/NGC Fe;04 1.015 4e 9 35
COP@K10-Fe-900 Fe;0,4 and Fe-N-C 0.97 4e 10 36
Fe;04@NGA Fe;04 0.92 4¢ - 37
Fe;04/FeNSG-3 Fe-N-C and Fe;0,4 0.951 4¢ 6 38
C-FePPDA-900 Fes0, with o-vacancies 0.87 de 75 39
on n-doped carbon
Fe;04@FeNC Fe;04 and Fe-N 4e 2 40
ggg%f)\]CMTS' Fe;0y 0.794 4e - 41
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The conversion of small bio-based molecules into electro-active functional carbon nanomaterials such as
carbon nanodots or graphene is attracting increasing interest. In this communication we demonstrate the
use of laser-reduced carbon nanodots (IrCND) as electrodes for electrochemical capacitors. A CO;-laser-
assisted process is utilized to convert CNDs into highly conductive 3D-carbon monoliths. Exclusion of
molecular oxygen from the reaction environment has a positive effect on device parameters and

particularly on the frequency response. Using this simple and inexpensive method, an extremely fast RC
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time constant of 0.29 ms and a capacitance of 0.259 mF cm~2 at 120 Hz were obtained. This can be
attributed to an effective conversion of CNDs into graphitic carbon in an oxygen-free environment and
the presence of unconverted CNDs in the 3D-carbon network acting as doping agents.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

During the past few years, carbon-based electrodes, in partic-
ular, graphene and carbon nanotubes, have been extensively
investigated as active materials in high-frequency electric double
layer capacitors (HF-EDLCs) [1]. Due to the wide variety of carbon
materials and their high electronic conductivity, flexibility, and
tunable porosity, they are considered promising materials for high-
speed capacitor applications, such as AC-line filtering [2]. Fine-
tuning the architecture of graphene-based electrodes can lead to
remarkably short RC time constants for the electrodes, on the order
of a few milliseconds [3—5].

The RC time constants (tRC), i.e. the product of resistance (R)
and the capacitance (C) at a given frequency, are a characteristic
parameter of EDLCs and relate to the frequency at which the electric
response of a device switches from resistive to capacitive [6,7]. In
general, a fast tgc is preferable since this allows for very fast
charging and discharging, but more than this, a fast frequency
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response can enable applications for AC-line filtering. Decisive
factors to achieve low tgrc are low electronic and ionic series
resistance throughout the device. This can be enabled by a) low
charge transport resistance in the active material, b) low electro-
lyte/electrode and electrode/current collector interface resistance,
c) absence of micropores in the active materials to avoid ionic
resistance, and d) avoiding slow-kinetic pseudocapacitive reaction
sites. A perspective on important device parameters for HF-EDLCs is
given in a recent review article [7].

A range of examples demonstrate that by proper alignment of
carbon materials, low Tgc can be achieved. Carbon materials appli-
cable for HF-EDLCs include onion-like carbon (26 ms) [8], chemical
vapor deposited carbon nanotubes (0.19 ms) [9], and electrochem-
ically reduced graphene oxide (1.35 ms) [10]. Additionally, com-
posite materials consisting of graphene oxide/carbon nanotubes
(4.8 ms) [11] or printable graphene/conducting polymer hybrids
(0.47 ms) [12] were found to have extraordinarily short frequency
response times. Another material developed for HF-EDLC applica-
tions is porous conducting poly(3,4-ethylenedioxythiophene) with
a tgc of 0.8 ms [13]. Also highly porous materials like electro-
chemically reduced graphene oxide and carbon black have been
shown to possess low trc of only 0.35 ms [10,14]. Among the most
promising materials are vertically aligned graphene sheets or
nitrogen-doped holey graphene, offering high capacitance, yet very
low tgc of only 0.2 ms [15,16]. Among the more abundant and thus
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economic materials is carbon black with RC time constants as low as
0.35 and remarkably high areal capacitance of 0.56 mF cm 2 [14]. A
comprehensive overview of active materials for HF EDLCs has been
reviewed recently [7].

Most of these examples utilize rather elaborate or costly fabri-
cation techniques. In contrast, our standard laser-assisted reduction
process represents a simple template-free, and fast one-step con-
version process [17,18]. Using this method we have demonstrated
that films of graphene oxide, carbon nanodots (CND) and com-
posites thereof can be converted into functional 3D-carbon elec-
trodes for HF-EDLCs [19—23]. We found that the laser-reduction of
CND into 3D-turbostratic graphene yields electrodes with
remarkably low tgc [19]. Notably, CNDs are made of natural small
molecules and, therefore, represent a way to convert renewable
carbon sources into functional electronic materials [3,24]. Previ-
ously, they have mainly been investigated as photoactive com-
pounds for a range of optical and charge-transfer applications, but
they are increasingly being used as feedstock for charge storage
materials [25,26]. For example, their relatives, graphene quantum
dots (GQD), have been successfully integrated as active material in
interdigitated Au electrodes exhibiting trc of <0.1 ms in aqueous
electrolytes [27].

In this paper we show that a change of the reaction environment
and the laser power for the laser-assisted reduction of annealed
carbon nanodots (CND300, annealed at 300 °C) leads to improve-
ments of the frequency response of the resulting 3D-carbon elec-
trodes. The electrochemical properties of this 3D-carbon in EDLC
electrodes were examined focusing on the frequency response. The
main factors for improvement of tgc are the absence of molecular
03 in the reaction environment and the presence of unconverted
material in the carbon network. By improvement of these param-
eters, RC time constants as low as 0.29 ms were obtained.

2. Results and discussion

CNDs are a few nanometers in size and feature an sp?-hybrid-
ized m-conjugated carbon core and a variety of functional groups on
their surfaces [19,25]. Typical functional groups in annealed CNDs
(CND300) are hydroxyls and carboxylates and the C:0 atomic ratio
is ~2:1. In the CO,-laser-assisted reduction process, CNDs are con-
verted into electronically conductive, porous 3D-graphene net-
works [19]. The CO;-laser irradiation causes the material to heat up
to several hundred degrees Celsius and then rapidly cool down to
room temperature. Upon laser impact, the functional groups are
cleaved and turned into gases leading to rapid expansion, reduction
and vaporization of the CND300. Subsequently, the reduced
CND300 reacts in the gas phase upon rapid cooling to form
extended graphitic sheets. This process is illustrated in the sche-
matic diagram presented in Fig. 1.

laser reaction chamber

substrate

Li et al. reported a significant influence of the reaction envi-
ronment during laser reduction on the resulting material [28]. We
used a similar laser reaction chamber in our experiments (see
Experimental Section) to test the influence of the reaction medium
during the laser reduction of CND300.

First, the materials properties of IrCND300 reduced under O, or
Ar were analyzed in terms of mass loss, accessible surface areas,
and sheet conductivities. The mass loss during the laser-reduction
process is ~60% in both reaction environments (Fig. 2e). Laser-
reduction under O, leads to a slightly increased specific surface
area of 351 m? g~ ! compared to 333 m? g~ ! under Ar. In the absence
of 0, a higher sheet conductivity of 295 S m~! compared to with
248 S m~ ! under 0, is achieved.

In the SEM images in Fig. 2, the same elementary structural
features are observed independent of the reaction medium. A
closer look reveals some small differences. During laser-conversion
in an O, atmosphere, a greater occurrence of open pores was found
on the surface of the IrCND300. Exclusion of O, from the reaction
atmosphere prevents the opening of the pores. IlCND300(Ar) ex-
hibits a porous structure with graphitic surface features.

To elucidate the chemical structure, the products of the laser
reduction in both Ar and O, atmospheres were characterized by
XPS and Raman spectroscopy. The XPS spectra of IrCND300 reduced
under Ar and O, with an emphasis on the Cys region are shown in
Fig. 2c. All products show a dominant peak at 284.6 eV indicating
that the majority of carbon in the samples is sp’>-hybridized. The
two IrCND300 samples have a similar composition with a carbon
content of 84% for reduction in both argon and oxygen environ-
ments. The final sp?-carbon content is higher under Ar with 78%
sp?-carbon compared to 74% under O,.

The Raman spectra of both samples show the same set of peaks,
namely the D-, the G-, D/, and G’-peak at ~1329, ~1578, ~1609, and
~2652 cm™ !, respectively (Fig. 2f). The intensities of the D and D’-
bands relate to defects in the graphitic lattice. Notably, the film
reduced under O, shows a significantly enhanced D-band, indi-
cating a higher number of defects. The Ip/Ig ratio is 1.47 under O;
and 0.97 under Ar. When taking a closer look at the G-band, a
bathochromic shift of the G-band of 3 cm~! from 1584 (0,) to
1581 cm ™! (Ar) is noted, indicating an increase in electron density
when turning from O, to Ar as the reaction medium. The G-band is
sensitive to both electron doping and the size of the crystalline
domains. A downshift of the G-band originates either from a shift of
electron density into the conduction band of graphene/graphite or
a higher degree of crystallinity of the sp?-phases in the graphitic
sample [29,30]. Presumably, the oxygen containing functional
groups provide electron trap states and withdraw electron density
from the conjugated sp-network.

We tested the electrochemical performance of IrCND300
reduced under O; or Ar in EDLCs using 0.1 M TBAPFg in acetonitrile

CO,-laser e

substrate

Fig. 1. Illustration of the CO,-laser conversion process for CND300; Inset image: photograph of the gas reaction chamber using a benchtop CO,-laser.
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Fig. 2. Characterization of the IrCND300 film; a) Scanning electron micrographs of IrCND300(Ar); b) Scanning electron micrographs of IrCND300(0); c¢) XPS spectra of the Cyg
region of IrCND300 reduced in Ar and O, atmosphere, respectively; d) Elemental composition of IrCND300 reduced in Ar and O, atmosphere, respectively; e) remaining mass after
laser reduction of CND300 under argon (blue) and oxygen (red) using the same laser parameters, sheet conductivity of [rCND300 reduced under argon (blue) and oxygen (red), and
specific surface area of IrCND300 reduced under argon (blue) and oxygen (red); f) Raman spectra of IrCND300 reduced in Ar (blue) and O, (red) atmosphere obtained upon

excitation at 633 nm.

(MeCN) as the electrolyte. In the following paragraphs we discuss
the results obtained from cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS).

Two representative cyclic voltammograms of mass normalized
symmetric IrCND300 cells using 0.1 M TBAPFg/MeCN as the elec-
trolyte solution at 100 mV s~ ! are shown in Fig. 3a. Both cells show
a capacitive curve shape without redox peaks. The shape of the CV
curve is more rectangular for I'CND300(Ar) than for IrCND300(0>)
as a result of lower series resistance. The capacitance increases by a
factor of 1.5 in an oxygen environment. The rectangular line shape
for I'CND300(Ar) is retained even at high scan rates up to 100 V s~!
(Fig. 3b). Both cells show excellent cycling stability (Fig. 3c). Over
20,000 cycles, only 2% of the initial capacitance of IrCND300(Ar) is
lost. Interestingly, in the O, reduced cell, the capacitance increases
by 3% after 20,000 cycles. This can be attributed to atmospherically
adsorbed O, onto the electrode before immersion into the elec-
trolyte solution. Upon application of the voltage the O, desorbs or
decomposes and exposes the new sites to the electrolyte.

