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If you don’t make mistakes, you’re not working on hard enough problems, and that’s a mistake.

Frank Wilczek
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Outline

The increasing consciousness of humankind for the surrounding environment is the core of
society development. This process improved human life conditions but also increased the an-
thropogenic impact on the surrounding world. Aiming to decrease such impact while preserving
the progress made, the role of materials science is to provide new and more accurate descriptions
of materials and their properties. Within this frame, this thesis will focus on the synthesis,
characterization, and application of carbonaceous materials in electrical energy storage and

heterogeneous catalysis (Chapter 1).

Carbon-based materials are extensively used for their relatively low cost and wide mechanical,
thermal, electrical, and chemical properties. This thesis will describe the synthesis of different
carbon materials obtained from nucleobases utilizing the salt melt templating method. By
using different precursors, salt mixtures, and synthetic temperatures, it aims to provide fur-
ther insights into the relationship between synthetic conditions and final material properties
(Chapter 2).

Electrical energy storage is a crucial technology to increase society’s sustainability. Carbon-
based materials are widely used in energy storage devices due to their low cost, good con-
ductivity, and high specific surface area. Even though the preparation of such devices plays
a fundamental role in the final performance, its effect on the materials is often overlooked.
Here, a focus on ball milling for electrode preparation from carbonaceous materials will be re-
ported, aiming to test the oxidation resistance of the materials and their performance as Li-ion

capacitors cathodes (Chapter 3).

Heterogeneous catalysis is a fundamental tool in the production of chemicals. Nowadays, it
is characterized by the wide use of heavy and noble metals, which are expensive, and their
production impacts the environment. To reduce their usage, carbocatalysis and single-atom
catalysis are promising strategies that attracted attention over the last decade. This thesis will
focus on identifying the structure-performance relationship of nitrogen-doped carbon materials
in thermal catalysis (Chaper 4). Moreover, it will investigate nickel single-atom materials’

synthesis, characterization, and catalytic properties in electrocatalysis (Chapter 5).
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and their applications
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1.1 The role of materials science

From stone to semiconductors, humankind’s society evolved proportionally to its knowledge
of the surrounding materials. Historians and other scholars have named certain eras after
determined class of materials (e.g., Stone Age, Bronze Age, and Iron Age), and the humankind’s
consciousness seems to be growing in parallel to the increased usage and development of more
and more sophisticated materials. Yet, until recently, mastery of materials has been achieved
mainly by empirical means or by a form of alchemy. Systematic research was performed only
from the nineteenth century, leading to the interdisciplinary field of study named materials

science.[1]

This systematic research facilitated the development of more complex devices such as chips
and transistors, leading to the computers and the Silicon age.[2] Nevertheless, focusing only on
silicon seems to limit the description of the uncountable results that materials science reached
over the last 50 years. Polymers are the first example of these achievements and were described
as “the biggest thing that chemistry has done” by Alexander R. Todd in 1980.[3] Materials for
Li-ion batteries must be the second example as they were recognized by the Nobel Prize in 2019
and hold great potential for the future.[4] Even though the list can go further, this will go out

of the scope of this thesis, and further information might be found in the literature.[5, 6]

Nevertheless, the advancement of our society thanks to materials science has not come without
a price as the adage “there’s no such thing as a free lunch”.[7] Indeed, better living conditions
and a growing population increased our society’s energy demand, which is satisfied mainly by
the combustion of fossil fuels. The main products of this process are energy, water, and carbon
dioxide. While energy is used to sustain our society as mentioned, water and carbon dioxide
are emitted into the atmosphere. In particular, carbon dioxide emissions were correlated to the
increasing average global temperature measured in recent years, and the phenomenon is known

as “global warming”.[8, 9]

As result, different scenarios are foresighted depending on how our society will react.[10] How-
ever, it is doubtful that no consequences will be experienced, and our community needs to act
to buffer the changes or respond to them. The actions required are multiple, involving single
citizens, private companies, and nations. However, finding the balance between a sustainable
society in social, economic, and environmental terms is difficult. No decision-making or actions

will be fruitful if we base them on wrong perceptions of reality.

In this context, the responsibility of fundamental research is to provide reliable world repre-
sentations and foster better decision-making. Focusing on materials science, it needs to find
more accurate materials descriptions to improve their performances and promote their applica-
tion in potential sectors for a sustainable economy. In particular, this thesis will describe the

properties of carbon-based materials for energy and catalytic applications.
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1.2 Carbon-based materials

1.2.1 General introduction to carbon-based materials

Carbon is a nonmetallic chemical element. Its atomic number is 6, and it is the 15" most
abundant element in Earth’s crust. Its chemical properties are characterized by four electrons
in its valence shell, which allow a unique diversity of compounds compared to other elements.
This diversity is at the foundation of earth’s life, its amplitude pushed chemists to study its
properties and reactivity (i.e., organic chemistry), and it expanded to materials science in

studying carbon allotropes.|[11]

Allotropes are different structural modifications of an element.[12] The family of carbon al-
lotropes includes diamond - carbon atoms arranged in a cubic lattice or tetrahedral - and
graphite - characterized by stacked sheets of carbon atoms organized in a hexagonal lattice.[13]
These solids have outstanding properties in terms of hardness,[14] conductivity,[15, 16] and
friction.[17] Nevertheless, new carbon allotropes were predicted, synthesized, and characterized
during the last decades, showing more exceptional properties. These materials are known as

nanocarbons, and they include fullerene, carbon nanotubes, and graphene.[18]

Nanocarbons research promises to provide the next generation material that will be more sus-
tainable and perform better in different application. For example, carbon nanotubes were
reported as having exceptionally high Young’s modulus by Treacy et al. in 1996 and different
potential applications by Baughman et al. in 2002.[19, 20] Few years later, Lee et al. measured
graphene elastic properties and intrinsic strength, demonstrating that it was the strongest mate-
rial ever measured.[21] In addition, graphene was reported to have unique electronic properties
by Novoselov et al. in 2004.[22] These outstanding characteristics pushed academic research to
focus extensively on the fundamental and applied study of these materials (see Figure 1.1)

and many references from their study will be included in this work.

Parallel to crystalline and nano allotropes of carbon, amorphous allotropes of carbon - defined
as carbon materials without a long-range order - have an essential role in our society. Coal
has been the first fossil fuel used by humans since ancient times - the name carbon derives
from the Latin name of coal: carbon - and it led to the first industrial revolution during
the Eighteenth Century.[23] Carbon fibers are widely used to produce light materials with
superior mechanical properties.[13] Porous carbons have almost uncountable applications as

energy storage devices,[24, 25| adsorbents for pollutants,[26, 27] and heterogeneous catalysis.[28]

Despite their numerous applications, amorphous carbons struggled to get popularity as high
as the crystalline and nano analogs in fundamental research. Indeed, Figure 1.1 reports
the number of publications per year from Web of Science, and it shows how fundamental
research focused mostly on nanocarbons, with a peak of publications in 2019 equal to 39132

(107 publications per day) only on graphene. In the same year, porous carbon got the same
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Web of Science
40k} 11/05/2022
= —— Amorphous carbon
% —— Graphitic carbon
g 30k Porous carbon
'g Carbon fibers
2 Diamond
2 20k Graphite
g_ Fullerene
hc-:- Carbon nanotubes
Graph
O\:: 10k raphene
0 —

1980 1990 2000 2010 _ 2020
Year

Figure 1.1: (On the left) Graphical rapresentation of crystalline, amorphous, and nano car-
bons structures, and (on the right) number of publication per year from Web of Science in 2022.

amount of scientific publications as graphite for the first time in history as a result of a constant

increment of research on the topic from 2010.

Interestingly, the number of graphene and carbon nanotubes publications showed a downward
trend in 2020 and 2021, while porous carbon and carbon fibers value still has a positive deriva-
tive in the same time frame. Even though one might think that the downward trend for these
nanocarbons is significant, it is unlikely that such promising materials will disappear from fun-
damental research. Still, instead, it will equilibrate to a more reasonable number. Nevertheless,
the increasing interest in understanding porous carbons - and amorphous allotropes in general
- is understandable not only by the rising number of publications but from daily interaction

with colleagues in the department and outside of it.

The potential of amorphous carbon materials relies on their easy preparation method, which
involves the heat treatment at a high temperature of organic precursor. During this process,
small molecules such as water, carbon dioxide, or ammonia are generated from the precursor
decomposition favoring the formation of C-C bonds.[13] These are stable at the working tem-
perature and results in a disordered carbon network. Different studies tried to provide a model
to describe accurately this disordered structure.[29-32] Yet, a comprehensive and accepted

understanding is still missing among researches.

Despite the lack of precise knowledge on their structure, carbon materials are characterized by
a wide range of tunable properties which can be adjusted by the ambient conditions of the syn-
thesis (e.g., working temperature, heating rate, atmosphere, etc.),[33-37] the type of precursor
(e.g., glucose, MOF's, polymers, etc.),[38-40] the kind of additive during the synthesis (e.g.,

templates, metals, salts, etc.),[41-44] or even modifying the structure with a post-treatment
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(e.g., metal impregnation, surface activation, etc.).[45-48] The resulting materials will differ-
entiate by the morphology on a macro scale (e.g., powders, membranes, monoliths, fibers,
etc.),[49-53] on the micron scale (e.g., colloids, sheets, etc.),[54, 55] and the nanoscale (e.g.,
porosity, graphitic stacking, etc.),[56-58] or by the composition (e.g., oxygen, nitrogen, boron,
etc. doping or metal decoration),[59, 60] and the chemical structure (e.g., carboxylic acids,

quaternary nitrogen, carbene-like sites, etc.).[61-63]

All these variables interact with each other in a dynamic equilibrium (Figure 1.2). Hence, it
is not an easy challenge to modify one without affecting the others, and carbonization remains
a black box for this reason. As a long-term goal, the carbon community is trying to increase
the knowledge and control of this process to produce a more specific carbon-based material for
the targeted application. For example, decreasing the carbonization temperature is a promis-
ing strategy to gain control over the chemical reactions involved in the process. Hydrothermal
carbonization is one example of such strategy as its working temperature is usually lower than
200 °C.[64] Differently, this work will pursue systematic research over a conscious selection of
molecules with similar chemical structures. In particular, it aims to expand the experimen-
tal data connecting precursor, synthesis conditions, and final materials properties, providing

general guidelines to control the synthesis of highly doped porous carbonaceous materials.

Morphology

(macro, micro, nano)

I comvosion

Chemical
Structure

Figure 1.2: Graphical representation of the variables controllable and parameter measurable
during the carbonization process.
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1.2.2 Control of the porous structure

Porous materials are widely used in multiple applications such as gas capture, energy storage,
or heterogeneous catalysis.[65] Their role in materials science is central, and so is the part
of porous carbons among porous materials. According to the IUPAC guidelines,[66] they are

classified as a function of the diameter of their pores (d):

e Microporous materials: d <2nm
e Mesoporous materials: 2 nm < d < 50 nm
e Macroporous materials: d > 50 nm

In carbon-based materials, porosity can be controlled through different strategies (Figure
1.3) and the most popular are: activation and templating.[67] In general terms, activation
methodologies use a chemical agent to promote material decomposition and the consequent
formation of pores in the structure. On the other hand, templated methods use an additive to

guide the construction of the desired nanoscale pores.

Activation methods are considered well-established top-down approaches to generate porosity
in carbon-based materials. Based on the physical state of the activating agent, they are often
divided in two class: physical (gaseous agent) or chemical activation (solid or liquid agent).[68]
More in detail, physical activation implies a two-step synthesis during which the material is first
synthesized, and COs or steam are successively used to decompose it.[69] Differently, chemical
activation implies that the activating agent (e.g., ZnCly, KOH, etc.) is used to impregnate the
material precursor, and their mix is submitted to the heat treatment.[45, 70, 71] After chemical
activation, the additive must be washed out from the final product. Even though they have
both distinctive advantages and disadvantages, activation methods stand for simplicity, but
they lack control and tunability of the pore structure. Indeed, only microporous materials can
be obtained from the decomposition of the material structure, while no meso- or macropores

can be developed through these methods.

Templating methods are optimal for higher control over the porosity than the activation
method. They use a structure-directing agent to give a preferential shape to the final material.[72,
73] Once the material is developed, the agent can be removed, leaving a hollow structure - the
porous structure - in the material. The templating methods can be differentiated as soft or
hard depending on the ability of the structure-directing agent to maintain its shape. Generally,
a soft template is obtained by self-assembly, and it decomposes easily once the materials are
formed.[74, 75] Differently, a hard template has a robust structure that needs to be produced
before the material synthesis.[76-78] The hard template does not decompose upon synthetic
conditions but has to be removed afterward. Similar to activation, templated methods hold a
specific trade-off which need to be balanced depending on the needs. Indeed, the higher control
over the final porous structure demands a higher energy investment in the synthesis compared

to activation methods.
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An alternative to these two methods is sol-gel synthesis.[79-82] This is based on a monomer
solution, which starts to condensate upon defined conditions. The polymer formation increases
the viscosity of the system and the precipitation of longer chains up to the formation of a gel.
The solvent can be removed from the gel upon drying, leaving a hollow structure: the porous
material.[83] This synthesis is widely used for organic and inorganic polymers; the most famous
application is silica production. The final porosity is dominated by the polymerization of the
initial monomer, which is a widely known and controllable process. Hence, sol-gel synthesis has
a higher level of control over the porosity and lower energy demand compared to the previous
two methods. Nevertheless, its application in producing carbon-based materials is not trivial.
Even though there are numerous examples in literature that used this method to synthesize
materials precursors, the stability of the porous network is not always kept, and the heating

process might lead to its collapse.[84, 85]

In 2013, a novel synthetic method was developed by Fechler et al. to produce porous carbon
materials: salt melt templating.[42] This process exploits a salt as an additive to the carbon
precursor. In an ideal synthesis, the salt melts before the precursor starts to react, promoting
the formation of a solution. When the temperature increases, the precursor in the solution
begins to react with itself, forming first a polymer and second a carbon material.[86] Even
though the process is still debated,[87] the ideal material formation is similar to a sol-gel-
like process.[88] Once the synthesis is concluded, the salt can be washed out by acid at room

temperature, leaving a porous structure in the materials.

Salt melt templated synthesis is difficult to classify in the last three categories as it merges all
their characteristic points. Like soft-templating, the structure-directing agent does not need to
be synthesized before the synthesis. It can be removed easier than hard templating (often HF

is used during this process). The synthesis has tunable parameters (e.g., type of salt, heating

Activated Templated Sol-Gel

Salt melt templated

T T e e

Figure 1.3: Schematic visualization of different strategies towards porous carbons.
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temperature, etc.) which can be adjusted to gain higher control over the final result. The salt

can contain an activating agent to promote the formation of micropores.

Nevertheless, due to its recent invention, few key parameters are understood clearly and the
salt melt templated synthesis is still mainly used as a black box.[87] For example, the leading
factor in the generation of pores is still under debate between the sol-gel-like process or the
activation. Similarly, it is unclear how much the precursor or the salt’s nature affects the final
results or which is the actual mechanism behind the material formation. For these reasons, this
thesis aims to expand the library of the materials produced by this synthesis to provide further

experimental data while developing novel carbon-based materials.

1.2.3 Control of the composition

Doping is the action of adding a small amounts of foreign atoms to form a solid solution in the
lattice of a non-metallic catalyst.[89] The ability of carbon to bind different elements enables
a wide choice of dopants, and the most common are oxygen, nitrogen, boron, sulfur, and
phosphorous.[59] Over the last 10 years, the understanding of doping improved remarkably for
carbon-based materials thanks to numerous experimental and theoretical works on graphene as
a model material for energy storage devices or catalysis.[90, 91] Among the different elements,
this thesis will focus on nitrogen, but further information beyond nitrogen doping might be
found in the literature.[59]

Nitrogen is a nonmetallic element, and its atomic number is 7. Its elemental form is gaseous, and
78% of the earth atmosphere is composed of it. Compared to carbon, it has one electron more
in the valence shell and, nitrogen presents higher electronegativity than carbon. From nitrogen
doping, one might expect the surface polarization and material conductivity to increase.[92—
94] Indeed, these effects were observed and served the application of N-doped carbon-based

materials for various applications.[95, 96]

Nevertheless, the bond affinity between nitrogen and carbon allows the development of materials
with a broader composition range compared to traditional doping (Figure 1.4). Among these
materials, carbon nitrides (C3Ny) are probably the most famous due to their semiconductor
properties and photocatalytic activity.[97] C3N, are an entirely different phase compared to
N-doped carbons, and it proves the wide range of materials obtainable from organic molecules
upon heat treatment.[98] For this reason, the composition control must be central and conscious

to foster the desired material characteristics.

Similar to pore structure control, different strategies can increase heteroatom content in carbon-
based materials.[38] Among them, post-synthesis methods are standard and use either the heat
treatment in nitrogen-containing gases or the decomposition of nitrogen-containing molecules
on the material surface.[99-101] Both strategies rely on the temperature to generate active sites,

which will react with nitrogen-containing species increasing the doping level.[102] Their main
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advantage is to use a pre-synthesized material that might undergo mild modification apart from
the doping. Nevertheless, the heteroatom content can hardly go above 10 wt% and, due to the

two-step synthesis, their costs rise and limits the exploitation to a larger scale.