The Nyquist plots in Fig. 3d shows the corresponding frequency
response of the IrCND300 HF-EDLCs under O, and Ar. A positive
polarization effect is reflected in the impedance plot where a lower
maximum phase angle of —84° is observed for IrCND300(Ar) and
only ~79° for IrCND300(0O;). The abnormal behavior in the high
frequency region is due to instrumental artifacts [31]. Moreover, the
phase angle plot in Fig. 3e shows that a wider capacitive frequency
window ranging from ~0.1—-100 Hz is available in the Ar reduced
cells. The yellow shaded area indicates the frequency window
typically used for the characterization of EDLCs using CV scan rates
between 10 and 500 mV s~ L. At frequencies of <0.1 Hz, the phase
angle drops towards lower values as leakage resistance becomes
dominant, rendering this frequency region impractical for EDLC
applications. For the CND300 based EDLCs, the frequency range
showing capacitive characteristics is 1000—100,000 mV s~ .. The

frequency at which the phase angle is 45°, i.e. where the device
transitions from resistive to capacitive behavior, is 955 or 495 Hz
corresponding to relaxation times (7o) of 1.05 or 2.02 ms. At 120 Hz,
areal capacitances of 0.259 and 0.342 mF cm~2 and RC-time con-
stants (trc) of 0.29 ms and 0.77 ms were obtained for [rCND300(Ar)
and IrCND300(03), respectively (Fig. 3f). The phase angles at 120 Hz
are 78° in IrCND300(Ar) and only ~60° in IrCND300(05).

Based on the presented results we conclude that the absence of
O, during the laser reduction process has a positive effect on the
frequency response of IrCND300-based HF-EDLCs. In the absence of
oxygen the formation of micropores is prevented, which facilitates
fast ion transport and a higher electrical conductivity due to lower
defect density in the active material.

The electrochemical parameters, in particular the frequency
response, are also affected by unconverted CND300 remaining
within the porous 3D-carbon network during the laser conversion
(Fig. 1). These were removed from the graphitized 3D-carbon
network by washing the electrodes with either N-methyl-2-
pyrrolidone (NMP) or aqueous KOH solution. A scanning electron
micrograph of the top-side and the bottom-side of the carbon film
after washing is presented in Fig. 4a. From the cyclic voltammo-
grams of these electrodes, a 2.25 times higher capacitance
compared to unwashed electrodes was determined (Fig. 4b).
However, the less ideal curve shape indicates a higher series
resistance; this was confirmed with impedance measurements that
show a dramatically increased minimum phase angle of —57° and a
frequency at —45° of 48 Hz compared to 955 Hz in the unwashed
IrCND300(Ar) electrodes (Fig. 4c). CND300 is composed of charged
particles attached to the surface of the electrode, likely via w—m-
stacking (Fig. 4d). Thus, the charges are located on the electrode/
electrolyte interface and are accessed by applying bias. The w—m
interactions prevent CND300 from diffusing, which reduces diffu-
sion resistance. The unconverted parts of CND300 can act as doping
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Fig. 3. a) Cyclic voltammograms of two EDLCs assembled with IrCND300(Ar) (black)

and IrCND300(0,) (red) electrodes in 0.1 M TBAPFs/MeCN as electrolyte at a scan rate of

100 mV s~ '; b) Cyclic voltammograms of a IrCND300(Ar) EDLC in 0.1 M TBAPFs/MeCN as the electrolyte at different scan rates between 1 and 100 V s~'; c) Cycling stability of
IrCND300(Ar) (black) and IrCND300(0,) (red) over 20,000 cycles at a current density of 8 A g~ ! or 750 mA cm 3, i.e. 60 Hz; d) Nyquist impedance plots of two EDLCs assembled with
IrCND300(Ar) (black) or IrCND300(0,) (red) in 0.1 M TBAPFg/MeCN as the electrolyte; e) Phase angle plots of two EDLCs assembled with IrCND300(Ar) (black) or IrCND300(0,) (red)
in 0.1 M TBAPFg/MeCN as the electrolyte; f) Specific areal capacitance at different scan rates obtained from electrochemical impedance measurements.
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Fig. 4. a) Scanning electron micrograph comparing the top and the bottom sides of a [rCND300 film after removing from the substrate by KOH washing; b) Cyclic voltammograms of

EDLCs with washed (blue) and unwashed (gray) IrCND300(Ar) in 0.1 M TBAPFg/MeCN

as electrolyte at a scan rate of 100 mV s~'; ¢) Bode impedance plot of EDLCs with washed

(blue) and unwashed (gray) IrCND300(Ar) in 0.1 M TBAPFs/MeCN as electrolyte; d) Illustration of the structure of IrCND300 film; Inset: Illustration of CND300 interacting with

IrCND300.

agents or solid-state electrolytes keeping the charges immediately
at the electrode/electrolyte interface and thus reducing the tgc of
the overall device. Removal of these unreacted particles makes the
electrode surfaces and micropores accessible to the electrolyte,
which increases the capacitance, but also the series resistance.
Therefore, the use of organic electrolyte systems in which CND300
is entirely insoluble are essential for the high frequency response of
the devices.

Different concepts to achieve HF-EDLCs based on carbon ma-
terials have been introduced in the literature. Typical procedures
for the fabrication of HF-EDLCs include several steps such as
photolithography, chemical vapor deposition, and electrodeposi-
tion. The most common substrates are noble metals such as gold. A
list of carbon-based materials and device architectures with
significantly low tgc is given in Table 1. Interestingly, most of the
concepts introduced include fabrication by electrodeposition which
generally provides a better contact between the substrate and the
active material. To decrease the internal series resistance, graphene
buffer layers in vertically grown CNT carpets have been grown to
support conduction between the active CNT layer and the substrate

[9]. Usually EDLCs optimized for low tgc feature comparatively
small active layer thicknesses of only a few hundred nanometers. As
the thickness of the active material increases, the tgc increases as a
result of the longer ion diffusion length [9,12,32]. For example, it
was found that the series resistance in carbon nanotube/carbon
black based HF-EDLCs was significantly lower when the stainless
steel substrate was roughened, which improves the contact be-
tween the active material and the substrate [32]. A decisive
advantage of our IrCND300 electrodes is the simple fabrication
procedure and the eco-friendly nature of the starting material. In
comparison to carbon black based HF-EDLCs [ 14], the laser-assisted
method provides the possibility of micropatterning.

3. Conclusions

We have described the influence of the reaction medium on the
final product of the laser-assisted reduction process of carbon
nanodot films. In the presence of oxygen, changes in the
morphology of the pores in the 3D-carbon monolith are observed.
These are associated with higher defect densities in the material as
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Table 1
Summary of carbon-based EDLCs featuring fast trc.
Active material Substrate Electrolyte Method Design TRC ESR Ca ¢1204z Year
[ms]  [Q] [mFem™]  []
(120 Hz)
Onion-like carbon Au TBAPF4/PC Electro-deposition Inter-digitated 26 0.9 2010 [8]
(100Vs 1)
Vertically aligned graphene Ni 25% KOH PECVD Disks <0.2 1.1 131 -82 2010 [16]
Carbon black Cellulose or 25% KOH Adhesive coating Sandwich 0354 044 0.559 -75 2011 [14]
polypropylene
rGO/CNT Ti/Au 3 MK Electro-deposition Inter-digitated 4.8 2.8 ~—60 2012 [11]
(50 Vs
ErGO Au 25% KOH Electro-deposition Inter-digitated 1.35 34 0.283 -84 2012 [10]
(120 Hz)
Graphene quantum dots Au EMIMBF4/MeCN  Electro-deposition Inter-digitated 0.054 0.468 ~-74 2013 [27]
Grown CNT carpets Ni 1 M NaySO4 CVD Inter-digitated 0.195 21.3 0.230 —-81.5 2013 [9]
SWCNT Stainless steel 0.5 M H,SO4 Cold pressing Disks 0.199 0.25 0.601 -81 2015 [32]
Poly(3,4-ethylene-dioxythiophene) Ti/Au 1 M H,SO04 Electro-deposition Inter-digitated 0.8 0.8 —65 2015 [13]
(10vs1
Graphene/conducting polymer PET/Au PVA/H,S04 Spray coating Flexible 0472 63 0.15 ~=75 2015[12]
(100 Hz)
Graphene Au 1 M H,S04 Cu mediated GO Inter-digitated  0.35 7.5 0.316 -75.4 2015 [33]
reduction
N-doped holey graphene Au 6 M KOH Doctor blading, Sandwich 0203 0.22 0.478 81.2 2016 [34]
annealing, etching
IrCND Stainless steel 0.1 M TBAPFg Drop casting, Sandwich 0.29 3.95 0.259 -78 This work

laser-reduction

determined by Raman spectroscopy. Higher defects and open pores
cause a decrease in sheet conductivity and an increase in capaci-
tance. In the absence of atmospheric oxygen, higher structural
integrity of the 3D-carbon films are achieved, subsequently leading
to better frequency response in HF-EDLCs. A minimum phase angle
of —84° and an RC time constant of 0.29 ms make the electrodes
interesting candidates for line filtering applications.

4. Experimental
4.1. Sample preparation

CNDs were synthesized according to previously published pro-
tocols [19,35]. CNDs were synthesized by reacting citric acid and
urea in a 1:1 mass ratio in deionized H,O heated in a standard
700 W microwave oven until the solvent evaporated. The CNDs
from this reaction were annealed at 300 °C (CND300) under argon
for 2 h. 100 mg of CND300 was suspended in 10 mL of a 1:1 (v/v)
mixture of N-methyl-2-pyrrolidone (NMP) and propan-2-ol (i-
PrOH) by vigorous stirring overnight. Films were prepared by drop-
casting 0.025 mL onto stainless-steel discs and evaporating the
solvent at 150 °C. The uniform films were then converted with a
Full Spectrum laser engraver in a laser-reaction chamber based on
the example discussed in reference 27. The gas inlet was opposite to
the gas outlet. A 50 mm diameter zinc selenide window was
incorporated in the reaction chamber lid, allowing the CO, laser
(10.6 um) to pass into the gas-reaction chamber. The sample was
placed in the center of the chamber. A continuous gas flow of
0.1 L s~! during the reaction was used. The substrate-supported
films were washed by immersing into either NMP or 1 M KOH.
After the unreacted CND300 was dissolved, the electrodes were
thoroughly rinsed with deionized water and methanol.

4.2. Characterization

Raman spectra were recorded with a Renishaw InVia Raman
Microscope using a 633 nm laser as the excitation source. The
spectra shown are averaged from 49 spots on a film. Scanning
electron microscopy (SEM) was conducted on a Jeol JSM-6700F

with an electron acceleration voltage of 3 kV. Samples were pre-
pared on stainless steel substrates. XPS spectra were recorded using
a Kratos Axis Ultra DLD spectrometer equipped with a mono-
chromatic Al Ko X-ray source (hv = 1486.6 eV). High-resolution
spectra were calibrated using carbon tape (Ted Pella) with a
known C1s binding energy of 284.6 eV. Raw data were processed
using CasaXPS software (version 2.3.16). C1s spectra were fit using
Gaussian—Lorentzian line-shapes for all spectral components
except for the sp?> C—C component, which was fitted with an
asymmetric line shape to reflect the metallic character of the
respective samples. Conductivity measurements were performed
on a defined area on a Si substrate. Active surface areas were
determined by stirring measured amounts of IrCND300 in solutions
of methylene blue in DI water with known concentrations for at
least 24 h [36]. The suspended material was then removed by
centrifugation at 16 kG and UV—vis absorption spectra of the su-
pernatant recorded. The number of methylene blue molecules
adsorbed onto the surfaces was calculated from the difference in
absorption at 665 nm with respect to the reference solution. Every
methylene blue molecule was assumed to occupy 1.35 nm? of active
surface area [37]. For all experiments, polypropylene beakers and
vials were used.