Differently from post-synthesis methods, using nitrogen-containing carbon precursors might
lead to higher nitrogen content materials.[38] For example, g-C3N, was obtained from the heat
treatment of melamine.|[98] Hence, different polymers and metal-organic frameworks (MOF's)
characterized by a high starting nitrogen content can be used as carbon precursors.[39] Nev-
ertheless, the need to synthesize a material before the heat treatment makes this strategy less

favorable than molecular precursors direct carbonization.

In this context, Antonietti et al. proposed the concept of noble carbons in 2018.[103] The
authors described that the wise choice of molecular precursor with high oxidation potential
leads to carbon-based material with a low HOMO level comparable with gold - from here, the
adjective noble. From this concept, nucleobases, ionic liquids, and many dyes were identified
as good, noble carbon precursors, and they all shared the presence of conjugated or aromatic
heterocycles. In particular, these functionalities hinder heteroatoms from leaving the structure

as small molecules and foster their integration into the material structure.

The work of Kossmann et al. proved these statements correct and produced a novel class of
carbon nitrides with a C;N; chemical structure from guanine.[104] The authors further proved
that starting from nucleobases or nucleobase-like precursors, it is possible to develop materials
with surprisingly high carbon dioxide selectivity and high water adsorption.[105, 106] This
thesis will directly follow their research, focusing on the synthesis of high-nitrogen-content
carbonaceous materials (i.e., from 10wt% to 30wt%, C;N to C3N) and their application in

electrical storage devices and catalytic applications.

Diamond,
graphite, etc.

N-doped carbon

Figure 1.4: Schematic visualization of different carbon-based materials with increasing nitro-
gen content.
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1.3 Electrochemical energy storage

1.3.1 Devices for electrochemical energy storage

As previously introduced, carbon dioxide emission is an urgent problem, and material scientists
are committed to find a solution. Among the possibilities, the implementation of renewable en-
ergy sources (e.g., solar energy, wind energy, etc.) and the further electrification of our society
are the most promising in terms of economic cost and social acceptance.[10] Both alternatives
depends on electrical energy storage devices to provide a continuous flux of energy from discon-
tinuous natural sources and to compete with fossil fuel based technologies. Hence, these devices
gained higher and higher interest from fundamental science to police makers and multinational

companies (e.g., Tesla, Toyota, etc.).

Energy storage devices are usually described by their energy and power densities accordingly
to the Ragone plot.[107] In particular, conventional electrical energy devices are limited by
the trade-off between energy density and power density. On one hand, batteries utilize two
different redox reactions occurring on the opposite electrodes and provide high energy density
and low power densities.[108] On the other hand, conventional capacitors use the polarization
of two conductive materials giving high power density but low energy density.[107] Increasing
the speed of batteries or the energy storage of capacitors has been a central topic for the last

decades and numerous studies can be found in literature.[109]

Electrochemical capacitors - or supercapacitors - rose up from these studies by using surface
adsorption of charges to store electrical energy as electrochemical energy.[110, 111] This pro-
cess provides higher power than batteries and higher energy densities than capacitors. Hence,
electrochemical capacitor are considered complementary devices to the two previous examples.
Moreover, the surface storage assures only minor electrode modification during operation and
results in long cycle life. They are generally classified based on the charge adsorption mechanism
which can be electrostatic (in electrical double-layer capacitors) or faradic (in pseudocapacita-
tive materials).[112] Nonetheless, it is often difficult to differentiate this two processes which

can happen simultaneously.

A different classification of electrochemical capacitors is based on their electrode configuration.
This can be symmetrical - the two electrodes have the same capacitance - or asymmetrical - the
two electrodes have different capacitance values.[113] In particular, asymmetric electrochemical
capacitor uses different storage mechanism at each electrode to provide higher power and energy
densities. Among the different combinations, hybrid electrochemical capacitor are based on one
battery-like electrode and one capacitor-like electrode and attraced high interest over the last
decades.[114] In particular, Li-ion capacitor are among the most popular hybrid electrochemical
capacitor. They were first introduced by Anatucci et al. in 2001 and are now commercially

available from several companies.[115]
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Figure 1.5: Graphical representation of an ideal ion capacitor.

Li-ion capacitors are based on a Li-intercalating phase as battery-like electrode (anode), a
carbon material as capacitor-like electrode (cathode), and LiPFg in organic carbonate as elec-
trolyte. Upon charging, the Lit* is intercalated in the anode while PF¢™! is adsorbed on the
cathode surface.[116] Ongoing research is focusing on the investigation of different materials
for anodes and cathodes in order to maximize the energy and power densities, while differ-
ent electrolytes are being tested in order to improve the environmental impact and safety of
these devices. In particular, this thesis will focus on the preparation composite materials for

cathodes.

1.3.2 Carbon materials for electrochemical energy storage

As previously introduced, carbon-based materials presents multiple favorable physical and
chemical properties. They are relative cheap, conductive, easy to process and they have a
wide rage of tunable properties. For these reasons, they are highly used in electrical energy
storage devices (e.g. graphite in batteries, porous carbons in EDLCs). Even though nanocar-
bons were used as cathode showing good performances, their high production price is still
hindering their commercialization. On the other hand, activated carbons (AC) are the first
choice for the electrode material and it is the only one which has been commercialized. Hence,
the further improvement of Li-ion capacitor is focused on the activated carbon characteristics

rather than exploring novel materials.[117]

Activated carbons are characterized by fast kinetic of adsorption/desorption of ion which pro-
vides high power densities devices. Nonetheless, the energy stored by ion adsorption is still
lower compared to redox processes used in batteries. To improve the energy densities, in-
creasing the amount of charges adsorpted on the material surface is crucial and this can be

achieved by three strategies: control of the porous nanostructure, heteroatom doping, and high
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conductibility.[118] More in detail, porous structure influence the ion diffusion increasing the
surface accessibility. Similarly, heteroatom doping can improve the wettability of the mate-
rial, its conductivity and the interaction between ions and surface. On the other hand, higher

conductivity allows to have higher current at lower potential.

In this context, the control over porosity and composition mentioned in the previous sections are
essential tools to prepare carbon-based materials with favorable properties for Li-ion capacitor.
Salt melt templating synthesis allows to generate high specific surface areas and hierarchical
pores structures starting from molecular precursors. Nucleobase derived materials were reported
as highly doped carbonaceous materials. Indeed, in 2018, Antonietti et al. identified noble
carbons as promising electrodes for EDLCs.[103] This statement was further repeated by Simon

and Gogotsi in 2020 which highlighted the role of oxidation resistance and conductivity. [111]

Nonetheless, the high nitrogen content of noble carbons might promote a decrease in conduc-
tivity. Oschatz et al. discussed this as the functionality-conductivity dilemma and proposed
using composite materials as a possible solution.[119] In particular, the authors discussed the
potential of mixing an active phase with a conductive phase to provide composite materi-
als, merging the advantages of both phases. For example, Feng et al. published a method
to synthesize nitrogen-doped materials over a graphene layer. The resulting composite mate-
rial showed improved performances compared to the single components for EDLCs and Li-ion
capacitors.[120, 121] Nonetheless, the high costs associated with the starting materials and
the synthetic procedure might hinder the applicability of similar approaches. In 2021, Ilic et
al. used ball milling as a cost-efficient mixing process to obtain a composite material from
tannic acid and conductive carbon.[122] Despite criticism over the not efficient mixing of the
two phases,[119] the authors reported a higher performance for the composite materials in

lithium-based energy storage devices.

Following Ilic et al., harsher ball milling conditions are needed to promote the development of
Li-ion capacitors by ensuring a good contact area between the active and conductive phases.
Yet, such conditions might induce materials oxidation, resulting in their deactivation. Hence,
using noble carbons is ideal for testing the potential of ball milling in the electrode preparation

and verifying the predicted resistance against oxidation of such materials.

1.4 Heterogeneous catalysis

Catalysis is the process that increases the rate of a reaction without modifying its overall
standard Gibbs energy change. A catalyst is the substance that promotes such a process
while preserving its chemical nature before and after the reaction.[123] Chemical industry uses
catalysts in 90% of the processes to speed up reactions and reduce the energy consumption.[124]
Catalysis is also essential to decompose pollutants (e.g., the catalytic converter in cars or

water waste treatment) or promote novel energy sources (e.g., fuel cells or zinc-air batteries).



38 Introduction to carbonaceous materials

Recently, the catalytic upgrading of waste (e.g., carbon dioxide reduction or chemical recycling
of polymers) attracted attention in the scientific community as a potential promoter of a cyclic
economy. Hence, catalysis is doubtless an essential tool toward a more sustainable society

without losing industrial development’s privileges.

Catalysis is usually divided into two categories depending on the physical state of the cata-
lyst: homogeneous catalysis, which studies the process of a catalyst in the same phase of the
reagents, and heterogeneous catalysis, which investigates the function of a catalyst in a different
phase compared to the reagents.[123] Nonetheless, a third category called enzymatic catalysis
is often used to identify the catalytic processes promoted by enzymes.[125] In particular, when
developing more sustainable processes, these three catalysis categories must be analyzed by
their advantages and disadvantages (Figure 1.6). Homogeneous catalysis is notorious for its
high atom efficiency, high turnover frequencies, and high selectivity. However, separating the
catalyst from the reaction media is complex, energy-demanding, and, hence, less convenient
than the other two categories. Heterogeneous catalysis is characterized by the easy separation
of the catalyst from the reaction media because of their different phases. However, the reagents
surface adsorption and the products surface desorption limit the activity that is generally lower
compared to an homogeneous catalyst. Moreover, selectivity is often an issue due to the defec-
tive nature of the material surfaces. Enzymatic catalysis presents both an easy separation and
high activity/selectivity, but its performance is highly susceptible to the reaction conditions,

leading to a fast deactivation.

This thesis will focus on heterogeneous catalysis because of its relevance for industrial appli-
cation (80% of the industrial catalytic processes are heterogeneous) and the need for a more
reliable description of active sites on the surface.[124] In particular, it is crucial to understand

structure-performance relationships and identify strategies to improve catalysts activity, similar

Homogeneous Heterogeneous Enzymatic

High activity Easy separation High selectivity

Difficult Low selectivity Low stability
separation

Figure 1.6: Schematic visualization of different categories of catalysis.
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to homogeneous catalysis. Nonetheless, this can be achieved through challenging solid surface
characterization, which involves sophisticated instrumental techniques (e.g., gas adsorption,

electron microscopy, X-ray absorption, etc.) and needs higher investigation.

Moreover, heterogeneous catalysis often relies on heavy and noble metals. These are expensive,
their synthesis is a highly polluting process, and their stability is problematic in transitioning to
more sustainable reaction conditions (e.g., they are sensitive to water or sulfur). Hence, in the
context of this thesis, it is a mandatory endeavor to find alternatives to reduce or remove their
use in heterogeneous catalysis.[126] To this goal, two strategies (i.e., carbocatalysis and single-
atom catalysis) will be described and investigated to determine their structure-performances

relationships and determine the active surface sites.

1.4.1 Carbocatalysis

Carbocatalysis studies the activity of carbon-based materials in heterogeneous catalytic pro-
cesses. Even though this activity has been reported in the literature for over a century,[127] it
has gained more and more attention only over the last decade.[126] In particular, its popularity
raised after the noble prize to graphene and the understanding of the high activity for elec-
trochemical processes when nanocarbons are used in the electrodes.[126, 128] Combined with
the need to reduce the use of noble metals; these two factors increased the awareness of the

potential of carbon-based materials for catalysis.

More in detail, in 2009, Gong et al. first reported the high activity towards electrochemi-
cal oxygen reduction by nitrogen-doped carbon nanotubes array.[129] Similarly, in 2010, N-
doped graphene was shown as active for the same reaction.[130] From 2013, different metal-free
carbon-based catalysts were reported as active for oxygen evolution reaction (OER),[131] car-
bon dioxide reduction reaction (CO2RR),[132] hydrogen evolution reaction (HER),[133]. After
these vanguard works, numerous papers were published, expanding the understanding of the
active sites and the possible applications as reported in different reviews.[134, 135] Nevertheless,
among this rich literature, the work of Guo et al. stands as one of the best for the active site

determination in the ORR with nitrogen-doped carbon materials.[136]

Different from electrocatalysis, chemocatalysis with carbon-based materials has much older
literature.[137, 138] Indeed, oxidation reactions catalyzed by amorphous carbon or graphite are
often the first example cited by reviews when a historical perspective is given. Among these, the
oldest example was reported in a work from Antonietti et al.,[126] which refers to the oxidation
of organic gases by activated carbon written by J. Stenhouse in 1855.[127] As well as oxidation
reaction, reduction reaction catalyzed by similar materials can be found from 1985.[139] Yet,
these germinal works consider carbon surfaces as electron transfer platforms rather than men-
tioning the possible activation of the reagents.[140] The absence of this concept hindered the

development of carbon-based catalysts favoring the more active metal-based catalysts.
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Figure 1.7: Schematic visualization of different functionalities and their activity in carbo-
catalysis.

The graphene trend mentioned before changed this view. Together with electrocatalysis and
photocatalysis, more and more information about the activation of molecules by functionalized
carbon surfaces was collected in the literature.[141] Nanostructured carbon-based materials such
as graphene,[142] graphene oxide,[143] reduced graphene oxide, carbon nanotubes, and carbon
nanodots were found to catalyze oxidation, reduction, and acid/base reactions.[126, 128, 144]
More in detail, by the use of these materials, it is possible to catalyze efficiently: the oxidation of
alcohols,[145] of a-C-H bond of ethylbenzene,[146] and benzene,[147] reduction of nitroarenes
with hydrazine,[148] different coupling reactions,[149-151] transesterification,[152] hydrolysis

reactions, [153] Knoevenagel condensations.[154]

Even though most of the papers use nanocarbons inspired by their surprising properties, the
presence of specific functionalities (e.g., unsaturated edges, quaternary nitrogen, carboxylic
acid, etc.) appears to be crucial when their catalytic performances are considered (Figure
1.7).[155] For example, the activation of small molecules for oxidation reactions is often cor-
related to oxygen or nitrogen functionalities.[156] Indeed, nitrogen is reported to withdraw
electron density from the carbon next to it and helps the formation of radical oxygen species
from hydrogen peroxide (HyO3) or tert-buthyl peroxide (tBuOOH).[157, 158] Moreover, basic
properties are known to be improved when nitrogen doping is implemented in the materials,
thanks to pyridinic-like nitrogen functionalities.[159, 160] Similarly, acid properties can be en-
hanced by inserting oxygen or sulfur functionalities.[161, 162] In particular, the sulfonation
of carbon-based materials gave the most promising acid properties compared to metal-based

catalysis, even though their stability under reaction conditions is still a problem.[163]

This extensive research highlighted the potential of carbocatalysts and their limitations. Indeed,
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their use is often related to high catalyst loading, and their activity rarely outperforms the metal
analogs.[141] In addition, using mainly nanocarbons is detrimental in terms of price as they are
the most expensive among the known carbon allotropes.[164] Moreover, severe criticism over
metal-free claims and role of the heteroatoms was recorded by the scientific community.[165, 166]
Hence, further research is needed to confirm the activation mechanism of these catalysts and

improve their performances in activity, selectivity, and stability.

Accordingly to the up-to-date knowledge, increasing the heteroatom content is a straightforward
strategy to improve the catalytic properties (e.g., graphitic carbon-nitride). Indeed, most of
the catalytic activity rises from the presence of heteroatoms in the carbon backbone. Yet,
few reports consider this approach due to the synthetic limitations mentioned before, and the
nitrogen doping between 10 wt% and 30 wt% is underrepresented in the literature. It is essential
to note that such high nitrogen content might profoundly influence the material’s nature and
drastically change its performance. Hence, this thesis will focus on investigating the catalytic

properties of such carbonaceous materials.

1.4.2 Single-atom catalysis

Single-atom catalysis studies the activity of isolated metal atoms anchored on solid supports.[167]
Despite similar catalysts having been investigated over the last century under different names
(i.e., metal doped carbon, highly dispersed metal, impregnated carbon, etc.),[168-170] the in-
troduction of the single-atom catalyst definition by Zhang et al. in 2011 can be described as
a watershed in the field.[171] Indeed, a rich literature has built up since 2011 covering multi-
ple metal atoms, supports, and applications under this definition.[172-174] Compared to older
works, the recent advancement in atomic-resolution characterization techniques, theoretical
modeling, and in operando investigations were central in the development of the field, provid-

ing a clear description of atom dispersion, coordination environment, and oxidation state.

Downsizing the metal dispersion from nanoparticles to isolated atoms is a relevant challenge to
improve atom efficiency and selectivity in heterogeneous catalysis (Figure 1.8).[167] Indeed,
while only surface atoms are potential active sites in nanoparticle dispersions, all metal atoms
are potential active sites in single atoms distributions. In addition, nanoparticles might give low
selectivity because faces, edges, and corners can promote different reactions at different rates.
On the contrary, isolated atoms selectivity will depend on their coordination environment, which
ideally is controllable and homogeneous. For these reasons, single-atom catalysts are considered

a potential bridge between heterogeneous, homogeneous, and enzymatic catalysis.[173]

Despite the promising properties, implementing SACs as an alternative to nanoparticle-based
catalysts is still held by numerous challenges. In first place, isolated metal atoms have high
internal free energy and tend to aggregate spontaneously into nanoparticles. Hence, single-atom

catalysts are often characterized by low loading (< 5 wt%) to prevent aggregation.[175] This
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Figure 1.8: Schematic visualization of bulk to single-atom distribution supported on an ideal
surface.

low loading limits the absolute activity of the catalyst and makes SACs less competitive for
industrial applications. Increasing the metal loading above 5wt% is a direct strategy to foster
better performances. Yet, it is still challenging and only a few reports can be found in the
literature.[176]

To obtain isolated atoms at high loading, the type of support and synthesis are the two most
crucial parameters to consider. Heteroatom-doped carbon-based materials outnumbered the
other supports (e.g., metal oxide or metals) in terms of publications and interest.[177] Their
popularity arises from the ability of nitrogen, oxygen, or sulfur to coordinate and stabilize metal
atoms preventing their aggregation. Moreover, they can easily be synthesized by convenient
bottom-up approaches that require few synthetic steps. Hence, the carbonization of small
molecules containing metals or pre-prepared materials became a widely used synthetic approach
for high-loading SACs.[178, 179] Among the different reports, the work of Zhao et al. from 2018
stands out by because they reported a one-step synthesis of Ni-SAC with 20 wt% of loading
and activity for COoRR with high Faradaic efficiency.[180]

Even though bottom-up approaches provide easily high loading of isolated atoms, the accessi-
bility of the metal sites is not always ensured because the metal atoms might be included in
the structure during the synthesis.[174] Moreover, the metal coordination environment is chal-
lenging to control, and different active sites might be found. For example, the work of Zhang et
al. demonstrated that, among various Fe sites, only the unsaturated ones were the active sites

for the oxidation of ethyl benzene.[181] Hence, SACs derived from bottom-up approaches hold
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similar problems to the nanoparticle-based catalyst as (1) not all the metal distribution is active

and (2) the absence of single active sites due to the inhomogeneous coordination environment.

Alternative to bottom-up, top-down methods are characterized by a two-step approach that
involves synthesizing support material and its post-decoration.[182] These methods favor the
metal sites surface distribution, improving their accessibility. As discussed, top-down methods
are less efficient in metal loading than bottom-up approaches, but few key parameters can be
tuned to improve their performance. For example, by adjusting the specific surface area and
the heteroatom content of the materials, it is possible to generate enough spatially distanced
binding sites, which prevents the atoms aggregation.[176, 183] To this goal, salt melt templating
synthesis with wisely chosen precursors is an ideal strategy for the support preparation as high

specific surface area and high heteroatom content can be obtained.

Top-down methods can be classified as gas-phase techniques, electrochemical methods, and wet-
deposition. Gas-phase techniques (e.g., mass-selected soft-landing, physical vapor deposition,
and atomic layer deposition) are characterized by high control over the atomic distribution.
However, they are expensive and difficult to scale up. Electrochemical methods are less costly
than gas-phase techniques and still present reasonable control. Nonetheless, they are subjected
to easy cross-contamination, and the atoms’ adhesion is weaker than in the other two methods.
Wet-deposition is economically favorable, involves easy synthetic steps, and has high potential
scalability. Nonetheless, it lacks control over the chemical environment of the single sites and

can give spatially inhomogeneous distributions.[174]

In this context, increasing the control over wet-deposition methods is the primary goal to
promote their use in SACs synthesis. Similar to carbon-based materials, the wise choice of
the precursors is central because it can influence the atoms dispersion and adhesion over the
support surface. The most common and effective anchoring sites are nitrogen atoms, which
present favorable interaction with metal atoms.[168] Hence, complexes with nitrogen ligands
(e.g., porphyrins, bipyridines, etc.) or metal salts mixed with nitrogen-containing heterocy-
cles are the ideal choices to favor the atomic dispersion in carbon-based materials.[184, 185]
Moreover, nitrogen-coordinated metals were shown to be more active than the homogeneous
counterpart in Suzuki couplings,[186] and good electrocatalysts for HER, OER, ORR, COsRR,
and nitrogen reduction reaction (NRR).[187]

Among the different metals, this thesis will focus on nickel for its broad catalytic properties,
relatively low cost, and central role in catalysis. Indeed, Paul Sabatier used nickel to conduct
his first studies on ethylene reduction reaction, leading him to the Nobel Prize in chemistry in
1912.[188] Even though he described nickel as difficult to control, this metal is known nowadays
as a good catalyst for couplings reactions,[189], reduction,[190] and oxidation reactions.[191]
Moreover, nickel has been highly investigated for single atom catalysts in HER,[192] OER,[193]
ORR,[178] CO2RR,[194] electrochemical dechlorination,[195] methanol oxidation,[196] lithium-



44 Introduction to carbonaceous materials

sulfur batteries,[197] photocatalytic reduction of CO,,[198] reverse water-gas shift reaction,[199]
dry reforming of CHy,[200] selective hydrogenation,[201] and cellulose valorization.[202]

In particular, nickel single-atoms supported on N-doped carbon nanotubes showed higher cat-
alytic activity than Ni nanoparticles for the electrocatalytic reduction of CO45 to CO with almost
99% Faradaic efficiency.[203, 204] Hong Bin Yang et al. identified Ni(I) coordinated by four
nitrogen atoms as the origin of the superior activity of nickel single-atoms for CO,RR.[194] In
2019, Yun-Nan Gong et al. contradicted this result and suggested that the nickel coordination
environment plays a more important role.[205] The authors identified that Ni(II) coordinated
by two nitrogen atoms and two carbon atoms (Ni-NoCj) is more active compared to more
nitrogen-rich coordination environments (i.e., Ni-N3C or Ni-N4). In contrast, Xin Rong et
al. highlighted the role of atom vacancy in the nickel coordination environment as a lead-
ing factor in improving atom nickel catalytic activity.[206] Hence, despite the numerous work
and advanced characterizations, the effect of the nickel oxidation state and its coordination

environment is still under debate, and further investigations are needed.

Interestingly, oxygen-rich coordination environments are not found among these studies because
similar coordination is less common for nickel dispersion on carbon surfaces. Nonetheless, their
effect on a different reaction (i.e., ORR) was reported in two independent papers by Xiaozhe
Song et al. and Yulin Wang et al. in 2020.[207, 208] These works indicated that oxygen-
coordinated nickel atoms are optimal catalysts for the oxygen reduction to hydrogen peroxide.
In contrast, nitrogen-coordinated nickel atoms promote the complete reduction of oxygen to
water.[209] In 2017, Pander III et al. described in their review the potential of metal oxide for
CO3RR, suggesting the role of the metal-oxygen coordination environment.[210] In particular,
these materials exceed the theoretical expectations of kinetic stability and product distribution.
Hence, the investigation of oxygen-coordinated nickel single atoms holds a high potential to tune
the selectivity from CO to more valuable products such as formic acid, methanol, or methane,

which will be discussed in this thesis.
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Salt melt templated synthesis
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2.1 Synthetic procedure

The salt melt templated synthesis is a versatile and convenient method to synthesize porous
materials.[1] Ideally, a salt acts simultaneously as solvent and porogen in a sol-gel-like mecha-
nism during the heating process.[2] Once the system is cooled down to room temperature, the
salt can be washed out with an acidic solution while the porous material remains insoluble and
can be separated by filtration (Figure 2.1). Material final porosity is a function of precursor,
salt, the ratio between precursor and salt, working temperature, heating ratio, and atmosphere

inside of the oven.

Precursor + Salt

|

Porous material

1\

N, atmosphere

Figure 2.1: Graphical representation of the salt melt templated synthesis.

As introduced in Chapter 1, different salts can be used as melts to develop porous materials.[3]
Among all, zinc-based salt melts are the most popular and many papers have been published
after the first work from Fellinger et al.[4] In this series of studies, different variables were
investigated such as polarity, viscosity, and molar ratios of the melt. The conclusion from
these remarkable works was that porosity is generated by a sol-gel mechanism and negligible
chemical effect was appreciable.[3] Yet, most of the studies were conducted at high temperatures
and without comparing different precursors. However, these parameters are key points in the

synthesis and need further exploration.

For these reasons, in order to obtain a better picture of the process, different precursors, salt
mixtures and temperatures will be taken into account and compared in this chapter. The
materials will be named hereafter as "PTSM”, where P will be an alphanumeric character to
indicate the precursor (i.e., A for adenine, C for cytosine, and CF for caffeine), T indicates the
temperature of the heating procedure (i.e., 8 for 800 °C, 7 for 700 °C, 6 for 600 °C, 5 for 500
°C), and SM stands for the salt melt used (i.e., LZ for LiCl/ZnCl,, NZ for NaCl/ZnCl,, and LK
for LiCl/KCl). To observe the effect of these variables all the remaining parameters were kept
constant unless specified. The heating process was run in nitrogen atmosphere at a constant
heating ratio (i.e., 1 °C/min). The salt-precursor ratio was kept equal to 20 g to 1 g. Sample

were wasched twice at room temperature and once at 50 °C.
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2.2 Precursor dependence

Nucleobases, also known as nitrogenous bases, are heterocyclic compounds formed by carbon
and nitrogen atoms. They are classified as pyrimidine or purine bases depending on the mono-
or bi-cyclic nature, respectively.[5] They present different functionalities such as amines or car-
bonyls, which can act as proton bond donors or acceptors. Moreover, they were pointed as
promising noble carbon precursors by Antonietti et al. due to their high oxidation potential.[6]
Finally, the low carbon to nitrogen ratio (i.e., high nitrogen content) makes them suitable candi-
dates to promote the formation of highly nitrogen-doped carbonaceous structures even at high
temperatures. For these reasons, two different nucleobases (i.e., cytosine and adenine, Figure
2.2) and a chemically related purine (i.e., caffeine, Figure 2.2) were chosen to understand the

precursor role during the salt melt templated synthesis (Table 2.1).

Figure 2.2: (From left to right) Molecular structure of cytosine, adenine and caffeine.

The thermal decomposition of these nucleobases was studied through thermogravimetric analy-
sis (TGA) in nitrogen atmosphere (Figure 2.3). Cytosine showed the highest thermal stability
among all the precursors, having 30 wt% of the initial mass left at 800°C. On the other hand,
adenine and caffeine showed both the complete loss of mass around 350 °C. This was associated
with the sublimation or evaporation (consequential to the melting) of the initial precursor.|[7, §]
Interestingly, adenine and caffeine resulted in giving a product at 800 °C (Table 2.1) despite
their thermal stability, suggesting the critical role of the salt melt (LiCl/ZnCly) during the

material synthesis.

To test the thermal properties of the materials, TGA in nitrogen and synthetic air atmosphere
was used (Figure 2.3). The thermal profiles of the materials do not show a remarkable decom-

position in nitrogen atmosphere until 600 °C, and more than 80% of the mass is conserved up to

Table 2.1: Summary of the material synthesized, codes and yields.

Precursor Salt T sythensis  Code  Yield?
°C wt%
Cytosine  LiCl/ZnCl, 800 C8LZ 28
Adenine A8LZ 30
Caffeine CF8LZ 25

# The yield was calculated as a fraction between the final material mass and the initial
precursor mass.



2.2. PRECURSOR DEPENDENCE 65

100 Nitrogen ————
10 °C min™'
80 Cytosine 80
Adenine
S 60 Caffeine g 60 £ 60
= 40 = Al Nitrogen - Syn Air
10 °C min™! 10 °C min”!
20 20f —— C8L7 20 C8LZ
il _ —— A8LZ ——A8LZ
8 e ol ——CF8LZ of —CFSLZ
200 400 600 800 200 400 600 800 200 400 600 800
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 2.3: Thermogravimetric analysis at 10 K min™? of (from left to right) precursor in
nitrogen, materials in nitrogen, materials in synthetic air.

1000 °C. All the TGA profiles recorded in synthetic air are characterized by a complete material
decomposition at 600 °C. CF8LZ profile in synthetic air indicates that a partial decomposition
of the material starts after 300 °C, suggesting that the caffeine-derived material is less stable
in air compared to C8LZ and ASLZ.

Structural properties were analyzed through X-rad diffraction (XRD), Fourier-transform in-
frared spectroscopy (FTIR), and Energy Dispersive X-ray Analysis (SEM-EDX) and reported
in Figure 2.4. Remarkably, XRD patterns do not show any diffraction peak coming from the
salt used as a porogen indicating the successful washing procedure with hydrochloric acid. More-
over, XRD patterns are characterized by high-intensity signals at low angles and a broad band
with low intensity at 26.5° indicating the presence of micropores and poor graphitic stacking,
respectively.[10, 11] Purine derived materials (i.e., ABLZ and CF8LZ) presents a slight increase
in the intensity from the 26.5° band, which may indicate a better stacking of layers when purine

bases are used in the synthesis.[11]

In order to observe the presence of characteristic vibrations, FTIR spectroscopy was applied
on the three different materials. However, no specific difference in the spectra was appreciated
(Figure 2.4). Indeed, all spectra show a low percentage of IR transmittance (i.e., 30-45%)
and the absence of defined vibration peaks. Both observations suggest that the materials are
characterized by highly condensed structures. This suggests that the initial precursor functions

are either included in the structure or lost upon heat treatment.[12]

SEM-EDX was used to elucidate material compositions (Table 2.2 and Figure 2.4). This
analysis revealed that all materials are composed mainly of carbon atoms (i.e., 75.9 wt% for
CF8LZ, 79.1 wt% for A8LZ, 82.9 wt% for C8LZ). Yet, the nitrogen content is very high (i.e.,
11.1 wt% for C8LZ, 13.7 wt% for A8SLZ, and 16.6 wt% for CF8LZ), confirming that the use
of heterocycles as starting molecules to develop highly heteroatom doped materials is a more
convenient strategy compared to the post-treatment procedure, which can include lower het-

eroatom percentages (up to 10 wt%).[13, 14] Moreover, materials derived from purine bases
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Table 2.2: Composition summary of materials obtained from different precursors.

Material SEM-EDX ICP-EOS
wt% wt%
C N O Cl Zn Zn
C8LZ 829 11.1 3.7 1.3 0.8 0.97
ASLZ 79.1 13.7 48 1.8 0.5 0.75
CF8LZ 759 16.6 57 09 0.8 1.67

——C8LZ 100 C8LZ
—— ASLZ ASLZ
— CFSLZ ——CF8LZ

80

60

Intensity (a.u.)
Trasmittance (%)
Weight percentage (%)

\

b

10 20 30 40 50 60 0 3500 3000 2500 2000 1500 1000 0 : ASLZ CFSLZ

20(%) Wavenumber (em™) Material

Figure 2.4: (from left to right) X-ray diffraction patterns, FT-IR transmittance spectra, and
elemental composition from SEM-EDX of C8LZ (green), A8LZ (blue) and CF8LZ (red).

(i.e., CF8LZ and A8LZ) presents higher nitrogen doping than pyrimidine bases derived ma-
terials (i.e., C8LZ). Moreover, molecular structure with oxygen atoms might preserve oxygen
atoms in the structure, too (i.e., 3.7 wt% for C8LZ and 5.7 wt% for CF8LZ from SEM-EDX).
However, despite adenine does not contain any oxygen atom in its molecular structure, the
final material ABNZ presents a small oxygen content as well (i.e., 4.8). This suggests that the
oxygen content measured might be adventious from water molecules strongly adsorbed on the
materials surface. Noteworthy, Kossmann et al. reported that uric acid derived material are
characterized by high water adsorption.[9] Hence, materials from nucleobase and nucleobase-
like molecules might be characterized by high water uptake which hinders the determination of
structural oxygen. Finally, a small percentage of chlorine (SEM-EDX) and zinc were observed
(SEM-EDX and ICP-EOS). This indicates that even though the washing procedure successfully

removed bulk salt, yet, small leftovers remain in the materials.

Scanning electron microscopy (SEM) shows that C8LZ and A8LZ are formed by condensed
colloidal structures suggesting a sol-gel-like mechanism and a spinodal decomposition during
the heating process (Figure 2.5).[2] Ideally, colloidal morphology can be obtained by a four

steps process involving;:
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1. solvation of the precursor or oligomers;

2. condensation of the precursor into oligomers

3. growing of the oligomers;

4. precipitation of the bigger oligomers (not soluble in the melt);

The final morphology of the material will be influenced by the competition between these
steps, which is itself influenced by the characteristic kinetic. More in detail, SEM imaging
reveals that ASLZ presents smaller colloids compared to C8LZ indicating that precipitation
occurs faster than condensation when adenine is used as the precursor. This might be induced
by: (a) oligomers from adenine are less soluble than the ones from cytosine or (b) cytosine
derived dissolved species are more reactive than adenine ones. However, the discrimination be-
tween these two possibilities is not trivial and needs further investigation. Remarkably, CF8LZ
shows different morphology characterized by big flakes (length >1pm) and balls (c.a. diameter
= 200nm). This is ascribed to a bad solvation (process 1) for caffeine-derived intermediate
species, which promotes the formation of different morphology than colloids. This matches the
importance of precursor solubility during the synthesis as reported in literature.[4] The choice
of the precursor must be done taking into account a molecule that condensates slowly and at

higher temperatures in order to let melt the salt and promote step 1.