EDLCs were assembled in coin cells with electrode diameters of
15 mm and tested under sealed conditions. Electrochemical mea-
surements were conducted on a Biologic VMP3 electrochemical
workstation. The areal capacitance C4 was obtained from electro-
chemical impedance measurements. The RC time constants were
determined from the product of the resistance and the capacitance
at 120 Hz according to 7gc = RC = Z +1/2nf-Z".

Acknowledgments

This work was supported by the Deutsche For-
schungsgemeinschaft (German Academic Research Society), grant
number STR1508/1-2 (V.S.) and the UCLA Dr. Myung Ki Hong
Endowed Chair in Materials Innovation (R.B.K.). We thank the mi-
croscopy facility in the UCLA Department of Materials Science and
Engineering led by Dr. S.V. Prikhodko for use of their Raman
spectrometer.



V. Strauss et al. / Materials Today Energy 11 (2019) 114—119

References

(1]

2

3

[4

(51
(6]

(7

(8]

(9]

(10]

(11]

[12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

F. Wang, X. Wu, X. Yuan, Z. Liu, Y. Zhang, L. Fu, Y. Zhu, Q. Zhou, Y. Wu,
W. Huang, Latest advances in supercapacitors: from new electrode materials
to novel device designs, Chem. Soc. Rev. 46 (2017) 6816—6854, https://
doi.org/10.1039/C7CS00205).

D. Premathilake, R.A. Outlaw, S.G. Parler, S.M. Butler, ].R. Miller, Electric double
layer capacitors for ac filtering made from vertically oriented graphene
nanosheets on aluminum, Carbon 111 (2017) 231-237, https://doi.org/
10.1016/j.carbon.2016.09.080.

Z. Gao, Y. Zhang, N. Song, X. Li, Biomass-derived renewable carbon materials
for electrochemical energy storage, Mater. Res. Lett. 5 (2017) 69—88, https://
doi.org/10.1080/21663831.2016.1250834.

Q. Wang, J. Yan, Z. Fan, Carbon materials for high volumetric performance
supercapacitors: design, progress, challenges and opportunities, Energy En-
viron. Sci. 9 (2016) 729—762, https://doi.org/10.1039/C5EE03109E.

Q. Ke, J. Wang, Graphene-based materials for supercapacitor electrodes — a
review, J. Mater. 2 (2016) 37—54, https://doi.org/10.1016/j.jmat.2016.01.001.
P.L. Taberna, P. Simon, J.F. Fauvarque, Electrochemical characteristics and
impedance spectroscopy studies of carbon-carbon supercapacitors,
J. Electrochem. Soc. 150 (2003) A292, https://doi.org/10.1149/1.1543948.

Z. Fan, N. Islam, S.B. Bayne, Towards kilohertz electrochemical capacitors for
filtering and pulse energy harvesting, Nano Energy 39 (2017) 306—320,
https://doi.org/10.1016/j.nanoen.2017.06.048.

D. Pech, M. Brunet, H. Durou, P. Huang, V. Mochalin, Y. Gogotsi, P.-L. Taberna,
P. Simon, Ultrahigh-power micrometre-sized supercapacitors based on onion-
like carbon, Nat. Nanotechnol. 5 (2010) 651—654, https://doi.org/10.1038/
nnano.2010.162.

J. Lin, C. Zhang, Z. Yan, Y. Zhu, Z. Peng, RH. Hauge, D. Natelson, J.M. Tour, 3-
Dimensional graphene carbon nanotube carpet-based microsupercapacitors
with high electrochemical performance, Nano Lett. 13 (2013) 72—78, https://
doi.org/10.1021/n13034976.

K. Sheng, Y. Sun, C. Li, W. Yuan, G. Shi, Ultrahigh-rate supercapacitors based
on eletrochemically reduced graphene oxide for ac line-filtering, Sci. Rep. 2
(2012), https://doi.org/10.1038/srep00247.

M. Beidaghi, C. Wang, Micro-supercapacitors based on interdigital electrodes
of reduced graphene oxide and carbon nanotube composites with ultrahigh
power handling performance, Adv. Funct. Mater. 22 (2012) 45014510,
https://doi.org/10.1002/adfm.201201292.

Z.-S. Wu, Z. Liu, K. Parvez, X. Feng, K. Miillen, Ultrathin printable graphene
supercapacitors with AC line-filtering performance, Adv. Mater. 27 (2015)
3669—3675, https://doi.org/10.1002/adma.201501208.

N. Kurra, M.K. Hota, H.N. Alshareef, Conducting polymer micro-supercapacitors
for flexible energy storage and Ac line-filtering, Nano Energy 13 (2015)
500—508, https://doi.org/10.1016/j.nanoen.2015.03.018.

P. Kossyrev, Carbon black supercapacitors employing thin electrodes, ]. Power
Sources 201 (2012) 347—352, https://doi.org/10.1016/j.jpowsour.2011.10.106.
M. Cai, R.A. Outlaw, R.A. Quinlan, D. Premathilake, S.M. Butler, J.R. Miller, Fast
response, vertically oriented graphene nanosheet electric double layer ca-
pacitors synthesized from C;H,, ACS Nano 8 (2014) 5873—5882, https://
doi.org/10.1021/nn5009319.

J.R. Miller, R.A. Outlaw, B.C. Holloway, Graphene double-layer capacitor with
ac line-filtering performance, Science 329 (2010) 1637—1639, https://doi.org/
10.1126/science.1194372.

Y. Zhou, Q. Bao, B. Varghese, LAL Tang, CK. Tan, C.-H. Sow, K.P. Loh,
Microstructuring of graphene oxide nanosheets using direct laser writing,
Adv. Mater. 22 (2010) 67—71, https://doi.org/10.1002/adma.200901942.

V. Abdelsayed, S. Moussa, H.M. Hassan, H.S. Aluri, M.M. Collinson, M.S. El-
Shall, Photothermal deoxygenation of graphite oxide with laser excitation in
solution and graphene-aided increase in water temperature, J. Phys. Chem.
Lett. 1 (2010) 2804—2809, https://doi.org/10.1021/jz1011143.

V. Strauss, K. Marsh, M.D. Kowal, M.F. El-Kady, R.B. Kaner, A simple Route to
porous graphene from carbon nanodots for supercapacitor applications, Adv.
Mater. 30 (2018) 1704449, https://doi.org/10.1002/adma.201704449.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

119

M. Li, MF. El-Kady, J.Y. Hwang, M.D. Kowal, K. Marsh, H. Wang, Z. Zhao,
R.B. Kaner, Embedding hollow Co304 nanoboxes into a three-dimensional
macroporous graphene framework for high-performance energy storage de-
vices, Nano Res. 11 (2018) 2836—2846, https://doi.org/10.1007/s12274-017-
1914-7.

V. Strong, S. Dubin, M.F. El-Kady, A. Lech, Y. Wang, B.H. Weiller, R.B. Kaner,
Patterning and electronic tuning of laser scribed graphene for flexible all-
carbon devices, ACS Nano 6 (2012) 1395-1403, https://doi.org/10.1021/
nn204200w.

M.F. El-Kady, R.B. Kaner, Scalable fabrication of high-power graphene micro-
supercapacitors for flexible and on-chip energy storage, Nat. Commun. 4
(2013) 1475, https://doi.org/10.1038/ncomms2446.

J.Y. Hwang, M.F. El-Kady, M. Li, C.-W. Lin, M. Kowal, X. Han, R.B. Kaner,
Boosting the capacitance and voltage of aqueous supercapacitors via redox
charge contribution from both electrode and electrolyte, Nano Today 15
(2017) 15—25, https://doi.org/10.1016/j.nantod.2017.06.009.

V. Strauss, A. Roth, M. Sekita, D.M. Guldi, Efficient energy-conversion mate-
rials for the future: understanding and tailoring charge-transfer processes in
carbon nanostructures, Chem 1 (2016) 531-556, https://doi.org/10.1016/
j.chempr.2016.09.001.

V. Strauss, A. Kahnt, E.M. Zolnhofer, K. Meyer, H. Maid, C. Placht, W. Bauer,
T.J. Nacken, W. Peukert, S.H. Etschel, M. Halik, D.M. Guldi, Assigning electronic
states in carbon nanodots, Adv. Funct. Mater. 26 (2016) 7975—7985, https://
doi.org/10.1002/adfm.201602325.

V. Strauss, Ecofriendly carbon nanomaterials for future electronic applications,
Chem 2 (2017) 319—321, https://doi.org/10.1016/j.chempr.2017.02.012.
W.-W. Liu, Y.-Q. Feng, X-B. Yan, ]J.-T. Chen, Q.-J. Xue, Superior micro-
supercapacitors based on graphene quantum dots, Adv. Funct. Mater. 23
(2013) 4111—4122, https://doi.org/10.1002/adfm.201203771.

Y. Li, D.X. Luong, ]. Zhang, Y.R. Tarkunde, C. Kittrell, F. Sargunaraj, Y. Ji,
CJ. Arnusch, J.M. Tour, Laser-induced graphene in controlled atmospheres:
from superhydrophilic to superhydrophobic surfaces, Adv. Mater. 29 (2017)
1700496, https://doi.org/10.1002/adma.201700496.

L.M. Malard, M.A. Pimenta, G. Dresselhaus, M.S. Dresselhaus, Raman spec-
troscopy in graphene, Phys. Rep. 473 (2009) 51—87, https://doi.org/10.1016/
j-.physrep.2009.02.003.

A.C. Ferrari, . Robertson, Raman spectroscopy of amorphous, nanostructured,
diamond-like carbon, and nanodiamond, Philos. Trans. A Math. Phys. Eng. Sci.
362 (2004) 2477—2512, https://doi.org/10.1098/rsta.2004.1452.

The “high-frequency hooks” are artefacts due to inaccurate calibration of the
instrument, very likely a inductive effect from the cable. The Non-zero
Capacitance at Zero Potential Is Due to a Defect Electrical Connection in the
Instrument., (n.d.).

Y. Rangom, X. (Shirley) Tang, L.F. Nazar, Carbon nanotube-based super-
capacitors with excellent ac line filtering and rate capability via improved
interfacial impedance, ACS Nano 9 (2015) 7248-7255, https://doi.org/
10.1021/acsnano.5b02075.

Z. Wu, L. Li, Z. Lin, B. Song, Z. Li, K.-S. Moon, C.-P. Wong, S.-L. Bai, Alternating
current line-filter based on electrochemical capacitor utilizing template-
patterned graphene, Sci. Rep. 5 (2015) 10983, https://doi.org/10.1038/
srep10983.