Scanning transmission electron microscopy (STEM) confirms the previous observation from
SEM analysis. A8LZ and C8LZ present a colloidal structure and the higher degree of disorder

Figure 2.5: Scanning electron microscopy (first row) and Scanning transmission electron
microscopy (second row) of (from left to right) C8LZ, ASLZ, and CF8LZ.
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400°C

Figure 2.6: Graphical representation of the sol-gel-like mechanism proposed.

observed for A8LZ matches the lower dimension of the colloids while CFS8LZ STEM picture
shows a compact structure. The differences in the STEM images correlate to different solva-
tion/precipitation processes, which influences the structure in the nanoscale. Remarkably, the

more condensed structure observed for CF8LZ suggests lower mesopores volume compared to
C8LZ and A8NZ.

Finally, gas adsorption was used to characterize the pore structure of the materials prepared
(Figure 2.7). Nitrogen isotherms at 77K display a clear difference among the three materials
highlighting the precursor role in the development of the pore structure. Accordingly to [UPAC
guidelines, C8LZ isotherm is a type I and II, ASLZ isotherm is a type IV, and CF8LZ isotherm
is a type I.[15] The different shapes of nitrogen isotherms indicate that C8LZ is a material
characterized by micro-, meso-, and macropores, while A8LZ presents micro- and mesopores
and CF8LZ only micropores. The analysis of DFT derived pore size distribution of the samples
revealed the presence of an asymmetric distribution of pores with a maximum at 5 nm for C8LZ
and A8LZ, while CF8LZ presents a small population of small meso-pores at 2 nm. Total pore
volume measured from nitrogen isotherms (Table 2.3) reveals higher gas uptake for C8LZ and
A8NZ (2.1 em?® g! and 2.5 cm® g!) compared to CF8NZ (0.3 cm?® g!) and it agrees with STEM
imaging. Finally, the BET equation was applied on the nitrogen adsorption branch to calculate
the specific surface areas of the materials prepared. The analysis results with 1834 m? gt, 2334
m? gt and 556 m? g for C8LZ, ASLZ, and CF8LZ, respectively (Table 2.3).

CO, adsorption isotherms at 273K were used to further characterize the microporous structure
of the prepared materials (Figure 2.7). The total pore volumes derived from CO; follow a
similar trend compared to the one followed by specific surface areas (Table 2.3) with A8LZ
having the highest volume (i.e., 0.21 cm?® g), followed by C8LZ (0.18 cm?® g!') and CF8LZ
(0.06 cm® g!). C8LZ isotherm shows higher CO, adsorbed than ASLZ at low pressures (i.e.,
100 Torr). This difference is related to the nature of carbon dioxide, which is less chemical

inert than molecular nitrogen and it can interact with basic sites. Hence, surface properties
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Figure 2.7: (From left to right) Ny isotherms at 77K, DFT calculated pore size distribution,
and COq adsorption isotherm at 273K for C8LZ (green), ASLZ (blue), and CF8LZ (red).

Table 2.3: Gas adsorption data obtained from BET and DFT calculations applied on Ny and
CO, isotherms at 77K and 273K.

Material ~Specific surface area® Total pore volume (<40 nm)* Total pore volume (<10 nm)®

m? g cm? gt em? gt
C8LZ 1701 2.1 0.18
ASLZ 2335 2.5 0.21
CF8LZ 956 0.3 0.06

@ Calculated from nitrogen isotherm at 77 K.
b Calculated from carbon dioxide isotherm at 273 K.

might influence dramatically the adsorption at lower pressures. Thus, the data suggest that

C8LZ shows a higher affinity for CO, than ASLZ.

In conclusion, the material obtained from different nitrogenous bases at 800°C in presence of
LiCl/ZnCly differs mainly for the morphology which was shown as function of the starting
precursor. On the other hand, chemical structures appear similar in term of composition and
FT-IR. This might be induced by the high working temperatyre (i.e., 800 °C) which promotes
similar material phases. Yet, the role of the salt melt needs to be elucidated in order to explain
how precursors with low thermal stability (i.e., adenine and caffeine) shows the formation of
materials at 800°C.

2.3 Salt melt dependence

The melting temperature of the salt is considered one of the most crucial parameters during the
salt melt templated method. Indeed, Fechler et al. in 2013 reported it as the target to choose
a salt.[1] This temperature must be lower than the decomposition temperature of the materials
precursor. For example, LiCl/ZnCly; melting temperature (i.e., 330 °C, see Table 2.1) is lower
than the decomposition temperature of cytosine (i.e., 350 °C); this allows a better solvation
process and the formation of colloidal-like structures in the final material. However, the role

of the salt as not-innocent chemical agent is often overlooked in most of the papers and needs
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further discussion. For these reasons, NaCl/ZnCl, (NZ), LiCl/ZnCl, (LZ), and LiCl/KCI (LK)
were chosen as salt melts to study the role of the metallic species in the development of porous
materials from cytosine at 800 °C (Table 2.1).

Table 2.1: Summary of material synthesized from different salt, melting temperature of these
salts, code given to the materials and relative yields.

Precursor Salt T meiting T synthesis Code  Yield®
°C °C wt%
Cytosine NaCl/ZnCly 325 800 C8NZ 30
LiCl/ZnCl, 330 C8LZ 30
LiCl/KCl 352 C8LK 30

? The yield was calculated as a fraction between the final material mass and the initial
precursor mass.

At first, the thermal properties of the carbonaceous materials were characterized by TGA
analysis in synthetic air and nitrogen atmosphere (Figure 2.8). While C8NZ and C8LZ have
similar stability in nitrogen, the C8LK profile displays a faster decomposition above 800 °C,
suggesting differences in structural properties for this material. On the other hand, thermal
decomposition profiles obtained in synthetic air show almost complete mass loss above 600 °C

among all the materials.

As suggested by TGA in nitrogen and synthetic air, structural properties observed from XRD,
FT-IR, and SEM-EDX are significantly different for C8LK compared to C8NZ or C8LZ (Figure
2.9). At first, the X-ray diffraction pattern from C8LK displays a broad band at 26.5 °.
Moreover, the low intensity of the signal at low angles suggests the absence of micropores
in this material.[10] On the other hand, C8NZ XRD pattern is extremely similar to C8LZ

suggesting the presence of micropores in the material.

FT-IR spectra recorded from the three materials showed a low transmittance percentage in-

dicating a high condensation level of the materials (Figure 2.9).[12]. In addition to this, no
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Figure 2.8: Thermogravimetric analysis at 10 K min™ of (from left to right) materials in
nitrogen and materials in synthetic air.
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Table 2.2: Composition summary of materials obtained from different precursors.

Material SEM-EDX ICP-EOS
wt% wt%
C N O Cl Zn Zn
C8NZ 74.2 186 59 0.7 0.5 1.7
C8LZ 829 11.1 3.7 1.3 0.8 0.97
C8LK 629 271 89 - - -
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Figure 2.9: (from left to right) X-ray diffraction patterns, FT-IR transmittance spectra, and
elemental composition from SEM-EDX of C8NZ (red), C8LZ (blue), and CS8LK (green).

significant vibration peak from the precursor was detected indicating the absence of initial
functionalities from the precursor itself. However, a small difference among the spectra was
appreciated in the fingerprint region where the C8LK profile displayed lower intensity bands
with two maximums at 1600 cm™ and 1250 cm™. In agreement with XRD patterns, FT-IR
spectra indicates the structural difference between samples obtained in presence of zinc chloride
(C8LZ and C8NZ) and in its absence (C8LK). This difference suggests the role of the salt as

not innocent species in the chemical development of the material.

SEM-EDX spectra were recorded to understand the chemical composition of the materials in
function of the salt used. Remarkably, C8NZ is a carbon-rich material as LZ-derived materials.
Compared to C8LZ, it presents higher nitrogen content (i.e., 18.6 wt%) and oxygen content
(i.e., 5.9wt%). On the other hand, C8LK presents significantly higher nitrogen content than
previously reported materials (i.e., 27.1 wt%) while carbon has lower contribution (i.e., 62.9
wt%). Remarkably, the C8LK atomic C/N ratio is equal to 2.8 indicating the formation of a
C3N-like structure, whereas C8NZ and C8LZ present atomic C/N ratios equal to 8.7 and 6.3
respectively. Again, structural characterization displays a clear difference when zinc chloride is
used during material synthesis. In particular, zinc can interact as Lewis acid with electron-rich
nitrogen species (Lewis bases). Therefore, it is reasonable to conclude from SEM-EDX analysis

that zinc can promote carbon-rich structures.

In order to understand the effect of different salt melts on the morphology of the materials, SEM,
STEM (Figure 2.10), and gas adsorption and (Figure 2.11) were recorded for C8NZ and
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Figure 2.10: Scanning electron microscopy (first row) and Scanning transmission electron
microscopy (second row) of (from left to right) C8LZ, C8NZ, and C8LK.

C8LK. SEM images show a clear difference among the samples indicating salt melt role during
the material formation. While C8LZ is characterized by small colloids with a diameter smaller
than 50 nm, C8NZ shows a bigger colloids (>100 nm) than C8LZ. This suggests that material
growing speed was faster than nucleation speed in C8NZ. On the other hand, C8LZ forms with a
faster nucleation compared to the growing speed resulting in smaller colloids. As C8LK displays
flakes and blocks, a bad solvation process characterizes the formation of the material. This can
be ascribed to a faster condensation than solvation due to the higher melting temperature of
LiCl/KClI compared to LiCl/ZnCly or LiCl/ZnCl, (see Table 2.1). Yet, zinc role in promoting
solvation instead of condensation cannot be discarded and needs further investigation. STEM
imaging further supports the previous statements. C8LZ and C8NZ present colloidal structures
characterized by colloids of different dimensions, while CSLK shows a structure characterized
by flakes. Finally, CSNZ and C8LK images appear as less porous materials compared to C8LZ

suggesting the difference in surface area development when different salts are used.

Gas adsorption was used to characterize the specific surface area and the pore structures of the
prepared materials (Figure 2.11). At first, nitrogen isotherm at 77 K indicates that C8LK
has low nitrogen uptake (total pore volume equal to 0.04 cm® g'). On the other hand, C8NZ
presents higher total pore volume (2.1 cm?® g!) and its isotherm can be classified as type I
accordingly to TUPAC guidelines indicating that the material is mainly microporous.[15] DFT
pore size distribution confirmed these observations indicating the absence of a relevant pore
structure in C8LK and a small population of pores around 2 nm for C8NZ, while C8LZ is richer

in meso-pores. Specific surface was calculated by BET equation giving as results 1834 m? g,
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Figure 2.11: (From left to right) Ny isotherms at 77K, DFT calculated pore size distribution,
and CO, adsorption isotherm at 273K for C8NZ (red), C8LZ (blue), and C8LK (green).

Table 2.3: Gas adsorption data obtained from BET and DFT calculations applied on Ny and
COg isotherms at 77K and 273K.

Material ~Specific surface area® Total pore volume (<40 nm)* Total pore volume (<10 nm)P®
m? gl cm? gl em? gl
C8NZ 1834 2.1 0.23
C8LZ 1701 2.1 0.18
C8LK 65 0.04 0.08

# Calculated from nitrogen isotherm at 77 K.
b Calculated from carbon dioxide isotherm at 273 K.

1701 m? g, and 65 m? g! for CS8NZ, C8LZ, and CSLK, respectively.

COg adsorption isotherms at 273 K confirm that C8LZ and C8NZ are more porous compared
to C8LK. Still, C8LK adsorbed volume (i.e., 0.08 cm?® g ) is double compared to nitrogen
adsorption results (0.04 cm® g, see Table 2.3). However, this is not surprising due to the
higher nitrogen content of the material. C;N are a class of materials known for their affinity
towards COy, which explains the higher adsorption of carbon dioxide compared to nitrogen.[16]
Similarly, C8NZ shows higher adsorbed volume compared to C8LZ can be ascribed to the higher

nitrogen content of the NZ derived material.

To conclude, zinc chloride plays a fundamental role in the development of structural and mor-
phological properties. C8NZ and C8LZ present lower nitrogen content and porous structures
with higher surface areas compared to C8LK. It might be assumed that zinc promotes the
decomposition of nitrogen-rich phases to a more porous structure. However, the bad solvation
process (deduced from SEM and STEM imaging) cannot be discarded as an important variable
in the discussion. Thus, lowering the temperature synthesis is fundamental to decrease the

decomposition upon heat treatment and get a better picture by dividing the two variables.
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2.4 Temperature dependence

As observed in the previous sections, the choice of precursor or salt melt influences the solvation
and precipitation process leading to different morphologies. Moreover, zinc chloride favors ma-
terial decomposition fostering carbon-rich phases. Yet, pores origin and material development
during the synthesis remain unclear. Therefore, cytosine was treated in presence of LiCl/ZnCl,
at different temperatures (i.e., 500 °C, 600 °C, 700 °C, and 800°C) in order to observe and

characterize the intermediate steps which are leading to the final material (Table 2.1).

Table 2.1: Summary of the material synthesized, codes and yields.

Precursor Salt T sythensis Code  Yield®
°C wt%

Cytosine  LiCl/ZnCl, 500 C5LZ 50
600 C6LZ 50
700 C7LZ 40
800 C8LZ 28

® The yield was calculated as fraction between the final material mass and the initial
precursor mass.

TGA profiles obtained from C5LZ, C6LZ, and C7LZ in nitrogen show a material phase that
starts to decompose above 600 °C (Figure 2.12). This decomposition leads to a more thermally
stable phase corresponding to C8LZ. On the other hand, thermal decomposition in synthetic air
is surprisingly similar among the samples indicating the stability upon heating and in presence

of oxygen. This shows C5LZ, C6LZ, and C7LZ as extremely stable materials against oxidation.

Structural characterization was performed by XRD, FTIR, and SEM-EDX analysis (Figure
2.13). Similar to C8LZ, the C7LZ diffraction pattern is characterized by the increased intensity
at low angles suggesting a microporous structure. In contrast, C5LZ and C6LZ patterns display
the presence of a broad band at 26.5°, which indicates a poor graphitic stacking in C5LZ or
C6LZ.[11] Tts absence in C7LZ and C8LZ indicates a de-stacking process that happens above
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Figure 2.12: Thermogravimetric analysis at 10 K min™ of (from left to right) materials in
nitrogen and materials in synthetic air.
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Figure 2.13: (from left to right) X-ray diffraction patterns, FT-IR transmittance spectra, and
elemental composition from SEM-EDX.

700 °C and might be promoted by zinc chloride. Indeed, the absence of zinc chloride for C5LZ
and C6LZ drove to a XRD pattern similar to C8LK (see Figure 2.9).

Characteristic vibration were investigated by FT-IR spectroscopy (Figure 2.13). The C5LZ
spectrum is characterized by higher transmittance (i.e., from 80% to 40%) than the C8LZ one
indicating lower conjugation in the structure. Moreover, the presence of more defined bands at
1600 cm™ and 1250 cm™ (C-N stretching and C-C stretching, respectively) suggest the absence
of a high condensed phase as observed from C8LZ spectra. Remarkably, C5LZ, C6LZ, and
CT7LZ have similar average transmittance intensity, which is higher than C8LZ transmittance.
This indicates that a different phase compared to C5LZ, C6LZ, and C7LZ forms at 800 °C

SEM-EDX spectroscopy corroborates what was observed in the previous paragraphs. Material
composition changes coherently from C5LZ to C8LZ with an increase in carbon content and a
decrease in nitrogen weight percentage. Specifically, carbon content increases from 62.2 wt%
for C5LZ to 82.9 wt% for C8LZ, while nitrogen decreases from 29.8 wt% to 11.1 wt% for the
same materials. This is influenced by zinc chloride, which acts as Lewis acid and interacts
with electron-rich nitrogen atoms helping their decomposition as previously hypothesized by
comparing different salt melts. Remarkably, while nitrogen content decreases linearly from
C5HLZ to CTLZ, C8LZ composition does not follow the linear trend showing much lower nitrogen
content. This result corroborates the formation of a new phase at 800 °C as suggested by the
thermal stability in inert atmosphere observed in Figure 2.12 and the FTIR spectra reported
in Figure 2.13.

As in the previous sections, morphological analysis was run by SEM, STEM, and gas adsorption
(Figure 2.14). Colloidal morphology was observed in all the samples indicating that the
solvation-precipitation process happens before or at 500 °C. Remarkably, SEM images show a
more open morphology at higher synthetic temperatures, which might be the consequence of
material decomposition. If so, the images suggest that this decomposition has a higher influence

when the synthetic temperature is increased as observed for SEM-EDX. STEM imaging further



76 Salt melt templated synthesis

Figure 2.14: Scanning electron microscopy (first row) and Scanning trasmission electron
microscopy (second row) of (from left to right) C5LZ, C6LZ, CTLZ, and C8LZ.

corroborates SEM analysis. The increase in synthetic temperature induces the formation of a

less compact structure with its maximum at 800 °C.

Gas adsorption isotherms help understand the temperature dependence of the porous network
formation (Figure 2.15). Nitrogen isotherms at 77K show higher adsorbed volume when
the synthetic temperature is increased (see Table 2.3). This increased volume is related to
the formation of a microporous structure observed by the type I isotherms for C6LZ and
CT7LZ, which become a combination of type I and type II for C8LZ. Moreover, the micropore
volume increases constantly from C5LZ to C8LZ resulting in higher surface areas calculated
through BET equation: 44 m? g, 749 m? g, 1207 m? g!, and 1701 m? g! (see Table
2.3). Noteworthy, microporous structures are often obtained from decomposition or activation
processes. Therefore, the increased micropore volume and surface areas agree with a partial
decomposition of the material upon heat treatment. However, this does not describe the effect of
the sol-gel-like process on the mesopore structure. Hence, pore size distribution was calculated
by DFT modeling to understand its development with temperature showing that all samples
present a volume adsorbed by 5 nm mesopores. Similar narrow mesopores were observed in the

previous sections indicating their formation as a function of the sol-gel-like process. Yet, higher

Table 2.2: Composition summary of materials obtained at different temperatures.