Q. Zhou, M. Zhang, ]. Chen, ].D. Hong, G. Shi, Nitrogen-doped holey graphene
film-based ultrafast electrochemical capacitors, ACS Appl. Mater. Interfaces 8
(2016) 20741—20747, https://doi.org/10.1021/acsami.6b05601.

J.T. Margraf, F. Lodermeyer, V. Strauss, P. Haines, ]J. Walter, W. Peukert,
R.D. Costa, T. Clark, D.M. Guldi, Using carbon nanodots as inexpensive and
environmentally friendly sensitizers in mesoscopic solar cells, Nanoscale
Horiz. 1 (2016) 220—226, https://doi.org/10.1039/C6NH00010].

S. Naeem, V. Baheti, J. Wiener, ]. Marek, Removal of methylene blue from
aqueous media using activated carbon web, J. Text. Inst. 108 (2017) 803811,
https://doi.org/10.1080/00405000.2016.1191745.

P.T. Hang, Methylene blue absorption by clay minerals. Determination of sur-
face areas and cation exchange capacities (clay-organic studies XVIII), Clays
Clay Miner. 18 (1970) 203—212, https://doi.org/10.1346/CCMN.1970.0180404.


https://doi.org/10.1039/C7CS00205J
https://doi.org/10.1039/C7CS00205J
https://doi.org/10.1016/j.carbon.2016.09.080
https://doi.org/10.1016/j.carbon.2016.09.080
https://doi.org/10.1080/21663831.2016.1250834
https://doi.org/10.1080/21663831.2016.1250834
https://doi.org/10.1039/C5EE03109E
https://doi.org/10.1016/j.jmat.2016.01.001
https://doi.org/10.1149/1.1543948
https://doi.org/10.1016/j.nanoen.2017.06.048
https://doi.org/10.1038/nnano.2010.162
https://doi.org/10.1038/nnano.2010.162
https://doi.org/10.1021/nl3034976
https://doi.org/10.1021/nl3034976
https://doi.org/10.1038/srep00247
https://doi.org/10.1002/adfm.201201292
https://doi.org/10.1002/adma.201501208
https://doi.org/10.1016/j.nanoen.2015.03.018
https://doi.org/10.1016/j.jpowsour.2011.10.106
https://doi.org/10.1021/nn5009319
https://doi.org/10.1021/nn5009319
https://doi.org/10.1126/science.1194372
https://doi.org/10.1126/science.1194372
https://doi.org/10.1002/adma.200901942
https://doi.org/10.1021/jz1011143
https://doi.org/10.1002/adma.201704449
https://doi.org/10.1007/s12274-017-1914-7
https://doi.org/10.1007/s12274-017-1914-7
https://doi.org/10.1021/nn204200w
https://doi.org/10.1021/nn204200w
https://doi.org/10.1038/ncomms2446
https://doi.org/10.1016/j.nantod.2017.06.009
https://doi.org/10.1016/j.chempr.2016.09.001
https://doi.org/10.1016/j.chempr.2016.09.001
https://doi.org/10.1002/adfm.201602325
https://doi.org/10.1002/adfm.201602325
https://doi.org/10.1016/j.chempr.2017.02.012
https://doi.org/10.1002/adfm.201203771
https://doi.org/10.1002/adma.201700496
https://doi.org/10.1016/j.physrep.2009.02.003
https://doi.org/10.1016/j.physrep.2009.02.003
https://doi.org/10.1098/rsta.2004.1452
https://doi.org/10.1021/acsnano.5b02075
https://doi.org/10.1021/acsnano.5b02075
https://doi.org/10.1038/srep10983
https://doi.org/10.1038/srep10983
https://doi.org/10.1021/acsami.6b05601
https://doi.org/10.1039/C6NH00010J
https://doi.org/10.1080/00405000.2016.1191745
https://doi.org/10.1346/CCMN.1970.0180404

Published on 20 June 2019. Downloaded by Max Planck Institut fur Kolloid on 6/26/2019 7:06:47 PM.

Nanoscale

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/c9nr01719d

Received 25th February 2019,
Accepted 20th June 2019

DOI: 10.1039/c9nr01719d

rsc.li/nanoscale

Patching laser-reduced graphene oxide with
carbon nanodots¥}

Volker Strauss, 2 **° Mit Muni,? Arie Borenstein, {2 2< Bolortuya Badamdorj,”
Tobias Heil,® Matthew D. Kowal® and Richard Kaner (2 x4

Three-dimensional graphenes are versatile materials for a range of electronic applications and considered
among the most promising candidates for electrodes in future electric double layer capacitors (EDLCs) as
they are expected to outperform commercially used activated carbon. Parameters such as electrical con-
ductivity and active surface area are critical to the final device performance. By adding carbon nanodots
to graphene oxide in the starting material for our standard laser-assisted reduction process, the structural
integrity (i.e. lower defect density) of the final 3D-graphene is improved. As a result, the active surface
area in the hybrid starting materials was increased by 130% and the electrical conductivity enhanced by
nearly an order of magnitude compared to pure laser-reduced graphene oxide. These improved material
parameters lead to enhanced device performance of the EDLC electrodes. The frequency response, i.e.
the minimum phase angle and the relaxation time, were significantly improved from —82.2° and 128 ms to
—84.3° and 7.6 ms, respectively. For the same devices the specific gravimetric device capacitance was

increased from 110 to a maximum value of 214 F g™ at a scan rate of 10 mV s~

Introduction

Tailored carbon nanomaterials are gaining significance for
electronics and energy conversion and storage applications
because of carbon’s low cost and structural and electronic tun-
ability." In particular, graphene and its derivatives are expected
to play a decisive role.> With respect to energy storage, during
the past few years interest in designing graphene electrodes
for capacitor and battery applications has grown rapidly.**
This is mainly due to their promising materials characteristics
such as extraordinary electronic conductivity and high theore-
tical active surface area.” Both these properties are fundamen-
tal for electric double layer capacitor (EDLC) electrodes and
graphene has been shown to outperform commercially used
activated carbon in terms of capacitance, charging rates, and
cycle life at least in the laboratory.® A major drawback,
however, is that after exfoliation 2D-graphene sheets tend to
reaggregate which impedes the exploitation of their intrinsi-
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cally high surface area.” Therefore, different methods have
been developed to arrange the graphene sheets in a 3D-
arrangement to ensure interconnectivity and electrical conduc-
tance between the layers, while enabling the larger part of the
sheets exposure to the electrolyte.®® Due to the resulting struc-
ture, these porous graphenes are often referred to as graphene
aerogels or graphene foams. In some cases porous 3D-carbon
monoliths are a more appropriate description as the materials
only partially possess a graphenic nature.'® Summaries and
categorizations of fabrication methods for 3D-graphenes are
found in several review articles and books.»®"

Most fabrication methods for porous 3D-graphenes fall in
either of two categories, namely the template-assisted or the
template-free approach. In the first category, soft or hard tem-
plates like surfactants or metal/metal oxides or salts are used as
templates for graphene oxide reduction or CVD graphene
growth.">™® These approaches, in general, allow for control over
the pore size and structure. Template-free approaches, on the
other hand, include chemical activation of carbon or thermal or
photo-induced reduction of graphene oxide as well as graphiti-
zation or carbonization of small molecules or polymers.'”>°

A particularly interesting approach is the direct laser-
assisted conversion of graphene oxide (GO) or carbon nano-
dots (CNDs).>’” In the past years, laser-reduction of GO has
been studied as a versatile method to fabricate and micro-
pattern nanoelectronic devices.”® Laser-reduced GO is com-
posed of randomly oriented single graphene sheets that are
partially stacked with specific surface areas (SSA) of
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800-1500 m> g~ *.>**” On the other hand, laser-reduced CNDs
form a porous material with a more bubble-like appearance fea-
turing lower SSAs of ~230 m?* g~'.>>*! Despite the low surface
area, the benefits of CNDs or reduced CNDs, in particular, are
higher electrical conductivity and faster frequency response in
the final electrodes.”*** Moreover, they act as suitable starting
materials for uniform functional composite materials.>®

In general, CNDs and GO can be considered related
materials. Both consist of two-dimensional =z-conjugated
carbon with oxygen containing functional groups. According
to XPS data, the carbon content in GO is typically between
65-75%, while in CNDs the carbon content is between
55-75%, but values differ depending on the analysis methods
and preparation routes used.**** The remaining elemental
fraction includes functional groups like hydroxyls, carboxy-
lates, and/or epoxides attached to the carbon skeleton.
Depending on the synthesis method for CNDs, nitrogen-con-
taining functional groups like amines and amides may also be
present. Thermal or photo-induced removal of these func-
tional groups leads to a restoration of the m-conjugation and
an opening of pores due to evaporating gases.>®

In this work we investigate the impact of CNDs as additives
to GO in the starting material for creating laser-reduced 3D-
graphene electrodes. The uniform GO/CND mixtures were sim-
ultaneously reduced in our standard CO,-laser-assisted
reduction process to obtain thin films of 3D-graphene. To gain
insights into the reaction mechanism, we carefully analyzed
these films in terms of mass loss and structure. Structural
information about the porous material was obtained using
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), electron energy loss spectroscopy (EELS),
and Raman spectroscopy. Electrical and structural characteriz-
ation of the films yielded improvements in electrical conduc-
tivity and SSA by a factor of ten and 130%, respectively.
Electrochemical impedance spectroscopy revealed improve-
ments of the minimum phase angle and the relaxation time
from —82.2° and 128 ms to —84.3° and 7.6 ms, respectively.
Finally, the performance of the films as electrodes in EDLCs in
terms of capacitance was tested by cyclic voltammetry. A
maximum specific gravimetric device capacitance of 214 F g~*
at 10 mV s~ " was achieved, which is an improvement of more
than twice the original value of pure laser-reduced GO.

p cast

\/

substrate

Fig. 1 Illustration of the preparation procedures for the sample films.
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Results and discussion

A set of GO-containing solutions with different amounts of
CNDs ranging from 0-65 wt% were prepared to test the effect
of CNDs during the laser-assisted reduction of graphene oxide.
Seven aqueous solutions with a constant amount of GO and
variable amounts of CNDs were prepared. To this end, homo-
geneous mixtures of CNDs and GO were prepared by stirring
both components in the solvent (NMP/i-PrOH (1:1 v/v) or
H,O0) for at least 24 h. As CNDs are added to GO, a mixture of
both materials is established, i.e. both materials are dispersed
in the solvent. The resulting dispersions are stable for weeks
(Fig. S17).*” Interactions between the two materials are most
likely van der Waals interactions and n-n-stacking along with
ionic interactions due to the polar nature of the carbon-
oxygen bonds and carboxyl-centered surface charges of both
components.***® After 24 h, highly homogeneous mixtures
are established. From these solutions uniform films were pre-
pared by drop-casting on defined areas. The GO/CND films
were then reduced in our standard laser assisted process as
depicted in Fig. 1.*7>°

To ensure equal mass loading throughout the samples on
the substrates prior to the laser-reduction step, the amount of
applied solution was adjusted accordingly (Table 1). Solutions
were either prepared in H,O or in a 1: 1 mixture of N-methyl-2-
pyrrolidone (NMP) and iso-propanol (i-PrOH) (NMP/i-PrOH
(1:1 v/v)) to produce uniform films. When using H,O as the
solvent, slow vacuum-assisted drying helped to avoid delami-
nation during the drying process. When using NMP/i-PrOH as
the solvent, drying was achieved by evaporating the solvent at
an elevated temperature (~100 °C) using a precision hotplate.
Solutions with a higher CND content (>30 wt%) dried faster
and tended to delaminate upon drying or laser-reduction. GO
is known to swell in water and traps a substantial number of
water molecules between the layers. The small CNDs also inter-
calate between the GO layers and, thereby, displace water mole-
cules. Presumably, during solvent evaporation surface tension
due to a drying gradient between the upper and the lower layer
causes delamination.

The cast films were analyzed in terms of mass before and
after the laser-reduction process. In general, higher laser
power causes more material to be removed (evaporated) during

dry laser-convert

precursor film Laser-reduced film

This journal is © The Royal Society of Chemistry 2019
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Table 1 Concentrations of GO and CNDs Used?
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Sample  ¢(GO) (mgmL™") ¢(CND)(mgmL™") m(GO)(mgem™) m(CND)(mgem™>)  Myyeran (Mg em™)  mass fraction CND (wt%)
1 3.63 0.00 0.51 0.00 0.51 0
2 3.63 0.25 0.48 0.03 0.51 6
3 3.63 0.50 0.45 0.06 0.51 12
4 3.63 1.09 0.39 0.12 0.51 23
5 3.63 1.67 0.35 0.16 0.51 32
6 3.63 3.35 0.27 0.25 0.51 48
7 3.63 6.69 0.18 0.33 0.51 65

“The concentrations of GO and CND used in the precursor solutions 1-7 are given in columns 2 and 3. The mass loading of components in a
typical film for EDLCs are given in columns 4-6. The final mass fraction of CND in the solutions and the films are provided in column 7.

the laser-reduction process. Detailed structural characteriz-
ation and reaction mechanisms of the laser-reduction process
of GO or CNDs have been published previously.”>****>” In all
our experiments the same laser power was used, and it was
found that the investigated samples react differently upon
laser impact. The precursor films with higher CND mass frac-
tions are more stable against laser-induced evaporation
(Fig. S21). This effect is most likely caused by a synergistic
influence of both GO and CNDs, which is explained based on
our experimental findings in the following paragraphs. For all
experiments this mass difference was taken into account and
the films with equal mass loadings in regard to the final active
films on the substrates were analyzed.

The laser-reduced GO/CND films were characterized by
means of SEM, TEM, EELS, and Raman spectroscopy. In
Fig. 2a representative SEM images of six laser-reduced samples
with different mass fractions of CNDs are shown. Comparing
the images reveals that increasing the mass fraction of CNDs
in the precursor mixture leads to an apparent increase in the

structural integrity of the films. This trend is seen throughout
the samples. Higher and lower magnification images are
shown in Fig. S3.1 Notably, in the high CND mass fraction pre-
cursor film (6) bubble-like objects are found (Fig. S4t), that are
typical of purely reduced CND phases.>>** These patterns are
presumably formed by enclosed aggregates of CNDs.

The graph in Fig. 2b shows a set of representative normal-
ized Raman spectra of samples 1-6 (black to red). All spectra
are composed of four major peaks assigned to the D, G, D’ and
G’ bands at 1329, 1576, 1607 and 2647 cm™", respectively. The
entire spectra of representative samples are presented in
Fig. S5.f In general, the pattern is similar for all tested
samples. However, differences in the D-band intensity are
striking. The D-band diminishes with increasing CND mass
fraction until ~65% in the precursor solution. As the D-band is
related to defects within the graphitic network, we conclude
that the defect density is lower when higher amounts of CNDs
are present in a given sample. In the film with 70 wt% CNDs,
the D-band starts to increase which is attributed to an excess

b)
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Fig. 2 Structural characterization of laser-reduced GO/CND films; (a) low-magnification SEM images of laser-converted films of samples (1, 3, 4, 5,
6, 7) from top left down to bottom right. (b) Raman spectra of samples 1-6 (black to red) obtained upon excitation at 633 nm; (c) plot showing the
D/G-intensity ratios versus the mass fraction of CNDs in the precursor solution.
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of CNDs that do not interconnect with the reduced GO layers,
but rather form purely reduced CND phases (Fig. S41). The
position of the G-band is maintained throughout the samples
as determined by systematic fitting of the Raman spectra
(Fig. S67). Only minor shifts in the range between 1582.6 to
1583.5 cm™" are observed, but no clear trend is found.

Deeper insights into the microscopic structure and chemi-
cal composition of the samples were obtained by TEM and
EELS. In Fig. S71 representative TEM images of samples 1, 3,
and 6 are shown. Samples 1 and 3 consist of flat reduced GO
sheets as typically seen for reduced GO.?® Likewise, in sample 3,
sheets of monolayer graphene were observed. Upon taking a
closer look, blobs in a size regime of 5-10 nm on the converted
carbon sheets were observed. These are not seen in sample 1, in
the absence of CNDs. In sample 6, with a CND mass fraction of
48%, a significant amount of bubble-like objects stemming
from the laser reduction of pure CND phases, as already shown
in Fig. S47 are observed. Several spots in the tested samples
were analyzed by EELS to gain information about the chemical
composition. Sample 1 is composed of 99% carbon. In samples
3 and 6, traces of nitrogen and oxygen on the order of 1-4%
were identified as shown in Fig. S8.1 Notably, the carbon peaks
in all samples show a typical graphene structure, indicating a
successful conversion into graphitic/graphenic materials.

In the next step, the SSA of the laser-converted films from
samples 1-7 were determined. Due to the low mass loadings of
only ~0.1 mg cm > the methylene blue (MB) adsorption
method (see Experimental section) rather than BET measure-
ments was chosen. The data of the MB absorption measure-
ments are presented in Fig. S9.1 As a general trend, we observe
that up to a mass fraction of ~30% CNDs, the SSA increases
from 782 to 1010 m* g~ ' with an increasing amounts of CNDs
in the precursor solution (Fig. 3a). This effect can be attributed
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Fig. 3 (a) Specific surface areas of 1-7 obtained by the methylene blue
adsorption method; (b) sheet conductivity of samples 1-7, plotted as a
function of the mass fraction of CNDs.
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to the higher structural integrity and the CNDs acting as
spacers between the laser-reduced GO sheets in the reduced
film. The decrease of the SSA for CND mass fractions of >40%
is attributed, again, to purely reduced CND phases (Fig. S47).
Pure laser-reduced CNDs exhibit a SSA of 230 m* g~*.**

The electrical conductivities were obtained from laser-redu-
cing a series of films with equal mass from solutions 1-7 on
defined areas of electronically insulating SiO, wafers. The thus
determined sheet conductivities are plotted in Fig. 3b. With an
increasing mass fraction of CND, the conductivity increases
from 118 to 904 S m~" for samples 1 through 7, respectively.
The increase follows a nearly linear trend.

The above results show improved materials’ characteristics
for the laser-reduced 3D-graphene obtained from simul-
taneous reduction of GO and CNDs during the laser-assisted
reduction process. Mechanistically, the impacting laser energy
is dissipated across the GO sheets, which subsequently de-oxy-
genates the GO. Excess heat leads to ripping apart of the GO
sheets and partial carbon removal by an oxidation/combustion
process. A probable explanation is a synergistic effect of both
reactive components, CNDs and GO, during the laser-induced
reaction. As the GO sheets are de-oxygenated, reduced CNDs or
their reaction products occurring during the laser treatment
react with the reactive sites on the GO sheets and thus reduce
the defects induced during laser-reduction. From the blobs
observed in the TEM analysis, an interaction of this kind may
be inferred. This “patching” results in a lower defect density in
the 3D-carbon network. Similar effects regarding the healing
of defects in GO have been observed in chemical vapor depo-
sition experiments.*® Another positive effect on the SSA and
the electrical conductivity that may be hypothesized in a
mechanistic model is the improved inter-layer heat dissipation
during the laser-reduction due to the presence of CNDs
between the GO layers. Their presence may promote the estab-
lishment of improved interconnections between the GO layers,
which leads to a milder de-oxygenation upon absorption of
excess heat energy across the layers and thus, the reduction of
occurring defects. At the same time, CNDs between the GO
layers could act as spacers and increase the SSA during the
laser-reduction by forming conductive bridges between these
layers. These assumptions will require more detailed future
analysis of the laser-reduced GO/CND hybrids.

The positive effect of the structural and electronic pro-
perties points to improved performance in EDLC electrodes.
To test the electrochemical properties of the carbon electrodes,
three-electrode electrochemical measurements were conducted
with samples 1, 3, and 6. To this end, defined amounts of pre-
cursor solution were applied on top of stainless steel current
collectors and subsequently laser-reduced. Fig. S111 shows the
cyclic voltammograms of sample 3 in 1.0 M Na,SO, as the elec-
trolyte. In the tested voltage window, no apparent redox peaks
were observed, indicating a purely capacitive charge storage
mechanism. This is supported by the quasi-triangular shapes
of the galvanostatic charge-discharge curves. In the impe-
dance measurements shown in Fig. S11f additional evidence
for the capacitive charge storage mechanism is found.

This journal is © The Royal Society of Chemistry 2019
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The increase in electrical conductivity and SSA upon adding
CNDs is beneficial for the performance of laser-reduced GO as
electrode materials in EDLCs. To quantify the effect on the
electrochemical properties symmetric device assemblies of our
electrodes with equal amounts of active material were tested
under sealed conditions in coin cells. The active material was
directly laser converted on stainless steel discs that served as
the current collectors (Fig. S107). A full characterization of the
cells is shown for two example cells, produced from samples 1
(0 wt% CNDs) and 5 (32 wt% CNDs), in Fig. 4. The data of the
other samples are shown in the ESIL.{ The mass loading of the
active material on the current collector was 0.1 mg, used
equally for all samples.