Material SEM-EDX ICP-EOS
wt% wt%
C N O (Cl 7Zn /n
C5LZ 62.2 29.8 43 3.1 0.3 0.06
C6LZ 65.7 274 47 16 0.5 0.25
C7LZ 68.7 252 4.5 0.8 0.7 0.88
C8LZ 829 11.1 3.7 1.3 0.8 0.97
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Figure 2.15: (From left to right) Ny isotherms at 77K, DFT calculated pore size distribution,
and CO, adsorption isotherm at 273K for C5LZ, C6LZ, C7LZ, and C8LZ.

Table 2.3: Gas adsorption data obtained from BET and DFT calculations applied on Ny and
CO, isotherms at 77K and 273K.

Material ~Specific surface area® Total pore volume (<40 nm)* Total pore volume (<10 nm)®
m? gl cm? gl em? gl
ChLZ 44 0.03 0.10
C6LZ 749 0.4 0.14
CT7LZ 1207 0.7 0.12
C8LZ 1701 2.1 0.18

# Calculated from nitrogen isotherm at 77 K.
b Calculated from carbon dioxide isotherm at 273 K.

mesopore volume is formed as wide distribution of pore dimensions above 800 °C in presence
of LiCl/ZnCl,. These might be the consequence of the further material degradation observed
as well by SEM-EDX and electron microscopy.

Carbon dioxide adsorption isotherms at 273 K highlight high adsorbed volume. C5LZ pore
volume calculated from COs isotherm is higher compared to nitrogen-derived pore volume.
Furthermore, C6LZ has higher carbon dioxide adsorbed volume compared to C7LZ. As de-
scribed in the previous section, this is not surprisingly due to the higher affinity of highly
nitrogen-doped structures.[16] Yet, once the decomposition proceeds and a high microporous
volume is formed, its influence overcomes the material affinity and leads to the highest pore

volume as seen for the C8LZ isotherm.

In conclusion, the material composition and the pore structure can be tuned by varying the
working temperature. Indeed, lower temperature implies higher nitrogen content and more mi-
croporous structures. At 800 °C, a more carbon-rich mesoporous material is formed. Nonethe-
less, a small fraction of narrow mesopores (i.e., < 5 nm) was observed and associated with the

sol-gel-like mechanism characteristic of the salt melt templating synthesis.
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3.1 The role of electrode preparation

Carbon-based materials are established candidates as cathodes for EES devices thanks to their
low cost of production and high specific surface area.[1] Recently, the role of nitrogen doping
was shown to improve the performance of the materials.[2] Yet, a massive increase in nitrogen
content is followed by a decrease in conductivity.[3] Thus, the mixture with a conductive carbon
is a promising strategy to develop composite materials combining a high conductive material

with low performance and a high performing material with low conductivity.[4]

Even though the process of mixing is critical in the final device performance, electrodes prepa-
ration from powdery materials is not a standardized process and it varies easily depending on
the laboratory.[5] Among the different strategies, the most common are stirring, ultrasonica-
tion, and ball-milling (see Figure 3.1). As mild mixing processes, stirring and ultrasonication
consume less energy and they have lower effect on the chemical structure of the active material.
On the other hand, ball-milling performs a better homogenization of the components but is
harsher process. Indeed, the high speed of rotation drives to high energy collisions between
metal balls and materials, which promote metal leaking from the balls and oxidation of the

materials. [6]

Figure 3.1: Graphical representation of different methods for ink preparation. From left to
right: a. stirring, b. sonication and c. ballmilling.

Chapter 2 introduced the synthesis of materials from nucleobases and salt melt templated
methods. These fit the characteristic required as active cathode materials (i.e. high specific
surface area and high nitrogen content). Moreover, they are supposed to present high stability
upon oxidation accordingly to Antonietti et al.[7]. This may prevent their chemical modification
upon ball milling and help the production of composites materials. Hence, this chapter aims to
describe the effect of ball milling on the chemical properties and the use as cathodes in Li-ion

capacitor of highly nitrogen doped carbonaceous materials.
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3.2 Caffeine derived materials

Caffeine, adenine, and cytosine were used as material precursors in Chapter 2.2. While the
two nucleobases are quite expensive (i.e. 50 EUR g from Merk), caffeine is a much cheaper
molecule (i.e. 50 EUR Kg! from Merk). Hence, the study of cathode materials from caffeine
does not only promise deep fundamental knowledge, but potentially gives a device with larger

applicability compared to cytosine- or adenine-derived ones.

Nevertheless, the material obtained from caffeine and LiCl/ZnCl, (i.e. CF8LZ) has the lowest
surface area and pore volume in Chaper 2.2. In order to improve the electrochemical per-
formance of cathode materials, it is fundamental to synthesize materials with larger specific
surface area and pore volumes. Hence, LiCl/KCl and NaCl/ZnCl, were used as alternative
salts to LiCl/ZnCl, to obtain more porous materials. No caffeine leftover was observed from
the use of LiCl/KCl highlighting the Zn role described in the previous chapter. On the other
hand, NaCl/ZnCl, promoted the formation of a carbonaceous material at 800 °C in 25% as
yield. Moreover, one lower temperature compared to 800 °C (i.e. 700 °C) was investigated to
increase the nitrogen doping. These materials will be named accordingly to Chapter 2 and

Table 5.1 reports their summary.

To further describe the ball milling effect on carbon-based materials, a commercial active carbon
(i.e. Kuraray) was used as reference in this study. The commercial carbon was investigated
as pristine and as nitrogen-doped. The doping was performed by the thermal decomposition
of cyanamide on the material surface and it is described in detail in the experimental section.
Table 5.1 reports the summary of the materials that will be name as Kur (pristine Kuraray)

and N-Kur (nitrogen-doped Kuraray).

Elemental chemical analysis helped to elucidate the composition of the materials (see Table
3.2). CF7NZ shows the highest nitrogen content (i.e. 19.0 wt%), while Kur presents a negligible
percentage of nitrogen in the structure (i.e. 0.3 wt%). The doping method of Kur increased
successfully the nitrogen level to 5 wt% in N-Kur, but it increased the oxygen content from 3.5

wt% to 7.6 wt% as well. These values remain lower than CF8NZ and CF7NZ oxygen contents

Table 3.1: Summary of the material synthesized, codes and yields.

Precursor Salt T ythensis Code  Yield®
°C wt%
Caffeine  NaCl/ZnCl, 700 CF7LZ 28
800 CF8LZ 25

Kuraray - - Kur
900 N-Kur

# The yield was calculated as a fraction between the final material mass and the initial
precursor mass.
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which are equal to 13.5 wt% and 16.0 wt%, respectively. Yet, it is not possible to discriminate
whether this content is structural or from adsorbed water molecules as previously described in
Chapter 2.

Nitrogen sorption experiments at 77 K showed that CF7TNZ and CF8NZ isotherms are type
I (see Figure 3.2).[8] Both samples showed similar specific surface area from BET equation
(1496 m? gt and 1446 m? g ') and pore volume (i.e. 0.654 cm® g'! and 0.641 cm?® g'!) suggesting
lower dependence between temperature and pore structure when caffeine is used as precursor.
The less optimal solvation process - which was pointed out for caffeine in Chapter 2.2 - might
be crucial in lowering the pore structure-temperature dependence. On the other hand, Kur
and N-Kur present a similar shape (type I and type IV) but with less adsorbed volume for the
nitrogen doped material (see Table 7.11). Accordingly to the isotherm shapes, the analysis of

DF'T pore size distribution indicates that all materials have 2 nm pores.

CO; adsorption isotherms show larger differences than Ny isotherms (see Figure 3.2). Kur
presents the lowest pore volume calculated from carbon dioxide (0.189 cm?® g!') while CF7NZ
has the highest value (0.254 cm® g!). Moreover, the pore volume increases proportionally to
the nitrogen content of the materials (see Table 7.11 and Table 3.2). Nitrogen doping is a
well-known strategy to increase the carbon dioxide uptake in carbon-based material and the

results agree with literature.[9-11]

Structural properties were evaluated by FT-IR and powder X-ray diffraction (Figure 3.2).
Accordingly with the higher nitrogen content, CF7NZ and CF8NZ present lower transmittance
compared to Kur and N-Kur. Interestingly, CF7NZ shows the presence of more defined broad
peaks suggesting the presence of more defined functionalities. These are lost upon heating as
observed for CF8NZ spectra, which is similar to Kur and N-Kur. On the other hand, XRD
diffraction patterns are characterized by the absence of defined peaks indicating amorphous
structures. A broad band at 26.5° can be observed for all the materials indicating poor graphitic
stacking. However, only Kur and N-Kur patterns present the second broad band at 45° typical
of in-plane C-C diffraction.[12] These are not visible for caffeine-derived materials and it might

be caused by the higher nitrogen content.

Table 3.2: Elemental composition calculated from ECA and ICP-AES for CF7NZ, CF8NZ,
Kur, and N-Kur.

Material Elemental analysis ICP-EOS
wt% wt%
C N O Fe
CF7NZ 614 19.0 16.0 0.02
CF8NZ 62.7 12.6 13.5 0.02
Kur 97.9 0.3 3.5 0.002
N-Kur 89.2 5.6 7.6 0.007
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Table 3.3: specific surface area calculated through BET equation and pore volume from Ny
isotherm at 77 K and pore volume calculated from CO, isotherm at 273 K for CF7NZ, CF8NZ,
Kur, and N-Kur.

Material ~Specific surface area® Pore volume (d<40 nm) # Pore volume (d<10 nm) "
m? gl cm? g1 cm? g
CF7NZ 1496 0.654 0.254
CF8NZ 1446 0.641 0.224
Kur 1672 0.763 0.189
N-Kur 1422 0.635 0.219

# Calculated from nitrogen isotherm at 77 K.
b Calculated from carbon dioxide isotherm at 273 K.

TGA analysis in synthetic air was used to characterize the thermal properties of the materi-
als. Contrary to what was expected, Kur and N-Kur present the main mass loss at higher
temperatures compared to CF7NZ and CF8NZ (see Figure 3.2). Yet, it can not be consid-
ered indicative of the material resistance to oxidation upon ball milling. Thermogravimetric
analysis can not consider the effect of stainless steel ball, which undergoes through different
chemical mechanism compared to simple combustion. For example, carbon-based materials
were reported as unstable upon ball milling.[13, 14] The high oxidative environment induces
these materials to absorb iron from the sample and it was concluded that the iron leakage was

associated with the oxidation of the carbon.[5]

CFTNZ, CF8NZ, Kur, and N-Kur compositions from the elemental analysis were compared
before (Table 3.2) and after (Table 3.4) ball-milling in stainless steel jar and in atmospheric
air for 50 minutes. Both Kur and N-Kur presented a significant decrease in the carbon content
upon grinding (from 90 wt% to 70 wt%) while CF7NZ and CF8NZ did not. The decrease
in carbon is associated with an increase of oxygen (from 5 wt% to 10 wt%) and iron content
(from 0 wt% to 9 wt%)for the commercial materials, which confirms the involvement of iron
in the oxidation process. Remarkably, CF7NZ and CF8NZ do not show significant changes in

composition or iron uptake confirming their potential to stand the harsh ball milling conditions.

Table 3.4: Elemental composition calculated from ECA and ICP-AES for CF7NZ, CF8NZ,
Kur, and N-Kur after ball milling with stainless steel jar in open atmosphere for 50 min.

Material Elemental analysis ICP-EOS
wt% wt%
C N O Fe
CF7NZ 60.1 18.0 144 0.21
CF8NZ 60.8 12.7 15.7 0.50
Kur 739 1.1 12.1 9.52
N-Kur 71.2 5.0 10.0 8.24
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Figure 3.2: a. Ny isotherm at 77 K, b. DFT pore size distribution from N5 isotherm at 77 K,
c. COy adsorption isotherm at 273 K, d. FT-IR spectra, e. X-ray diffraction pattern, and f.
thermogravimetric analysis in synthetic air at 10 K min™ for CF7NZ, CFSNZ, Kur, and N-Kur.
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3.3 Ball milled derived cathode materials

The different powder materials were mixed with a conductive additive and ground for 50 min-
utes. Afterward, a binder dispersion in NMP was added and the mixture was further ball milled
for 10 minutes. Upon drying, the composite materials were obtained and used as cathodes for
hybrid Li-ion capacitors. These materials will be named as g-C/CODE, where g- stands for
ball milled, C/ stands for the conductive additive and CODE is the starting material code
introduced in table 3.1.

At first, the performances of the different composite materials were evaluated by charging-
discharging measurements at 0.2 A g'. Figure 3.3 reports the comparison of the 50" cycle
and highlights the better performance of caffeine derived composite cathodes compared to com-
mercial carbon derived composite materials. g-C/CF7NZ shows the best performances having
higher capacity compared to g-C/CF8NZ and more than double performance compared to
g-C/Kur and g-C/N-Kur. Due to the similar specific surface area values and pore size distri-
butions, the cathode performances can be correlated to the higher nitrogen content observed

for CFTNZ.

The importance of ball milling as a preparation method was evaluated by charging-discharging
measurements. Figure 3.3 compares the 50" cycle of charging-discharging at 0.2 A g of
two cathodes obtained with (g-C/CF7NZ) and without (C/CF7NZ) prior ball milling. The
grinding process improves the capacity of the composite material almost five times compared

to not ground sample proving the importance of this step.

Scanning electron microscopy and energy-dispersive X-ray spectroscopy gave a better under-
standing over the differences that ball milling introduces in the cathode material. SEM images
reported in Figure 3.4 show smaller particles for g-C/CF7NZ compared to C/CF7NZ. This
influences the contact between the particles of CF7NZ and the conductive material. Moreover,
EDX mapping reported in Figure 3.4 shows a higher degree of homogeneity of heteroatom
distribution for g-C/CF7NZ compared to C/CF7NZ. This indicates that ball milling prevents
the formation of carbon-rich areas as observed for C/CF7NZ and it fosters a better mixing
between the active material and the conductive additive. Hence, the higher homogeneity in
composition and better contact between the two phases are identified as leading factors in the
better performances observed for g-C/CF7NZ. These are directly influenced by the ball milling

step which is crucial to develop cathode material for highly doped nitrogen materials.
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Figure 3.3: 50'" cycle charging and discharging curve of a. different composite materials and
b. CF7NZ derived composites with and without prior ball milling.

Figure 3.4: Scanning electron microscopy of the cathode material with and without prior ball
milling and energy-dispersive X-ray spectroscopy of the cathode material with and without
prior ball milling.
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3.4 Performance of a caffeine derived cathode

Electrochemical performance of g-C/CF7NZ as Li-ion cathode was studied in depth via cyclic
voltammetry and charging-discharging tests. At first, cyclic voltammetry experiments were
performed at varying scan rates starting from 5 mV s for 30 cycle in order to stabilize the
integral of the voltammogram (Figure 3.5a). Afterward, cyclic voltammetry was measured at
different scan rates without observing a significant change in the shape of the curve (Figure
3.5b). Cyclic voltammetry experiments are characterized by a distorted rectangular shape,
which is typical for hybrid lithium capacitors. The distortion can be ascribed to the limited
accessibility of cations into the pores at the potential below the open-circuits voltage (around
3.2V, as calculated from Figure 3.5c¢).[15]

From experiments at varying scan rates, surface- and diffusion-controlled contributions to the
capacity were determined according to the well described model in the previous studies.[16, 17]
As expected for a capacitor, an almost purely surface-controlled reaction was observed (Figure
3.5d).[18] Details on the calculation can be found in the Appendix method section, and the
assessment of the model can be found in Figure 3.5e. The comparison of the calculated and

the measured cyclic voltammetry is reported in Figure 3.5f.

Following cyclic voltammetry experiments, charging-discharging tests at increasing current den-
sities were recorded from 0.05 A ¢! to 0.8 A g! (see Figure3.6). At a current density of 0.05 A
g1, the maximum observed discharge capacities are around 55 mAh g, and they decrease upon
increase in current density as expected. However, no significant reduction has been observed as
discharge capacities of around 30 mAh g are visible at a high current density to the original
value of 0.05 A g*. Upon the decrease in current density to the original value of 0.05 A g,
the capacities increase reaching similar values as in the first 20 cycles, pointing that no damage

was done to the samples at higher current densities.

As expected for hybrid lithium capacitors, charging-discharging profiles are distorted triangles
(Figure 3.6). Additionally, they show that both charging and discharging are quick so that a
full cycle occurs in less than 5 min at 0.8 A g''. Finally, charging-discharging tests at constant
current 0.8 A g for 300 cycles were run. After the first 100 cycles, the capacity reached 45
mAh g! retaining the said capacity without significant loss after 200 more cycles. In particular,
the increasing capacity during the first 100 cycle can be ascribed to the wetting process of the

electrodes.
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varying scan rates, c. Open circuit voltage of the cell before cyclic voltammetry test, d. calcu-
lated surface-controlled contribution to capacity, e. assessment of the model used for surface-

controlled contribution evaluation, f. cyclic voltammogram at 1 mV s as calculated and as

measured.
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Figure 3.6: a. Charging-discharging test at varying current densities, b. Charging-discharging
profiles at different current densities, c. charging-discharging test at 0.8 A g'' for 300 cycles.

to active carbon, the presented capacitor performs better, and it can be related to the high

heteroatom content. Nonetheless, mesoporous carbon-based cathodes are reported to have a

improved to 120 mAh g at a similar current density when mesoporous doped carbon is used,
achieving comparable performance to reduced graphene oxide.[21, 22] Hence, further studies

are needed to study the effect of ball milling on the pore structure or use synthesis conditions
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Active carbon based cathode materials are characterized by 30 mAh g at 1 A g'1.[19] Compared

capacity ranging from 65 mAh g to 80 mAh g'.[19, 20] These performances can be further
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4.1 Nitrogen role in carbocatalysis

Activated charcoal has been known to promote the aerobic oxidation of organic molecules such
as ethanol for over a century.[1] However, its activity has been overlooked as better results
were observed with metal-based catalysis.[2] Nevertheless, the discovery of graphene and the
increased sensibility on sustainability brought back the attention to carbon-driven catalytic
processes. Indeed, during the last decade, numerous studies featuring carbon-based materials

generated the field of carbocatalysis.[3, 4]

Among these studies, different nanostructured materials such as graphene,[5, 6] carbon nan-
otubes, or carbon nanodots [7] were used as pristine, defected, or doped derivatives to promote
catalytic reactions. In particular, electron density manipulation via heteroatom doping has been
one of the most studied strategies to increment catalytical performances.[8] Nitrogen doping
plays a central role due to the similar atom size and higher electronegativity compared to carbon.
Through its incorporation in the structure (Figure 4.1), it is possible to generate significant
dipole moments, which can act in various ways as described in the introduction.[9, 10] Never-
theless, most of the reported preparation methods fail to increase the nitrogen content above

10 wt%, which limits the observable effect of heteroatom doping on the catalytic activity.[11]

=Y

L 4

Figure 4.1: Graphical representation of nitrogen functions in a carbon network and electrical
dipole moment in a carbon-nitrogen covalent bond.

Within this frame, the materials proposed in Chapter 2 are good candidates to observe the
relation between doping and catalytic activity at high nitrogen content (50 wt% >x >10wt%)
in porous carbons. Hence, four materials from Chapter 2.4 were chosen due to their different
nitrogen content: C5LZ (29.8 wt%), C6LZ (27.4 wt%), CTLZ (25.2 wt%), and C8LZ (11.1
wt%). This chapter will describe their activity towards four model reactions: reduction of
nitrobenzene, oxidation of 3,3",5,5-Tetramethylbenzidine, the cycloaddition of carbon dioxide,
and a two-step one-pot reaction involving acid and basic sites independently. Finally, the

catalytic results will be correlated to the nitrogen speciation observed through N1s XPS.
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4.2 Carbonaceous materials for redox catalysis

The reduction of nitroarenes to the corresponding amine is an important reaction in organic
synthesis to produce key intermediates towards pharmaceuticals, polymers, pesticides, dyes,
and other high-value products.[12, 13] For this reason, the catalytic properties were tested for
the conversion of nitrobenzene to aniline as model reaction (Figure 4.2). Hydrazine was used

as a reducing agent due to its relevance in industrial productions.[14]

Lasern et al. reported in 2000 that pure carbon materials can catalyze this reaction by creating
an electron pool through the adsorption of hydrazine.[15] More recently, the importance of
nitrogen doping to promote the adsorption of nitrobenzene was disclosed by Yang et al. and
the role of boron-nitrogen co-doping for the adsorption of hydrazine by Li et al.[16, 17] Even
though both papers show useful insights on the mechanism of the catalysis, they report carbon-
based materials with the highest value of doping equal to 8 wt%. Hence, it is not possible to

extrapolate the information with higher doping.

Based on these studies, the catalytic reduction of nitrobenzene with hydrazine at room tem-
perature using a reaction time of 48 h was studied for the four carbonaceous materials taken
in consideration. The molar conversion obtained through 'H-NMR is reported in Figure 4.2.
The desired product was obtained in high yield only when C8LZ was used and a small amount
of it was observed for C7LZ as well. However, no presence of aniline was recorded for C5LZ
and C6LZ. Moreover, a test without catalyst and two tests in presence of Kur and N-Kur (see

Chapter 3.2) were run. Yet, no conversion of the reagent was observed after 48 h.
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Figure 4.2: Reduction of nitrobenzene to aniline in presence of hydrazine and a catalyst and
catalytic performances of different catalysts.
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It is not intuitive to predict the properties of a carbonaceous material while its doping content
increases. In particular, the nitrogen content has an upper limit above which the material is not
catalytic active anymore for the reduction of nitrobenzene. Since the reduction process involves
the movement of electrons, the nitrogen upper limit might be defined by the doping effect on
the conductivity. In agreement with Chapter 3 and the work of Larsen, higher nitrogen
content implies lower conductivity which might hinder the electron transfer from hydrazine to

nitrobenzene.

In order to validate this hypothesis, TMB oxidation with hydrogen peroxide was chosen as a
control experiment (Figure 4.3). This reaction gained high interest in the past years as a
model reaction for the peroxidase-like activity of nanozymes.[18-20] For this reason, there is
higher knowledge about the catalytic mechanism in presence of a carbocatalyst compared to
hydrazine.[21] Indeed, peroxides-mediated oxidation reactions were shown to be catalyzed by
electron-poor carbon atoms next to the nitrogen atoms.[22] Moreover, the role of conjugated

structures was proven to be critical in agreement with our previous statements.[23]

The oxidized product of TMB is characterized by blue color and it can be tracked through its
absorbance at 652 nm in visible spectroscopy (Figure 4.3).[24] Hence, the performances are
reported as absorbance in function of time (Figure 4.3). Similar to the reduction results, the
production of TMB,, was not observed for C5LZ and C6LZ, while a moderate product amount
was observed with the use of C7LZ. The highest absorbance at 652 nm was observed for C8LZ

indicating its better catalytic properties compared to the other materials.
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Figure 4.3: Oxidation reaction of TMB in presence of hydrogen peroxide, Visible spectra of
TMB and its oxidazed product (TMB,y), and kinetic profiles of absorbance at 652 nm for the
different catalysts.
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The reaction using C8LZ was further analyzed through Michaelis-Menten kinetics (Figure
4.4) similarly to other nanozymes reports.[21] The maximum rate at a saturating substrate
concentration (vyay) was found to be 0.8 uM/s. The substrate concentration at which the
reaction rate is half of vy, (Ky) was 28.0 mM. A comparison with previously published
carbonaceous materials as catalysts for the same transformation shows that C8LZ presents the
highest V. and the second-highest Ky reported to date.[24-26] This indicates the presence
of a high number of active sites and it is in line with the high nitrogen content (14 wt%) of the

material.

Accordingly with the similarity between results from reduction and oxidation reactions, these
redox processes might involve similar mechanisms and active sites. The sites are most likely
found on the electron-poor carbon atoms adjacent to the nitrogen as described by previous
reports.[22] However, their amount or their strength are likely not the key parameters to pro-
mote these reactions. Indeed, C5LZ or C6LZ should presents a higher amount of electron-poor
carbon due to the larger nitrogen content, but their activity is kept low. Even though the
surface area and pore structure might play a role, it must be pointed out that C6LZ presents
already a larger surface area than previously reported nitrogen-doped carbonaceous materi-
als active for the same reaction.[26] Therefore, the effect of nitrogen on conductivity appears

critical and hinders further conclusions.
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Figure 4.4: Kinetic profiles of C8LZ in presence of different hydrogen peroxide concentra-
tions and linear fitting of the inverse initial speed at given inverse concentration according to
Michaelis-Menten analysis.
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4.3 Carbonaceous materials for acid-base catalysis

Cyclic carbonates are important molecules which can be used as aprotic solvents, electrolytes in
secondary batteries, valuable precursors for polymers, or intermediates in organic synthesis.[27—
29] Their production got more attention as the cycloaddition of CO, to diverse epoxides is a
promising reaction to use the known greenhouse gas as a reagent.[30] Despite its reputation,
carbon dioxide is a promising renewable C1 source, but is rarely used due to its chemical
inertness.[30] Its cycloaddition process is based the cooperation between acidic and basic centers
in order to open the epoxide ring and activate the CO, molecule.[31, 32] As described in
Chapter 2, the prepared materials have high affinity for carbon dioxide. Hence, their use in
the production of cyclocarbonates can be a relevant application to produce valuable products

and study the acid-base nature of the materials.

A model synthesis of cyclocarbonates was performed from epichlorohydrin at 130 °C in presence
of CO, (5 Bar). The product formation was followed by 'H-NMR in presence of an internal
standard and the results are reported in Figure 4.5. C6LZ is the material which gave the high-
est conversion of epichlorohydrin (58%) with a moderate selectivity towards the desired product
(61%). No side-products were detected using '"H-NMR analysis, suggesting that polymerization
reactions might be responsible for the low selectivity.[28] C7LZ showed less conversion (36%)
and low selectivity, while C8LZ catalysis gave the highest selectivity (95%), but a lower con-
version (27%). On the other hand, no product formation could be observed from the catalysis

with C5HLZ.
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Figure 4.5: CO, cycloaddition reaction to epichlorohydrine and catalytic conversions reported
against different materials.
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As introduced previously, the cycloaddition reaction is fostered by an acidic and a basic site.
In order to ensure the presence of these, many reports use the addition of a co-catalyst such
as tertammonium bromide, which can act as nucleophile.[32] The ability of C6LZ in catalyzing
the reaction without further co-cocatalyst might imply the presence of higher amount of basic
sites, which can act similar to the bromide. Yet, the difference in the selectivity are not clear

and further studies are needed.

For an in depth analysis, we studied the acid-catalyzed hydrolysis of (dimethoxymethyl)benzene
(DMB) to benzaldehyde (BA) followed by a base-mediated Knoevenagel condesantion that
yields benzomalononitrile (BMN).[33] The two-step one-pot reaction (Figure 4.6) was moni-
tored by 'H-NMR analysis. The results are reported in Figure 4.6, which shows that all the
materials presented good activity towards both reactions. C8LZ and C7LZ gave 100% conver-
sion of DMB after 4 h, while C6LZ shows the highest conversion to BMN (80%) after the same

time.

In order to obtain a better comparison, Figure 4.7 summarizes the conversions from the
acidic and the basic catalysis. The findings show that C8LZ is a better Lewis acid (80% DMB
conversion) than C7LZ (65% DMB conversion) and C6LZ (53% DMB conversion). On the other
hand, C6LZ is a better Lewis base (51% BA conversion) than C7LZ (38% BA conversion) and
C8LZ (32% BA conversion). C5LZ shows good activity in the Lewis acid catalysis (58% DMB
conversion), but performs poorly as Lewis base (29% BA conversion). While the low conversion

from basic catalysis from C5LZ might be influenced by the low specific surface area, the acid-
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Figure 4.6: acid-catalyzed hydrolysis of (dimethozymethyl)benzene (DMB) to benzaldehyde
(BA) followed by a base-mediated Knoevenagel condesantion that yields benzomalononitrile
(BMN) and relative kinetic of conversions of the reagents for different materials
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Figure 4.7: Graphical representation as columns of the conversions at 1h for acidic (red) and
basic (blue) catalysis for the different materials.

base trends observed from C6LZ, C7LZ, and C8LZ correlates to the nitrogen content of the

materials, suggesting the role of the doping in the acid-base nature of the materials.

4.4 Catalytic influence of nitrogen speciation

X-ray photoelectron spectroscopy (XPS) is a powerful tool to observe the change in the ox-
idation state of atoms on the surface of a material.[34] Hence, this technique was used to
characterize the surface functionalities of the materials used as catalysts in the previous sec-
tions. The aim of this analysis is to connect and rationalize the catalytic results accumulated
in this chapter by understanding of the oxidation state of the atoms that might be involved in

the catalysis.

Figure 4.8 reports the Cls and N1s XPS regions measured for C5LZ, C6LZ, C7LZ and C8LZ.
C1s XPS region was deconvoluted by three Gaussian functions centered at 284 eV, 286 eV and
288 eV. While many reports define the kind of atom bound to the carbon through the binding
energy of the Gaussian function, only the C-C related signal will be clearly specified as the one
at 284 eV. On the other hand, 286 eV and 288 eV will be described as carbon atoms bound
to one or more heteroatom.[35] Similar approach will be used for N1s region deconvolution,
which was performed by four Gaussian functions centered at 398 eV, 400 eV, 401 eV and 402
eV. These functions will be described based on the oxidation state (low for 398 eV and 400 eV,
high for 401 eV and 402 eV) of nitrogen atoms instead of the functionality type (e.g. pyridinic,
pyrollic or quaternary).[36] The change in nomenclature described is driven by the amorphous
nature of the materials combined to the high level of nitrogen doping, which do not assure that

pure pyridinic or pyrrolic cycles can be found in the structure.

The deconvolution percentages obtained from Figure 4.8 were used to calculate the amount
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Figure 4.8: Cls (left column) and N1s (right column)XPS regions and relative deconvolution
for C5LZ, C6LZ, CTLZ, and CSLZ.
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of moles per 100 g for each carbon or nitrogen functionality based on SEM-EDX of the materi-
als(see Chapter 2). The results are reported as function of the materials in Figure 4.9 which
shows a noticeable difference between C8LZ and the other materials. While C5LZ, C6LZ, and
CTLZ presents higher amount of carbon in higher oxidation state (up to 1.4 mol/100 g), C8LZ
is characterized by the higher contribution of carbon atoms at 284 eV. On the other hand,
the large nitrogen loss observed for C8LZ in Chapter 2.4 can be here correlated to the lower
stability of low oxidation state nitrogen atoms (i.e. 398 eV and 400 eV). These are unstable
and are lost upon heating at 800 °C. Remarkably, high oxidation state nitrogen atoms increase
in content between C5LZ and C6LZ, but their amount is quite stable among all the other

materials.

The trends described match partially the change in catalytic performances observed in the
previous sections. C8LZ shows the highest contribution from 284 eV signal and it has the
best performances for redox reactions. This confirms that conductivity and large conjugated
domains (284 eV signal) are fundamental to promote redox reactions. Moreover, the loss in
basic activity observed in Figure 4.7 from C6LZ to C8LZ correlates with the loss of 398 eV
and 400 eV nitrogen species. These are electron rich (low oxidation state) nitrogen atoms and
they are the main basic sites of the materials. This match the change in chemical compositions
observed in Chapter 2.4.

On the other hand, the acidic sites are less trivial to be assigned. Electron poor carbon atoms
(i.e. 286 eV and 288 eV) were previously described as possible acidic sites, but they gave
the lowest contribution for C8LZ (best performing acid catalysts). This might be related to
the loss in electron rich nitrogen atom that effects dramatically the carbon functionalities. In
particular, 286 eV carbon atoms might be bound 398 eV or 400 eV nitrogen atoms and they
are lost upon higher synthetic temperature (i.e. 800 °C) while 288 eV carbon atoms might
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Figure 4.9: Staked bar plot representing moles per 100 g of Cls and Nls species calculated
from XPS deconvolution and SEM-EDX composition.
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be bound to 401 eV and 402 eV nitrogen atoms and preserved during the heating process.
Accordingly to the acid catalysis results, 288 eV are probably involved in the acid catalysis
because of their increasing contribution from C5LZ to C8LZ.

In order to have a better characterization of the acidic sites, temperature programmed desorp-
tion of ammonia was used. Figure 4.10 reports the results of this analysis as TCD signal in
function of temperature of the materials. The TCD signal measures the ammonia desorbed
from the surface upon heating the materials. The desorption temperature gives useful infor-
mation on the strength of the acidic sites. From C5LZ to C7LZ, the desorption band became
gradually sharper, more intense and the desorption maximum shifted to lower temperatures.
On the other hand, C8LZ had a desorption band with low intensity from 100 °C to 250 °C.
The intensity of the signals is related to the amount of gas desorbed, which is connected to
the amount of acid sites. Hence, the similarity between Cls XPS deconvolution and intensity
of the TPD signal suggests the connection between acid sites and low oxidation state carbon
atoms at 286 eV and 288 eV.
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Figure 4.10: Ammonia temperature programmed desorption (TPD) plotted as TCD signal
versus bed temperature.
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5.1 Nickel for single-atom materials

Nickel has played a central role in heterogeneous catalysis since the twentieth century. For
example, modern chemisorption theories originated from Paul Sabatier’s hypothesis of Ni per-
hydride formation on the surface of metallic nickel during hydrogenation reactions.[1] Since this
vanguard work - worth the Nobel prize in 1912 -, nickel-based catalysts made great progress for
hydrogen transfer reaction as reviewed by Alonso et al. one century after.[2] More recently, this
metal attracted the attention of the community as a homogeneous catalyst for cross-coupling
reactions and as a single-atom catalyst for carbon dioxide reduction reaction.[3, 4] This chapter

will focus on this second application.