In Fig. 4a, the mass normalized cyclic voltammograms of 1
and 5 in 6.0 M KOH are shown. Both curves have a rectangular
shape typical for purely capacitive behavior. Addition of CNDs
to GO in 5 leads to an increase in capacitance and a slightly
improved curve shape. From the CV curves of samples 1-9 we
calculated the specific gravimetric capacitance, which is
plotted versus the CND mass fraction in the precursor solution
in Fig. 4b. Due to rather low mass loadings on the electrodes,
the measurement error is potentially high, however, a clear
trend towards higher capacitance upon addition of CNDs to
GO is noticeable. Maximum values are achieved with a CND
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mass fraction of 32%. The same trend was also observed in
reference measurements using 0.5 M TBAPF; in acetonitrile as
the electrolyte (Fig. S12t). The specific capacitance in organic
electrolytes is generally lower. Here, a maximum capacitance
was also achieved with a CND mass fraction of 32%. The entire
data set for the gravimetric capacitances determined in depen-
dence of the scan rate are plotted in Fig. S13.f

In galvanostatic charge-discharge measurements of the
same cells at different current densities (Fig. S147), quasi-tri-
angular curve shapes were obtained for all tested samples.
Small internal resistance (IR) drops of, for example, 0.125 or
0.027 V upon discharging at 76 A g~* for 1 or 5, respectively,
are observed at the beginning of the discharge curves. From
these values equivalent series resistances of 2.19 Q or 0.47 Q
for 1 or 5 in 6.0 M KOH are obtained, respectively. Specific
gravimetric capacitances determined from these charge-dis-
charge curves (Fig. S15t) are in good agreement with the
values obtained from cyclic voltammetry. Notably, the presence
of CNDs also supports the cycling stability of the cells. Sample
1 exhibits excellent cycling stability with retention of the initial
capacitance of 90.5% after 20 000 cycles. Upon addition of a
mass fraction of 32% CNDs (sample 5), a significant improve-
ment with retention up to 98.5% after 20 000 cycles is observed
(Fig. S167).
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Fig. 4 Electrochemical characterization of symmetric coin cell capacitors with different GO/CND mass ratios; (a) representative cyclic voltammo-
grams of coin cell capacitors assembled with electrodes of 1 (black) and 5 (red) in 6.0 M KOH as the electrolyte at a scan rate of 100 mV s™; (b)
specific gravimetric capacitance versus mass fraction of CNDs contained in the precursor solution determined by cyclic voltammetry at a scan rate
of 10 mV s™%; (c) representative Nyquist impedance plots of coin cell capacitors assembled with electrodes of 1 (black) and 5 (red) in 6.0 M KOH as
the electrolyte; inset: zoom-in to the high-frequency region; (d) representative phase angle plots of coin cell capacitors assembled with electrodes

of 1 (black) and 5 (red) in 6.0 M KOH as the electrolyte.
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The frequency response of the cells was tested subsequently
by electrochemical impedance spectroscopy. The graph in
Fig. 4c compares the Nyquist plots of samples 1 and 5. Clearly,
in sample 1 the high frequency region up to Re(Z) = 80 Q is
dominated by Warburg-type impedance as indicated by a 45°
phase angle. The absence of this Warburg-type element in
sample 5 points to a change in pore structure compared to
sample 1.

The minimum phase angle of 84.3° in sample 5 is reached
at a frequency of 1 Hz, while the minimum phase angle of
82.2° in sample 1 is reached at a phase angle of only 0.1 Hz. As
shown in Fig. 4d, addition of CNDs to the precursor material
results in lower minimum phase angles and a wider capacitive
frequency region with minimum phase angles close to —90°,*°
thereby widening the operative frequency region of the capaci-
tor. As a reference, in commercial activated carbon-based
EDLCs, a minimum phase angle of —85.6° was measured;
however, this showed a smaller active frequency region
(Fig. S177). The improved frequency response is also reflected
in the phase angle diagram presented in Fig. 4d. For example,
the capacitive frequency window of the capacitors made from
sample 5 is larger by more than one order of magnitude in Hz.
Throughout the tested cells an improvement towards wider
capacitive frequency windows is noted as shown in Fig. S18.1
Typically, the frequency value at a phase angle of —45°
between the resistive and the capacitive region translates to
the relaxation time of the cell. This is a measure for the tran-
sition from capacitive to resistive behavior in a capacitor (RC
circuit). Without the addition of CNDs, the relaxation time is
128 ms, while the lowest value measured for a CND mass frac-
tion of 32% is 7.6 ms. Therefore, addition of CNDs to reduced
GO electrodes enables operation at higher frequencies.

These trends were also observed in reference cells using an
organic electrolyte. The minimum phase angles measured in
the organic electrolyte are generally higher throughout all the
cells. An improvement from —73.9° for sample 1 to —78.1° for
samples 3 and 6 was achieved. The relaxation times improve
from 100.8 ms for sample 1 to 26.9 ms for sample 5.

Conclusions

We have conducted a comprehensive study on the role of
carbon nanodots (CNDs) as additives to graphene oxide (GO)
in the starting material for laser-reduced GO in EDLC electro-
des. In a complementary analysis of scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
electron energy loss spectroscopy (EELS) and Raman spec-
troscopy, we found that the addition of CNDs to the starting
material helps maintain a high structural integrity of the final
3D-graphene in the laser-assisted reduction process.
Independent of the amount of CNDs, the chemical analysis
yields a carbon content of >96%. Raman spectroscopy of a
range of samples with different amounts of CNDs added show
that the defect density in the final 3D-graphene films is signifi-
cantly reduced at a CND mass fraction of ~30%. Moreover,
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electrical conductivity was improved by one order of magni-
tude and the active surface area was enhanced by 130%. These
structural improvements lead to an increase in gravimetric
device capacitance from 110 to 214 F g~' at a scan rate of
10 mV s and an enhanced frequency response, determined
by the minimum phase angle and the relaxation time. The
simultaneous laser-reduction mechanism of graphene and
carbon nanodots is currently under investigation.

Experimental
Synthesis

Carbon nanodots (CNDs). For CND synthesis we followed
previously published protocols in which a detailed description
is available.”>?”*"*> CNDs were prepared by reacting equal
masses of citric acid and urea in H,O in a regular household
microwave oven (700 W) until the solvent was completely evap-
orated. The residue was annealed at 300 °C in a tube furnace
in an argon atmosphere for 2 h.

Graphene oxide (GO). Graphene oxide was synthesized via a
modified version of Hummers’ method. 10 g of graphite
(Asbury 3775) was added to 500 ml of prechilled, 0 °C conc.
sulfuric acid (EMD). 60 g of KMnO, (Sigma Aldrich) was then
added to the mixture slowly while cooling externally, maintain-
ing a temperature below 15 °C. The reaction was left to stir
with external cooling for 2 h, followed by a dropwise addition
of deionized water over an additional hour, reaching an
average temperature of 65 + 5 °C. The reaction continued to be
stirred for an additional hour followed by quenching with 2.8
L of deionized H,0 and 30 ml of H,0, (30%). Purification was
performed by washing the GO 5 times with 1 L of 10% HCI,
followed by 2 washes with 1 L of deionized water. Finally, GO
was dialyzed (Spectrum, Spectrum/POR membrane MWCO
6-8000) for 2 weeks.

Sample preparation

In H,0. 17 mg of GO and different amounts of CNDs
ranging from 0 to 40 mg (samples 1-10) were stirred in de-
ionized H,O for at least 24 h at room temperature.
Defined amounts of these solutions were drop-cast on defined
areas of substrates and the solvent was evaporated at room
temperature under reduced pressure to ensure homogeneous
drying.

In NMP/i-PrOH (1:1 v/v). 17 mg of GO and different
amounts of CNDs ranging from 0 to 40 mg (samples 1-10)
were stirred in NMP/i-PrOH (1:1 v/v) for at least 24 h at room
temperature. Defined amounts of these solutions were drop-
cast on defined areas of substrates and the solvent was evapor-
ated on a hotplate at 100 °C to ensure homogeneous drying.

The films were then reduced using a 40 W CO, Laser engra-
ver (Full Spectrum - glass tube laser source). To compensate
for the instrument intrinsic laser intensity deviations, we con-
ducted arrays of experiments, all on the same day and under
the same conditions. However, some stray results due to the
laser instrument cannot be ruled out.

This journal is © The Royal Society of Chemistry 2019
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Microscopy

Scanning electron microscopy (SEM) was conducted on a JEOL
JSM-6700F with an electron acceleration voltage of 3 kV.
Samples were prepared on either stainless steel or SiO,
substrates.

Transmission electron microscopy (TEM) and electron
energy loss spectroscopy (EELS) were conducted using a double-
cs-corrected Jeol ARM200F, equipped with a cold field emission
gun. The acceleration voltage was put to 200 kV, the emission
was set to 5 pA and a condenser aperture with a diameter of
150 pm was used. Samples were transferred by dipping the
Lacey carbon grid onto the as-prepared laser-reduced films.

Determination of the Ip,/I;-ratios

Raman spectra were recorded with a Renishaw InVia Raman
Microscope. For each sample 16 Raman spectra were recorded
in mapping mode. The separation between the spots was
10 pm. The obtained spectra were baseline corrected and aver-
aged using Wire 3.4 software. The D and G-band regions
between 1150 and 1750 cm ™" of the averaged spectra were fit
with three Lorentzians.

Determination of the sheet conductivity

Defined amounts of precursor solutions were drop-cast on a
defined area (5 x 17 mm) of an insulating SiO, substrate. After
evaporation of the solvent, the films were laser-reduced. The
short ends of the films were connected to measure the resis-
tance of the films. From the resistance of the films, the sheet
resistance was determined using the thickness and the area of
the films. The lead and contact resistance from the probing
electrodes was neglected as they were two orders of magnitude
smaller than the resistance of the film.

Determination of the active surface area

The GO/CND films were laser-reduced on substrates with
defined areas and the mass was determined. The substrates
with the laser-reduced films were immersed into solutions of
methylene blue (MB) in DI water with known concentrations
and stirred vigorously. After 24 h the solutions were centri-
fuged at 16 000 rpm to remove any suspended material.** The
number of MB molecules adsorbed onto the surfaces was cal-
culated from the difference in absorption at 665 nm with
respect to the reference solution. Every MB molecule is
assumed to occupy 1.35 nm” of the active surface area.** For
all experiments involving MB, polypropylene beakers and vials
were used. The spectra are shown in Fig. S9.}

Electrochemical measurements

All electrochemical measurements were performed with a
Biologic VMP3 electrochemical workstation.

Solution-based measurements were conducted with a three-
electrode setup using an Ag/AgCl reference electrode and plati-
num foil as a counter electrode. The active material was
applied on a stainless steel strip which was used as the
working electrode.

This journal is © The Royal Society of Chemistry 2019
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Quantitative measurements were conducted in a symmetric
device geometry. Cyclic voltammetry, charge-discharge curves,
and electrochemical impedance spectroscopy was recorded
with a Biologic VMP3 electrochemical workstation. Symmetric
electrochemical capacitors were assembled in coin cells with
electrode diameters of 15 mm and tested under sealed
conditions.

Determination of the volumetric capacitance. The volu-
metric capacitance Cy was determined by dividing the positive
integrated current [IdV by the volume of the film V, the scan
rate v and the potential scan range (E; — Ej).
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Sample overview

Figure S1. Photograph of precursor solutions of 1, 3, and 6 in NMP after one week under illumination with a laser
pointer demonstrating the Tyndall effect.
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Figure S2. Percentage of the remaining mass of the films after laser-reduction obtained from a series of experiments
(shown in gray).



Scanning electron microscopy

500 pm 20 ym

Figure S3. SEM images of laser-converted films of samples 1 — 6 from top left down to bottom right at low-
magnification (left) and high-magnification (right), see scale bars.

Figure S4. SEM image of a laser-converted film of sample 6 showing a converted pattern with excess CNDs.



Raman spectroscopy
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Figure S5. Averaged Raman spectrum obtained from a map composed of 16 spots (depicted on the right) of laser-
reduced samples a) 1 and b) 6 using a 633 nm laser as the excitation source.
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Figure S6. Lorentz fitting of averaged Raman spectra of laser-reduced samples 1 —7 (a — g).



Transmission electron microscopy and electron energy loss spectroscopy

Figure S7. Representative TEM images of samples 1, 3 and 6 obtained at an acceleration voltage of 200 kV.
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Figure S8. Electron energy loss spectra of samples 1 (black), 3 (red) and 6 (blue).



Specific surface area measurements
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Figure S9. UV-vis absorption spectra of the methylene blue stock solution (¢ = 4.3 x 107 M) in black and the same
solution after adsorbing. ~0.1 mg of samples 1— 7.

Voltammetry

Figure S10. Photograph of the laser-reduced films on stainless-steel disks.



Three-electrode measurements
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Figure S11. Electrochemical characterization electrodes fabricated from samples 1 (left column), 3 (center), and 6
(right) in 1.0 M Na,SO, using an Ag/AgCl reference electrode; a) Cyclic voltammograms in 1.0 M Na,SOy, as
electrolyte at different scan rates between 500 and 10 mV s'; b) Galvanostatic charge discharge curves obtained at

different current densities of 7 (blue), 9 (red), and 10 (black) Ag”' in 1.0 M Na,SO,; c¢) Representative Bode
impedance plots of the electrodes in 1.0 M Na,SO, as the electrolyte.



Reference measurements in organic electrolyte
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Figure S12. Electrochemical characterization of symmetric coin cell capacitors with different CND/GO mass ratios;
a) Representative cyclic voltammograms of coin cell capacitors assembled with electrodes of sample 1 (black) and
sample 5 (ved) in 0.5 M TBAPF; in acetonitrile as electrolyte at a scan rate of 100 mV s'; b) Specific gravimetric
capacitance versus mass fraction of CNDs contained in the precursor solution determined by cyclic voltammetry at a
scan rate of 10 mV s ¢) Representative Nyquist impedance plots of coin cell capacitors assembled with electrodes
of sample 1 (black) and sample 5 (red) in 0.5 M TBAPF in acetonitrile as the electrolyte; d) Representative Phase-
angle diagrams of coin cell capacitors assembled with electrodes of sample 1 (black) and sample 5 (red) in 0.5 M
TBAPFj in acetonitrile as the electrolyte;
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Figure S13. Specific gravimetric capacitances of samples 1 — 7 as a function of the scan rate in 6.0 M KOH (left) and
in 0.5 M TBAPF in acetonitrile as electrolyte (right).



Galvanostatic charge-discharge measurements
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Figure S14. Galvanostatic charge discharge curves of samples 1 and 6 obtained at different current densities in 6.0
M KOH (left) and 0.5 M TBAPF g in acetonitrile (right).
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Figure S15. Specific gravimetric capacitances of samples 1 — 7 as a function of the current density in 6.0 M KOH
(left) and in 0.5 M TBAPF in acetonitrile as electrolyte (right).
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Figure S16. Capacitance retention of capacitor cells with sample 1 (black) and sample 6 (red) in 6.0 M KOH after
20,000 charge discharge cycles. Inset: Galvanostatic charge discharge curves of sample 6 obtained with a current
density of 7.5 A g



Electrochemical impedance spectrosocpy
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Figure S17. Representative Bode plot of a commercial activated carbon based EDLC.
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Figure S18. Left: Nyquist impedance plots of coin cell capacitors assembled with electrodes of samples 1 — 7 in 6.0
M KOH as electrolyte; Right: Phase angle plots of coin cell capacitors assembled with electrodes of samples 1 — 7 in

6.0 M KOH as the electrolyte.
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Figure S19. Left: Nyquist impedance plots of coin cell capacitors assembled with electrodes of samples 1 — 7 in 0.5
M TBAPFs in acetonitrile as the electrolyte; Right: Phase angle plots of coin cell capacitors assembled with

electrodes of samples 1 — 7 with 0.5 M TBAPF 4 in acetonitrile as the electrolyte.
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On-Chip Direct Laser Writing of PAN-Based Carbon

Supercapacitor Electrodes

Andreas Hoffmann, Pablo Jiménez-Calvo, Joachim Bansmann, Volker Strauss,*

and Alexander J. C. Kuehne*

The carbonization of polyacrylonitrile (PAN) by direct laser writing to produce
microsupercapacitors directly on-chip is reported. The process is
demonstrated by producing interdigitated carbon finger electrodes directly on
a printed circuit board (PCB), which is then employed to characterize the
supercapacitor electrodes. By varying the laser power, the process can be
tuned from carbonization to material ablation. This allows to not only convert
pristine PAN films into carbon electrodes, but also to pattern and cut away
non-carbonized material to produce completely freestanding carbon
electrodes. While the carbon electrodes adhere well to the printed circuit
board, non-carbonized PAN is peeled off the substrate. Specific capacities as
high as 260 uF cm~2 are achieved in a supercapacitor with 16 fingers.

1. Introduction

Miniaturized  electric  double-layer  capacitors—termed
microsupercapacitors—enable integrated energy storage di-
rectly on the chip, facilitating self-sufficient devices without
a large periphery for external power supply and management
systems.l!3] Such devices for on-chip energy storage could
potentially transform the way we employ wearable and tex-
tile electronics and foster the development of autonomous
microrobots.[* ! Different classes of organic and inorganic
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materials have been explored for carbon-
based microsupercapacitors electrodes,
with the aim of increasing the surface
area to yield acceptable capacitance despite
their small size.”"!2] However, fabrication
techniques to produce the required elec-
trode geometries are limited to off-chip
methods. The solvents or high processing
temperatures employed to obtain car-
bonized, conductive electrode material are
incompatible with typical electronic chip
materials. Certainly, patterning and car-
bonization of carbon precursor materials
remain possible off-chip; however, off-chip
carbonization, in turn, requires precise and
complicated placing, interfacing, and integration of the manufac-
tured supercapacitor on the dedicated chip.!*]

We and others have previously reported on laser-induced
carbonization of PAN-based carbon-fibers and other carbon-
precursors.[1* 18] Conventional carbonization of PAN is per-
formed in convection ovens at temperatures >1000 °C.["*2] By
contrast, laser-induced carbonization is beneficial, as heat is
locally produced in the focus of the laser, preventing expo-
sure to high temperatures in undesired areas. Moreover, laser-
carbonization is fast, potentially allowing pattern formation of
carbonized PAN when scanning the laser focus across a film.[2!]

However, pristine PAN is transparent in the visible and near
IR spectrum, which requires the addition of a photosensitizer to
enable its laser carbonization. CNTs are robust laser-absorbers
and have previously been shown to improve the performance of
carbonized materials by increasing their electrical conductivity!??!
and surface area.[?’]

Here, we demonstrate how interdigitated carbon electrodes
can be directly laser-patterned into a film of CNT sensitized
PAN to produce microsupercapacitors. We perform direct laser-
writing on commercially available PCB to demonstrate that the
laser-written carbon structures are well interfaced with the metal-
lic current collectors on the PCB and that our laser process does
not interfere with the materials of the substrate. The resulting su-
percapacitor electrodes are then characterized and benchmarked
using an ionic liquid electrolyte.

2. Results and Discussion

PAN is a transparent polymer, which shows no absorption in the
visible and near-infrared spectrum. To enable laser carboniza-
tion, an absorber is added, to facilitate absorption of the laser en-
ergy and transfer heat into the exposed PAN material. We have

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 1. a) Photographs of the microcaps during progressing manufacturing stages. Bare PCBs containing the square silver electrodes, which act as
current collectors. The current collectors connect the carbon electrodes to a read-out device via banana clips. The space between the collectors, as well
as the current collectors themselves, are coated with a PAN-CNT composite film. In a second step, the film is laser-carbonized and patterned producing
interdigitating electrodes. b) FT-IR-absorbance spectra of the bare PCB-board, PAN, the laser-absorbing PAN-CNT composite film, and laser-carbonized
electrodes. c) XPS-spectra of PAN-CNT films before (bottom) and after (top) laser-carbonization.

previously employed graphene nanoplatelets as absorbers!*];
however, these fillers strongly increase the viscosity of the PAN
solution, which is beneficial for fiber spinning but not necessar-
ily beneficial for casting films. Therefore, we here make use of
CNTs, which come as a dispersion in dimethyl sulfoxide. CNTs
exhibit high conductivity, which is why we do not expect detri-
mental effects of the filler on the conductivity of the carbonized
PAN material. We employ a concentration of 3 wt% of CNT per
weight PAN, while the concentration of PAN in DMSO is 12 wt%.
The concentration of 3 wt% CNT is optimized for sufficient ab-
sorption at the laser wavelength (CO,, 10.6 um) and maximum
capacitance in the resulting carbon structures (see Figure S1,
Supporting Information). We can spin-coat this PAN/CNT solu-
tion in DMSO onto almost any desired flat substrate and the re-
sulting film thickness can be precisely tuned through the speed
of rotation or the concentration of PAN in solution (see Figure
S2, Supporting Information). However, to avoid coating the en-
tire chip or PCB board with PAN/CNT in undesired areas, we
here turn to pipette printing and subsequent doctor blading of
the PAN/CNT solution. This way we are able to precisely deposit
PAN/CNT onto the desired areas. As a substrate, we employ PCB
with square silver collector electrodes of 16 mm? in area, which
are separated by a distance of 7.5 mm. The collector electrodes are
connected to a potentiostat via banana clips, which fit drillings in
the PCB (see Figure 1).

We deposit the viscous PAN/CNT solution onto the PCB, by
pipetting 2.5 mL of the viscous PAN/CNT solution as a grid of in-
dividual droplets. Closed films are drawn by doctor blading with
a 30 um gap into an ~3 cm long stripe across the collector elec-
trodes. The resulting films have a thickness of 20-21 um after
drying (see Figure S3, Supporting Information).

These films are irradiated with a CO, laser with a wavelength
0f 10.6 ym. In an attempt to replicate the thermal two-step treat-
ment of stabilization and carbonization, we conduct laser expo-
sure at an increasing power density in the air to generate laser-
induced stabilization. However, we are not able to separate the

Macromol. Rapid Commun. 2022, 43,2100731 2100731 (2 of 6)

exothermic stabilization event from carbonization. In contrast
to carbonization, where increasing laser power density produces
higher degrees of carbonization, for the stabilization step, there
seems to exist a sharp threshold of 0.26 ] mm~2. Below this
threshold, we do not see a change in the material properties or the
infrared spectrum, in which stabilization is detectable by the dis-
appearance of the corresponding nitrile band at 2442 cm™' (see
Figure 1b). Above the threshold we obtain conductive structures,
indicating that we can conduct stabilization and carbonization in
one step, despite the presence of air. Typically, thermal carboniza-
tion is conducted in the absence of air to avoid oxidation of the
carbon material to CO,. However, our laser carbonization is suf-
ficiently fast, so that oxidation does not occur and the amount
of sp?-carbon increases to 52%, confirming successful laser car-
bonization (see Figure 1c). When we further increase the laser
dose to 0.7 ] mm~2 then we do no longer observe converted car-
bon structures, but instead, we observe the bare substrate, indi-
cating the occurrence of an ablation process rather than pyrolytic
carbonization (see Figure 2). This interval in power density is
beneficial, as we can perform precise carbonization within this
parameter window, while we can also employ the ablation pro-
cess with power densities beyond this interval for precise removal
of the PAN-precursor films. The underlying PCB board is not
harmed by either process, as no visible or measurable material
changes in infrared spectroscopy or conductivity occur.

We carry on to pattern interdigitated electrodes with eight or 16
fingers at 0.63 ] mm~2, which is the ideal dose for carbonization.
In a second patterning step, we increase the power density to ab-
lation and follow a trace between the electrode fingers to remove
any non-carbonized material between the carbonized electrode
fingers (see Figure 3).