As described in Chapter 1, single-atoms materials are promising candidates to overcome
different heterogeneous catalysis drawbacks (e.g. low atom efficiency, not clear active sites,
etc.). Among the different metals, nickel stood out in recent years for the high Faradaic
efficiency in the electrochemical reduction of carbon dioxide to carbon monoxide (Figure 5.1).
This selectivity has been observed for nickel atoms supported on nitrogen-doped nanocarbons
which stabilizes the metal through a nitrogen-rich coordination environment up to 20 wt% in
loading.[5, 6] Nevertheless, mainly nitrogen coordination environments have been investigated
for COsRR while other coordination environments are overlooked. By comparing with oxygen
reduction reaction (ORR) results, it was shown that oxygen coordinated Ni single atoms can
show different selectivity compared to nitrogen ones.[7, 8] Hence, it is important to investigate
different coordination environments for CO,RR to promote the reduction of carbon dioxide to

a more valuable products than CO.
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Figure 5.1: Graphical representation of a nitrogen coordinated nickel single atom involved in
the CO3RR.

The materials introduced in Chapter 2 are optimal candidates to support single-atom disper-
sion due to their high specific surface area and high heteroatom content. Furthermore, their
high resistance in oxidative environments - described in Chapter 3 - allows the investigation
of novel synthetic paths not applicable to conventional materials. Hence, the materials pro-
posed in this thesis can be used as supports to develop Ni single atoms aiming to different

coordination environments.
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5.2 Nickel decorated materials

In order to synthesize Ni single-atoms materials, a simple impregnation-decomposition method
was used starting from C8NZ and Ni acetylacetonate (Ni(acac)s) (Figure 5.2). In particular,
the metal complex was chosen due to its oxygen coordination of Ni to tune the final coordination
environment on the material. On the other hand, C8NZ was chosen as model support of the

materials synthesized in Chapter 2.
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Figure 5.2: (left) Graphic representation of the synthesis of Ni-decorated materials and (right)
thermogravimetric analysis in air (10 K min™) of the support material and the nickel precursor.

The synthesis involves a first impregnation step in acetone during which Ni(acac), is deposited
on the material surface. Upon drying the solvent, a solid mixture is obtained and it is submitted
to a heat treatment at 350° in air. At this temperature, the support remains stable while the
nickel complex decomposes as seen by TGA in Figure 5.2. By changing the initial mass of
Ni(acac)s it is possible to obtain different nickel loadings. The materials will be named hereafter
as "xINi@C8NZ”, where x is the Ni ideal loading expected based on the initial Ni(acac)s mass
used (Table 5.1).

Table 5.1: Summary of the material synthesized, codes and yields.

Support Ideal Ni loading T synthesis Yield Code

wt% °C %
C8NZ 2 350 79 2Ni@C8NZ
6 82 6NiQC8NZ
10 80 10NiQC8NZ
14 31 14NiQC8NZ

At first, the elemental composition of the samples was analyzed by SEM-EDX analysis and
ICP-EOS. The results are reported in Figure 5.3 and table 5.2. The ideal nickel loading is
confirmed in almost all the materials out of 14NiQC8NZ, which has double the amount of nickel
expected (i.e. 30 wt% vs 14 wt%). Moreover, the support composition changes significantly -
carbon and nitrogen weight percentages decrease and oxygen content increases - when the nickel

content reaches higher loading than 10 wt%. Both observations might be related to a material
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Figure 5.3: (from left to right) X-ray diffraction patterns and and elemental composition from
SEM-EDX of the pristine support and the Ni-decorated materials.

Table 5.2: Composition summary of the pristine support and the Ni decorated materials.

Material SEM-EDX ICP-EOS C/N
wt% wt% atomic
C N O Zn Ni Ni
C8NZ 74 18 6 05 - - 4.5
2NiQ@C8NzZ 79 13 6 06 2 2 7.0
6NiQC8NZ 75 13 7 05 7 4 6.9
10NiQC8NZ 54 16 15 09 12 11 3.9
14Ni@QC8NZ 35 94 17 29 30 33 4.5

decomposition promoted by nickel which is in agreement with the changes in the final materials
yields (Table 5.1). On the other hand, 2NiQC8NZ and 6NiQC8NZ compositions indicate that
low nickel loading affects the material composition less than high nickel loading. Indeed, carbon
and oxygen content remain approximately constant while nitrogen content partially decrease
from 18.6 wt% to 13 wt% leading to higher C/N ratio (see Table 5.2).

The Ni-decorated materials were analyzed by XRD and only 14NiQC8NZ presents clear diffrac-
tion peaks at 37°, 43°, and 63° characteristic of a NiO phase (Figure 5.3). This suggests that
the low yield reported for 14NiQC8NZ in Table 5.1 might be related to the NiO phase, which
promotes the decomposition of the support. On the contrary, 2NiQC8NZ, 6NiQC8NZ, and
10Ni@QC8NZ XRD patterns do not have any peaks related to Ni, NiO, or NiOH suggesting the
presence of Ni single atoms or particles smaller than 2 nm. Moreover, the graphitic stacking
remains broad and weak for these materials suggesting that, even though it might promote the

decomposition of the structure, nickel does not promote graphitization in these materials.

Gas adsorption was used to analyze the specific surface area and pore volume of the different
samples. Nitrogen isotherms at 77 K and carbon dioxide isotherms at 273K were measured and
the results are reported in Figure 5.4 and Table 5.3. The gas adsorption analysis follows a
similar trend to elemental composition. While low nickel loading does not affect significantly

the surface area calculated using BET theory (i.e., 1834 m? ¢!, 1771 m? ¢!, and 1843 m?
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Figure 5.4: (From left to right) Ny isotherms at 77K, DFT calculated pore size distribution,
and CO, adsorption isotherm at 273K of the pristine support and the Ni decorated materials.

Table 5.3: Gas adsorption data obtained from BET and DFT calculations applied on Ny and
CO, isotherms at 77K and 273K.

Material ~ Specific surface area Total pore volume (<40 nm) Total pore volume (<10 nm)

m? g cm? gt cm? gt
C8NZ 1834 2.1 0.23
2Ni@C8NZ 1771 1.16 0.22
6NiQC8NZ 1843 0.99 0.20
10NiQC8NZ 1017 0.55 0.20
14NiQC8NZ 40 0.11 0.03

gt for C8NZ, 2NiQC8NZ, and 6NiQC8NZ, respectively), high nickel loading are characterized
by lower specific surface area values (i.e. 1017 m?g! and 40 m? g! for 10NiQC8NZ and
14Ni@QC8NZ respectively). 10Ni@QC8NZ isotherm maintains the C8NZ shape - type I, typical of
microporous materials as discussed in Chapter 2 - with lower volume adsorbed compared to
the pristine support. 14NiQC8NZ loses completely the initial shape due to a very low value of
specific surface area measurable with nitrogen adsorption. Pore size distribution was calculated
from Ny adsorption branches with slit/cilindrical pore NLDFT model, highlighting the presence
of 2.5 nm pores characteristic for C8NZ. CO, adsorption isotherms at 273 K shows that all
the material has similar carbon dioxide adsorption out of 14NiQC8NZ. This can be further
appreciated by the total pore volume calculated from CO; isotherms and reported in Table
5.3. C8NZ, 2NiQC8NZ, 6Ni@C8NZ, and 10NiQC8NZ adsorbed approximately 0.20 cm? g of
CO; at 750 Torr. On the other hand, 14Ni@QC8NZ adsorbed 0.03 cm?® gt of CO, at the same

pressure, confirming the collapse of its porous structure.

X-ray photoemission spectroscopy (XPS) was used to characterize the different oxidation states
for carbon, nitrogen, and nickel atoms (Figure 5.5). High-resolution Cls XPS of xNi@C8NZ
did not evidence significant changes among the samples. The signal was deconvoluted with
Gaussian function centered at 248.6 eV, 285.9 eV, 287.8 eV, and 290.4 eV representing C=C,
C-N, C=0, and -C=0 bonds, respectively. Noteworthy, C-Ni bonds corresponding to Ni;_ C,
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were not found at 283.4 as reported in the literature.|9]

Similar to Cls XPS, no significant differences were found in the deconvolution of N1s XPS.
This was performed by different Gaussian functions corresponding to pyridinic-N (397.9 eV),
pyrrolic-N (399.6 eV), and quaternary-N (401.3 eV), oxide-N (403.4eV), and the pi-pi* satellite
peak (405.6 eV). Even though the metal-N component could overlap with the pyrrolic-N com-
ponent, no dramatic change was observed for the pyrrolic-N signal upon Ni content increase.

This might suggest that there is not a strong interaction between Ni and N.

Contrary to Cls and Nls spectra, the high-resolution XPS Ni2p,/3 spectra display more dif-
ferences among the samples in the analysis. At first, all the spectra are characterized by the
main peak and a corresponding satellite which can be both deconvoluted into two components.
These components vary in contribution and positions with the nickel content. Nevertheless,
the typical component from metallic nickel centered at 852.6 eV has not been detected con-
firming the absence of a Ni(0) phase.[10] 2NiQC8NZ main peak has been deconvoluted by two
components at 854.8 eV and 856.1 eV corresponding to tetra carbonyl complexes-like coordi-
nation and Ni acetylacetonate complexes, respectively.[11, 12] A shift to the higher binding
energy of the individual components has been observed with the increase of the nickel content
in 6NiQC8NZ and 10NiQC8NZ (i.e. 855.3 eV and 857.1 eV). These higher binding energies
might be attributed to Ni in a higher valence state (e.g. Ni(III)) or the formation of Ni(II)
nanoclusters.[13, 14] Additionally, the contribution of the second component decreases with the
nickel loading as observed in Figure 5.5. Finally, 14NiQC8NZ gave a significantly different
Ni2py/3 XPS spectrum compared to the other materials. The deconvolution was performed
with two components at 855.8 and 853.9 eV attributed to Ni(OH) and NiO, respectively. This
agrees with XRD analysis confirming the presence of a significant amount of NiO nanoparticles

in this sample.

Electron microscopy imaging was used to characterize the material’s morphology (Figure 5.6).
SEM images show that the colloidal structure of C8NZ was preserved after nickel decoration and
only partial shrinking is appreciable in xNiQC8NZ samples. On the other hand, TEM imaging
confirms the absence of nanoparticles in 2NiQC8NZ, 6NiQC8NZ, and 10NiQC8NZ. Accordingly,
the 14NiQC8NZ TEM picture shows nanoparticles of 5.1 nm diameter as expected from XRD

patterns.
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Figure 5.5: Cls (left column), N1s (center column), and Ni2p (right column) XPS spectra of
the pristine support and the Ni decorated materials.



5.2. NICKEL DECORATED MATERIALS 119

Finally, bright field and dark field STEM images of 2NiQC8NZ, 6NiQC8NZ, and 10NiQC8NZ
were used to investigate the material morphology and the nickel dispersion at higher magni-
fication (Figure 5.7). First, bright field images - more sensitive to diffraction contrast [15] -
show the presence of not well stacked and disordered layers in agreement with XRD patterns.
Second, dark field images - more sensitive to atomic number contrast [15] - display the presence
of numerous white spots with average diameter of 0.25 nm and increasing site density (i.e. 1.40
nm?, 2.09 nm?, and 2.55 nm™ for 2NiQC8LZ, 6NiQC8LZ, and 10NiQCS8LZ, respectively). The
higher site brightness compared to the support implies that the sites are characterized by higher

atomic number and corresponds to nickel sites as single atoms or small nanoclusters.

Figure 5.6: Scanning electron microscopy (first row) and Scanning transmission electron
microscopy (second row) of the pristine support and the Ni decorated materials.

2 nm 2 nm

Figure 5.7: Bright field (first row) and high angle annular dark field (second row) scanning
transmission electron microscopy images of (from left to right) 2NiQC8NZ, 6Ni@C8NZ, and
10Ni@QC8NZ.
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5.3 Local structure of nickel atoms

A simple impregnation-decomposition method was used in the previous section to synthesize a
set of Ni-decorated materials. XRD, TEM, and dark-field HAAR-STEM suggested the absence
of aggregation into nanoparticles. Nevertheless, it is not possible to discriminate the presence
of either isolated single-atoms or small clusters of atoms. Hence, the local structure of the Ni
centers of 2NiQC8NZ, 6NiQC8NZ, 10NiQC8NZ, and 14NiQC8NZ were studied by Ni K-edge
X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS).[16]

Figure 5.8 shows Ni K-edge XANES spectra for 2NiQC8NZ, 6NiQC8NZ, 10Ni@C8NZ, and
14Ni@QC8NZ along with the reference spectra of bulk metal Ni, NiO, and Ni acetylacetonate
(Ni(acac)q). The absorption edge energies of metallic nickel (i.e. 8333.0 V) and NiO (i.e. 8340.5
eV) references are lower than that of the samples and Ni(acac)y (i.e. 8350. eV). Similar Ni K-
edge absorption energies and shapes were observed from nickel acetylacetonate and xNiQC8NZ.
This is the first indication that nickel centers share a similar average coordination environment

in the materials and the precursor.

Nevertheless, the sample thickness, the presence of mixed-valence Ni compounds, or a phase
transition - from fcc to hep with growing cluster size - might affect the intensity and the posi-
tion of the Ni K-edge.[17, 18] Hence, XANES spectra of 2Ni@QC8NZ, 6Ni@C8NZ, 10NiQC8NZ,
and 14NiQC8NZ were analyzed by linear combination fitting (LCF) of Ni(acac)s, NiO, and
Ni(®. The results are reported in Figure 5.8 and point to a progressive change of Ni(acac),
and NiO components in the Ni-decorated samples with the growing content of initial Ni(acac)s.
The number of isolated oxygen coordinated Ni is 99.9% in 2NiQC8NZ without a significant
percentage of neither NiO nor Ni® detected. This percentage decreases to 95% and 90%
for 6NiQC8NZ and 10NiQC8NZ. 14Ni@QC8NZ can be reproduced by 76.8% of isolated oxygen
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Figure 5.8: (From left to right) Normalized XANES spectra of Ni, NiO, Ni(acac)q, and Ni-
decoration materials, linear combination fitting of Ni-decorated materials with Ni, NiO, and
Ni(acac),, Fourier Transformed EXAFS spectra of Ni decorated materials and Ni(acac)s (no
phase correction applied).
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coordinated Ni(acac)s, 22.1% NiO, and a minor fraction of 1.1% of bulk Ni(®. While Ni(®
has neither significant LCF contribution nor physical meaning in this context, NiO percent-

age indicates the presence of small nanoclusters which were not detectable by the standard
characterization in 6NiQC8NZ and 10NiQC8NZ.

The local coordination environment of nickel atoms was further evaluated by Ni K-edge EX-
AFS. The k-weighted Fourier transform of the EXAFS of Ni(acac)s, 2NiQC8NZ, 6NiQC8NZ,
10Ni@QC8NZ, and 14NiQC8NZ are reported in Figure 5.8. Without phase correction applied,
this analysis depicts a prominent first shell scatter at 1.5 A in all the samples and a second
clear peak at 2.5 A only for 14Ni@C8NZ. These results are consistent with LCF showing that
2Ni@QC8NZ and 6Ni@C8NZ have dispersed isolated Ni centers and 14NiQC8NZ has a signifi-
cantly higher percentage of nanoparticles. 10Ni@C8NZ does not show a clear peak at 2.5 A as
14Ni@QC8NZ, nevertheless, its pair distribution function indicates a difference with the low Ni

loading sample suggesting the presence of initial clustering.

After phase correction and fitting with the theoretical structure, the atomic distances and
average coordination numbers were calculated. In particular, the second coordination shell
peak at 3.0 A is similar to the Ni-Ni distance of bulk NiO (2.94 A), and it confirms the presence
of oxide clusters in 10Ni@QC8NZ and 14Ni@QC8NZ. On the contrary, the nearest neighbor shell
at 2.0 A suffers from the limitation of EXAFS to distinguish light atom backscatters such as

carbon, nitrogen, or oxygen.

Optimized theoretical structures of the 6NiQC8NZ and 10NiQC8NZ were obtained using a
DFT-based dynamical simulated annealing (cell parameter in Table 5.1) and they are shown
in Figure 5.9. The calculations were made considering nickel atoms in oxidation state +II in
accordance with XPS and XANES findings. Coordination numbers obtained from the radial
distribution functions of the simulated materials are coherent with XAS findings and provide
further information. Nickel coordination environment at distances under 2.4 A is mainly com-
posed of oxygen for both samples with two oxygen atoms in the vicinity, one carbon and one

nitrogen each (see Table 5.1).

In particular, the oxygen atoms are carrying a partial negative charge in 6NiQC8NZ and
10NiQC8NZ (i.e. -0.28 and -0.26, table 5.2), which helps to stabilize nickel atoms. More-
over, even though the material simulation has an atomic C/N ratio equal to 3:1, the nickel
coordination environment is characterized by equal amounts of nitrogen and carbon atoms.
This indicates that nitrogen might have a role in the stabilization of nickel atoms as well. Nev-
ertheless, the absence of a clear increase in the contribution of the N-metal band in the N1s XPS
suggested the absence of direct coordination bonds to nickel atoms (see the previous section).
Hence, nitrogen might have a more important role in the Ni(acac)y dispersion preventing its

clustering during heat treatment.[19]
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6Ni@C8NZ 10Ni@C8NZ

Figure 5.9: Snapshot of the modeled lowest energy structures (first row) and electron density
isosurfaces of the same area (second row) of samples 6NIQC8NZ (left column) and 10NiQ@QC8NZ
(right column). Color code: carbon (black), nitrogen (blue), oxygen (red), nickel (orange).