Now that the carbonized electrode pattern is separated from
the pristine area, the excessive non-carbonized PAN film can
simply be peeled off the PCB (see Figure 3a). By contrast, the
carbonized interdigitating supercapacitor electrodes adhere to
the PCB (see Figure 3a: Video S1, Supporting Information). This

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 2. Variation of the laser dose for carbonization or ablation of PAN-films. White arrows indicate the pathway of the laser beam. A laser dose of
0.63 ) mm~2 leads to carbonized structures, whereas increasing the dose to 0.70 ] mm~2 leads to ablation of PAN material revealing the yellow/golden
color of the PCB board. Doses higher than 1.17 | mm~2 lead to large area ablation, which limits the quality of the remaining PAN and carbon patterns.
The scale bars represent 200 um.
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Figure 3. Laser carbonization and ablation to separate carbonized pattern from the non-carbonized film: a) The non-carbonized film is removed by
peeling off with a pair of tweezers. The carbonized interdigitated electrode structure remains attached to the PCB. The scale bar represents 5 mm. b)
Micrographs of the laser carbonized and ablated films before and after removal of the non-carbonized material. The scale bar represents 1 mm. c)
Close-up on four electrodes and arrows indicating the laser paths for carbonization (white arrow) and ablation (red arrow) before and after removal of
the non-carbonized PAN film. Scale bars indicate 100 um. d) SEM-images of electrodes of 16-finger microcaps and e) 8-finger microcaps. The white
arrows indicate the laser pathways for carbonization, producing electrodes of different widths. The scale bar indicates 100 um.
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Figure 4. a) SEM-images of laser carbonized electrodes of the 8-finger and b) 16-finger pattern. The scale bars indicate 5 pm. c) Nyquist plots of laser-
carbonized microcaps with 8- (black) and 16-finger (red) patterns. d) Cyclic voltammograms of 8- (black) and 16- finger (red) microcaps, recorded at
50 mV s~ . e) Cyclic voltammograms of 16-finger microcaps, recorded at various scan rates. f) Specific capacitance of 8- (black) and 16-finger (red)

microcaps at scan rates from 5 to 1000 mV s~ '.

way, the entire electrode structures including the sides of the
electrode fingers down to the PCB substrate become accessible
for the electrolyte in the final supercapacitor device. For 16 fin-
ger electrodes, the individual fingers are produced by scanning
twice with the laser beam, followed by two additional scans for
ablation and separation of the carbonized electrodes from the
pristine PAN film (see Figure 3b-d). The eight finger devices are
produced by seven laser traces next to each other (see Figure 3e).
For eight fingers, the electrode width is w = 510 pm with a height
of h = 9.4 ym at a spacing of d = 290 um between electrodes;
and for 16 fingers the dimensions are w = 145 pm, h = 10.9 pm,
and d = 263 um (see Figure S3, Supporting Information). The
laser carbonization process produces electrodes of hierarchical
porosity (see Figure 4a,b). This is a well-known feature of the fast
laser carbonization process, where the gasses produced during
carbonization are formed instantaneously, leading to the porous
foam-like structure, with high surface area, which is beneficial
for the capacitor performance.'*] Additionally, the compounded
CNTs should contribute to the electrode performance. Analysis
by scanning electron microscopy (SEM) shows that the remain-
ing CNTs are intact after laser treatment and seem to percolate
within the porous carbon structure, which could contribute
to the electrical conductivity of the laser-carbonized material
(Figure S4, Supporting Information).

Next, we test the performance of electrodes in electrochemical
measurements. As electrolyte, we employ 20 uL of the ionic liquid
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMIM TFSI), which we deposit on the interdigitated finger elec-
trodes in an inert nitrogen atmosphere. After an equilibration pe-

Macromol. Rapid Commun. 2022, 43,2100731 2100731 (4 of 6)

riod of 12 h, we conduct electrochemical impedance spectroscopy
and cyclovoltammetry. Nyquist plots of our eight or 16 finger elec-
trodes show a semicircle at high frequencies and a steep increase
with 85° phase angle at lower frequencies, indicating capacitive
behavior (see Figure 4c). The semicircles intercept the x-axis at
2.3 kQ for the eight finger electrodes and at 2.8 kQ for the 16
finger electrodes. We interpret these values as the electrode re-
sistance R, (see Figure 4c).**] By contrast, the charge transfer re-
sistance R is increased for the 16-finger microsupercapacitor
(170 kQ) compared to the eight-finger device (116 kQ), which we
account to the increased surface area in the 16-finger device (see
Figure 4c). For the same reason, cyclovoltammetry shows that
the double layer capacitance Cj, of the 16-finger device is much
higher than in the 8-fingered device (see Figure 4d).

When we plot the specific area capacitance Cj, against the
scan rate, we observe a similar trend for the 8 and 16-fingered
electrode devices. However, the microsupercapacitor with 16-
fingers achieves significantly higher C;, = 260 uF cm™ at low
scan rates compared to C,, = 190 uF cm™ in the 8-finger device
(see Figure 4d-f). This difference in performance indicates that
there might be a greater number of accessible pores in the
16-finger device, which improves the capacitance compared to
the 8-fingered microsupercapacitors with less overall interface.
The achieved capacitances are of the same order of magnitude as
for recently reported graphene-based finger capacitors of similar
dimensions.”] The microsupercapacitors retain their capacitance
for 2000 cycles, which is comparable to other carbon electrodes
(see Figure S5, Supporting Information).” Prolonged exposure
of the electrodes to the ionic liquid electrolyte over the course of

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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7 days, does not lead to their delamination or changes in their
electrochemical performance.

3. Conclusion

We have demonstrated how to achieve direct on-chip laser-
carbonization of PAN films. Our specifically designed process
has been used to fabricate carbon supercapacitor electrodes. We
can precisely tune the process from carbonization to ablation, al-
lowing us to remove any non-carbonized material to obtain free-
standing interdigitating electrodes.

The developed process gives access to highly integrated energy
storage devices of on-chip applications, which in the future might
become even further miniaturized. Tuning of the exact porosity
and potential post carbonization treatment to further activate the
materials to increase the porosity might lead to even larger capac-
itances and better performance.

4. Experimental Section

Materials:  Acrylonitrile homopolymer (M,, = 150 000 g mol~") was
obtained from Dralon GmbH, Dimethylsulfoxide (DMSO) was obtained
from Fisher Scientific, Acetone was obtained from Sigma-Aldrich, a
CNT dispersion in DMSO with a weight content of 2 wt.% CNTs was
obtained from Future Carbon GmbH, and 1-Ethyl-3-methylimidazolium
bis (trifluoromethylsulfonyl)imide (EMIM TFSI; 99.5%) was obtained from
lolitec GmbH.

PAN-Deposition: The PCB board was designed with KiCad-software
and manufactured by Aisler B.V. (Germany). PAN-CNT composite films
were deposited on the PCB from a 12 wt.% homo-PAN solution in a mix-
ture of DMSO:Acetone (Vpuiso:Vacetone = 4:1), containing 3 wt.% CNTs
(related to the mass of PAN). PAN-CNT dispersion (2.5 mL) was deposited
in a grid of droplets (microdrop technologies GmbH, Germany) between
the collector electrodes over a length of 3 cm. A film was produced on the
PCB, by moving a doctor blade (with a distance of 30 um between the blade
and the substrate) through the reservoir. The resulting film had a length
of 3-6 cm and a width of 1-2 c¢m, covering the current collector and the
space in between them. The coated PCB dried for 10 min at 110 °C prior
to laser-carbonization.

Carbonization: Laser-carbonization was conducted with a high-
precision laser engraver setup (Speedy 100, Trotec) equipped with a 60 W
CO, laser. The laser beam was focused with a 2.5 in. lens providing a focal
depth of #3 mm and a focus diameter of 170 um. The center wavelength
of the laser was 10.6 + 0.03 pm. The laser was operated in a pulsed vec-
tor mode at 1000 Hz. Therefore, the resulting energy input onto the film
(dose) was given per area in | mm~2. The areal energy density results from
the effective linewidth d (170 um) of the carbonized structures obtained
in the laser focus. The scanning speed v’, generically given in %, was con-
verted into s m~". The effective output power P of the laser was measured
with a Solo 2 (Gentec Electro-Optics) power meter. The line separation for
the patterning of the interdigitated electrodes was 75 um.

F=Pxv xd' D)

The unexposed, non-carbonized PAN-film was removed by peeling off.

Electrochemical Measurements: The produced microsupercapacitors
were connected to an IviumStat.h potentiostat (Ivium technologies) via
banana clips. All measurements were performed in a glove box, with a
two-electrode setup and 20 uL of EMIM TFSI as an electrolyte. The elec-
trolyte covered the whole electrode structure. The cyclic voltammograms
were recorded at scan rates from 5 to 1000 mV s~'. The specific capaci-

v
1du- .
tance was calculated by C;, = é“:f;U‘A , with the scan rate v and the elec-

trode area A. Impedance spectra were recorded from 5 MHz to 0.01 Hz
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at a voltage U of 0.1 V. The capacitance fatigue was determined by cycling
2000 voltammograms and displaying the capacity of every 100th cycle in
Figure S5 (Supporting Information).

Instruments:  IR-spectra were recorded on a PerkinElmer Spectrum
two. SEM images were recorded on a Hitachi S-5200.

XPS was performed on a PHI 5800 ESCA system (Physical Electron-
ics), using monochromatized Al Ka radiation (1486 eV). The pass energy
for survey spectra was 93.9 eV, for detail spectra, 29.35 eV was used. The
binding energies (BEs) of all spectra were calibrated with respect to the C
(1s) peak. The data evaluation and peak convolution were performed us-
ing the commercial software CasaXPS 2.3.23PR1.0 (www.casaxps.com). A
Tougaard-type background was subtracted before the peak-fitting process.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1: a) IR-spectra of homo-PAN-films with 0 wt%, 3 wt% and 7 wt%, recorded by attenuated
total reflectance. b) The total laser-absorbance of different CNT loadings in PAN, quantified by
transmission IR-spectroscopy. c) Specific capacitance of CNT/C composites with CNT-contents of
0, 3and 7 wt%.

Figure S2: a) PAN/CNT-composite film spin-coated on a 7 x 7 cm PET foil. The concentration
was 16 wt% PAN-CNT in 2 mL dispersion | DMSO deposited at 1200 rpm. b) Photograph of
spin-coated PAN-CNT composite films, after carbonization to dedicated patterns. c) Close up of

the carbon electrodes. The scale bar indicates 200 pm.
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Figure S3: a) Height profiles of microsupercapacitors on PCB with the eight-finger pattern and b)

the 16-finger pattern determined using a Dektak profilometer.

Figure S4: SEM-images of PAN-CNT films after laser-carbonization. A) Overview and b) close
up on the carbonized electrode finger. The scale bars indicate 500 nm.




T T T T T
_E-

0ol mamwmt Tt tEamag g taew
\?
= 80t J
c
§e]
c
()
‘q:, 60 | B
(]
(8]
g
£ 40 E
©
Qo
o]
(§]

20 + :

0 1 1 1 1 1

0 500 1000 1500 2000
Cycle

Figure S5: The carbon electrodes of a microsupercapacitor with 16 fingers show no capacitance

fatigue over the course of 2000 charging and discharging cycles.
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