Table 5.1: Nickel coordination numbers obtained by radial distribution function integration
of simulated 6NiQC8NZ and 10NiQC8NZ.

Material Number of atoms in supercell Coordination number
Overall C N O Ni
6N1QC8NZ C124N 42045 Nig 4.56  1.17 1.19 215 0.04
10Ni@QC8NZ C124N 42045 Nig 499 1.18 145 229 0.07

Table 5.2: Average net atomic charges calculated using the DDEC6 method from simulated
6Ni@QC8NZ and 10NiQC8NZ.

Material Average net atomic charges
C N O Ni

6Ni@QC8NZ  +0.20 -0.21 -0.28 +40.68

10Ni@QC8NZ +0.21 -0.18 -0.26 +0.66
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5.4 Electrocatalytic activity for CO5 reduction reaction

The catalytic conversion of carbon dioxide to more valuable products is a promising strategy to
decrease greenhouse gas emissions. Among the different alternatives, the CO4 electrochemical
reduction has different advantages: it works at room temperature and it is easy to scale up.
Nevertheless, the use of a catalyst is crucial to promote sustainable performances and transition
metal-based catalysts supported on carbonaceous materials have attracted much attention in
this regard.[20]

As introduced in Chapter 1, downsizing the metal dispersion is considered a promising alter-
native to increase the catalytic performances per metal mass unit. In particular, nickel-based
single-atom catalysts are well known to promote highly selective electrochemical reduction from
carbon dioxide to carbon monoxide.[21-23] However, the challenge to load a high percentage
of nickel drove the focus on a mainly nitrogen-rich coordination environment and it avoided
studying alternative coordination spheres of the single-atoms. As exposed throughout this
chapter, xNiQC8NZ materials are characterized by mainly single atoms which have an average
oxygen-rich coordination environment. Hence, their performance as a catalyst for COoRR was

tested and the results will be described in this section.

At first, linear sweep voltammetry (LSV) in argon saturated 1M NaOH solutions showed a
clear difference in the electrochemical properties of Ni-free and Ni-decorated materials (Figure
5.10). While 10Ni@C8NZ does not show significant current density in the potential window,
C8NZ current density varies from +10 A g! to -10 A g for the same potential range. Never-
theless, 10NiQC8NZ has a lower onset potential (-1.1 V vs RHE) and a higher current density
(1.107 A gt at -1.1 V vs RHE) when the electrolyte is saturated with CO, compared to argon.
On the contrary, C8NZ showed a lower onset potential and a higher current density in argon
saturated electrolyte compared to CO4 saturated electrolyte. Hence, nickel decoration activates

the support towards the reduction of carbon dioxide.
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Figure 5.10: LSVs using NaOH 1M saturated with different gasses.
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The electrochemical activity of xNiQC8NZ samples was further characterized by LSV as a func-
tion of nickel loading (Figure 5.11). However, only 6NiQC8NZ, 10NiQC8NZ, and 14NiQ@C8NZ
were considered because 2NiQC8NZ showed similar properties to C8NZ.[19] LSV profiles in-
dicate that 10Ni@QC8NZ is the best catalyst due to its higher current density compared to
6NiQC8NZ and 14NiQC8NZ. In particular, 10NiQC8NZ better performances can be ascribed
to the higher nickel loading without significant aggregation.

Figure 5.11 reports the Faradaic efficency (FE) towards different products obtained from the
10NiQC8NZ catalysis after 4h at different potentials. Online GC was used to determine the
FEs of the different gas products and off-line HPLC was used to determine the FEs of the liquid
products. CO and CH,4 are the main product from CO, reduction at potential ranging from
-0.8 V to -1.0 V vs RHE. HCOOH becomes the main CO, reduction product at 1.1 V vs RHE
and the only direct product from CO, at 1.2 V and 1.3 V vs RHE. At larger potential, HER

dominates the system and Hs is practically the only detectable reaction product.
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Figure 5.11: a. LSVsin COs-saturated NaOH 1M obtained using different electrode materials,
b. FEs vs. applied potential of I0NiQC8NZ in COy-saturated NaOH 1M, c. FEs of 6NiQC8NZ,
10Ni@QC8NZ, and 14Ni@QC8NZ at -1.2 V vs RHE in COs-saturated NaOH 1M, d. Tafel slope
calculated using 10Ni@C8NZ as cathode, e. chronoamperometry in COy-saturated NaOH 1M
at -1.2 V vs RHE, f. formic acid concentration evolution using 10NiQC8NZas catalyst.
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Moreover, nickel loading affects the product distribution and not only the current densities.
Figure 5.11 shows the FEs after 4 h at -1.2 V for 6NiQC8NZ, 10NiQC8NZ, and 14NiQC8NZ.
At lower Ni loading (i.e. 6NiQC8NZ) higher FE towards carbon monoxide percentage was
recorded, while at higher nickel loading (i.e. 14NiQC8NZ) H, production is the main catalytic
process observed. These results confirm the potential of single-atom catalysts as an alternative
to nanoparticles-based catalysts and it highlights the crucial role of metal loading. These two
factors lead to an unprecedented report of carbon-supported Ni single-atoms or clusters for

HCOOH evolution from CO, electrochemical reduction.

The Tafel slope is often used as an indicator of the catalysis kinetics. However, the 10NiQC8NZ
catalysis is characterized by a high value (i.e. 238 mv dec?, see Figure 5.11) which does not
hold useful information. Indeed, the absence of mesopores in the pore structure of the material
- mainly characterized by micropores, see Figure 5.4 - might imply mass transfer limitations
and explain the high Tafel slope value.[24] Further studies on the mechanism of the catalyst

are needed, but they are out of the scope of this thesis.

Finally, chronoamperometry (CA) measures were used to test the stability of the catalysis
(Figure 5.11). In particular, the tests were carried out in a COg-saturated 1M NaOH solution
at -1.2 V vs RHE with Ni-free and Ni-decorated materials. All the materials show a stable
current up to 8 h, but only 10NiQC8NZ presents a significantly higher current density compared
to the other samples (2.5 A g! vs 0.5 A g!). Coherently with the CA analysis, the production
of HCOOH with 10Ni@QC8NZ follows a linear trend with time indicating the stability of the
catalyst in the working conditions up to 8 h (see Figure 5.11).

In conclusion, a high-nickel-loading carbonaceous material was synthesized with a cheap and
easy impregnation-decomposition method. According to XAS and DFT calculation, the mate-
rial presents nickel as single-atoms and small nanoclusters. Moreover, nickel atoms are charac-
terized by an oxygen-rich coordination environment and high oxidation state. These parameters
differs from the common reports in the literature and they were associated with the unprece-
dented production of HCOOH from CO;RR with this type of material.
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Chapter 6

Conclusion

The presented thesis aimed to describe the synthesis, characterization, and applications of
carbonaceous materials obtained from nucleobase and nucleobase-like molecules via the salt
melt templating method. This strategy produces highly nitrogen-doped carbonaceous materials,
which have potential applications as cathodes for energy storage devices and heterogeneous

catalysts in thermal and electrocatalysis.

Chapter 2 described the effect of precursor, salt mixture, and temperature on the final ma-
terial properties. The precursor choice mainly impacts the pore structure and the material’s
morphology. The kinetics of the precursor condensation is central because this process com-
petes with the precursor solvation. The salt mixture choice impacts the materials’ composition,
pore structure, and morphology. The presence of zinc is central to favoring the production of
highly microporous materials because it affects the material’s decomposition, resulting in lower
nitrogen content and larger micropore volume than a zinc-free salt mixture. The impact of the
temperature was observed mainly on composition and pore structure. In presence of ZnCl,
high temperatures (i.e., 800 °C) favors the loss of nitrogen atoms and generates larger micropore

volume.

Overall, the salt melt templating method with nucleobases or nucleobase-like molecules is a
competitive way to synthesize highly-doped porous carbons. In particular, doping is highly
influenced by the use of aromatic heterocycles. On the other hand, the porosity is affected
by a sol-gel mechanism - which occurs at temperatures lower than 500 °C - and the material

decomposition is similar to the chemical activation with ZnCls.

Chapter 3 highlighted the material resistance against oxidative modification and their perfor-
mance as cathodes for Li-ion capacitors. Caffeine-derived materials were shown to have a stable
elemental composition before and after harsh ball milling conditions (i.e., air atmosphere, 650
rpm, 50 min). In contrast, a commercial porous carbon was shown to uptake oxygen and iron

atoms after the same procedure. Ball milling was used to produce a composite material by mix-
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ing the caffeine-derived materials with a conductive phase, leading to improved performances
as cathodes in Li-ion capacitors. Among the composites material, caffeine-derived cathodes
presented a larger capacity than commercial carbon-derived cathodes. In particular, higher

nitrogen content appeared crucial in the improved performance.

Chapter 4 showed the relationship between nitrogen speciation and catalytic activity for reduc-
tion, oxidation, and acid/base reactions. Cytosine-derived materials obtained at different tem-
peratures (i.e., 500, 600, 700, 800 °C) in the presence of zinc chloride and lithium chloride were
used as catalysts for the reduction of nitrobenzene, oxidation of 3,3’,5,5-Tetramethylbenzidine,
CO; cycloaddition reaction to epoxides, and a two-step one-pot reaction from (dimethoxymethyl)
benzene to benzomalononitrile. The material obtained at 800 °C resulted in the one with the
highest activity for the reduction and oxidation reactions. Its higher activity was associated
with the larger conjugated domains, which helped the electron transfer. The material obtained
at 600 °C was shown to be the most active for the CO, cycloaddition reaction, suggesting the
presence of a balanced amount of basic and acid sites. These were characterized by the one-pot
two-step reaction, which indicated the loss of basic sites and the increase of acidic sites with

the increasing synthetic temperature.

These results were correlated to the nitrogen and carbon speciation observed by X-ray pho-
toelectron spectroscopy. In particular, the loss in electron-rich (pyridinic- and pyrrolic-like)
nitrogen atoms was observed with the increasing temperatures. This was associated with the
change in the materials’ acid/base properties (i.e., loss of basic active sites). Moreover, the
enrichment in electron-rich carbon atoms, associated with higher synthetic temperature, was
identified as a leading factor in the superior activity for oxidation and reduction reactions of
the material obtained at 800 °C. Finally, temperature programmed desorption suggested that
the active acidic sites are the electron-poor carbon atoms observed by X-ray photoelectron

spectroscopy.

Chapter 5 described the potential of such materials as supports for single-atom distributions
and their unconventional selectivity in COsRR. A simple top-down method was used to load
nickel up to 10 wt% without observing agglomeration into large nanoparticles. The highly
doped material used as support helped the surface dispersion of the nickel precursor, and its
resistance against oxidative modification allowed to operate the precursor decomposition in air
atmosphere. According to X-ray absorption and DFT calculation, the final material presented
nickel mainly as single-atoms with a small percentage of nanoclusters. Moreover, an average
oxygen-rich coordination environment characterizes the material surface’s nickel dispersion.
The Ni-decorated materials were used as catalysts for the carbon dioxide reduction reaction.
Compared to literature, the materials resulted in an unconventional selectivity towards mainly
formic acid. This unconventional selectivity was associated with the nickel high oxidation state

and the oxygen-rich coordination environment.



In conclusion, this thesis provided a comprehensive picture of nitrogen-doped carbonaceous
materials and their application. The properties of these materials were described according to
the up-to-date characterization techniques, which highlighted the potential and limitations of
nitrogen doping in carbon-based materials. The study of these materials proved their broad
applicability and novel strategies to improve their performance. These results correspond to
the initial motivation and will help the conscious use of nitrogen-doped carbonaceous materials

for energy and catalysis toward a more sustainable society.






Chapter 7

Appendix
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7.1 Methods applied

Thermogravimetric analysis (TGA)

Thermogravimetric analysis is based on measuring the sample mass while its temperature
increases. By recording the mass fluctuation, it is possible to understand if the sample undergoes
thermal decomposition, showing a mass decrease, or reacts with the atmosphere, resulting in a
mass increase. Both processes depend highly on the working atmosphere and the heating ratio,

which can be controlled depending on the investigation.

The experiments in this thesis were performed on a NETZSCH TG 209 F1 Libra device. In a
standard procedure, the sample was heated up from 50 °C to 1000 °C, using 1 °C min™ as the
heating ratio, synthetic air or nitrogen as atmosphere, and a Pt crucible to hold the sample.

Antje Voelkel performed the measurements.

Powder X-ray diffraction (X-ray)

X-ray diffraction is a widely used technique to characterize crystalline materials. This method
is based on two phenomena: 1. scattering of the radiation and 2. interference between dif-
ferent scattered radiations. In particular, scattering is a phenomenon that occurs when the
incident radiation has a comparable wavelength (\) to the object, resulting in the diffusion of
the radiation in all directions. Hence, using X-rays (10 pm < A < 10 nm), it is possible to
observe the scattering from objects of atomic dimensions. When multiple objects scatter radi-
ation, the different scattered radiations can interact, resulting in constructive (increasing the
overall intensity) or destructive (decreasing the overall intensity) interference. When ordered
structures are investigated, their X-ray scattering is dominated by interference, resulting in a
characteristic pattern. Bragg’s law (Equation 7.1) describes these phenomena as a function

of the wavelength (), the atomic distance (d), and the incident angle (6):
nA = 2dsin(6) (7.1)

where n is an integer number. In particular, a diffraction experiment measures the radiation
intensity from powder samples ad defined angles. When the angle satisfies equation 7.1, a
peak can be measured from the detector, and the atomic distance can be derived. Nonetheless,
no peak can be observed in the absence of an ordered lattice, while amorphous materials such

as amorphous carbon can still present broad diffraction bands.

This thesis used a Bruker D8 advance diffractometer to record the diffraction pattern. A Cu-Ka
lamp was used to generate X-ray radiation (A = 1.54 A). The pattern was recorded from 5° to
70° at 0.5° min™
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Ultraviolet—visible spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy is a widely used analytical technique for the quantitative de-
termination of analytes and electronic state characterization. In a standard measurement, the
sample is irradiated with UV and visible radiation, and the intensity of the incident radia-
tion (Iy) is compared to the intensity of the transmitted radiation (7). In particular, the ratio

between I and Iy is defined as transmittance (7, see Equation 7.2).

T=— 7.2
; (7.2
The transmittance is a function of concentration (c), path length (L), and the substance irra-

diated (extinction coefficient, €) as described by the Beer-Lambert law (Equation 7.3).
-1 [0
A =log,o(T7) = 10910(7) =ecL (7.3)

where A is defined as absorbance and is commonly plotted on the y-axis for UV-Vis spec-
troscopy. More in detail, the ultraviolet and visible light have comparable energy to the energy
gap between electronic states, and when the two energy match (Equation 7.4) the part of the

incident radiation is absorbed by the sample, increasing the absorbance.

AE = hy (7.4)

This thesis used a T70 single beam spectrophotometer from PG Instruments Ltd. The spectral
bandwidth was fixed at 2 nm, and the spectra were recorded with a step size equal to 1 nm

and frequency similar to 1 s,
Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

Inductively coupled plasma atomic emission spectroscopy is an atomic spectroscopic technique
used for qualitative and quantitative analysis of chemical elements. It is an emission spec-
troscopy technique and uses inductively coupled plasma to excite atoms or ions that emit
electromagnetic radiation upon relaxation. The emission intensity is characteristic for each

element analyzed and can be directly correlated to its concentration via a calibration curve.

ICP-AES Optima 8000 Perkin Elmer was used to perform the measurements reported in this
thesis. Calibration was performed with Multi-Element-Standards, and the samples were treated
in aqua regia for 12 h at room temperature and 1 h at 50 °C before measuring. Jessica Brandt

performed the measurements.



138 Oxidation resistance for Li ion capacitor chatodes

Fourier-transform infrared spectroscopy (FT-IR)

Fourier-transform infrared spectroscopy is a common technique to characterize the chemical
functionalities in molecules and materials. Similar to UV-Vis; it is based on radiation absorption
by the sample. Different from UV-Vis, it uses infrared radiation (40 < v < 4000 cm™, where
v = 1/X), which matches the energy of vibrational transitions. The absorption wavenumber

(p) is a function of bond strength (k) and atom mass (m) as described in Equation 7.5:

- % S (7.5)
where ¢ is the speed of light and p is the reduced mass (u = mymsa/(my + 2)). Nonetheless,
the signal of IR absorption can be detected only if a change in dipole is associated with the
vibrational mode. Moreover, the FTIR setup is based on a Michelson interferometer which
enables the generation of an interferogram from a beam of many frequencies. The actual

spectrum is derived from the data processing of the interferogram via Fourier Transformation.

A Thermo Scientific Nicolet iD5 spectrometer was used to collect the spectra of this thesis.

Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance is a physical phenomenon and describes the perturbation from a
weak oscillating magnetic field of nuclei in a strong constant magnetic field (By). It is widely
used in spectroscopy to characterize molecular organic compounds in solution. The interaction
between a magnetic field and the nuclei magnetic moment results in an energy splitting which is
fa unction of gyromagnetic ratio (), magnetic quantum number (m), and the effective magnetic
field (B):

E = —ymhB (7.6)

where h is the reduced Planck constant. In particular, the effective magnetic ratio is influenced
by the applied magnetic field (By) and the induced magnetic field (B;):

B = By + B (7.7)

B; is influenced by the chemical environment of the nuclei in analysis, and the comparison with
a reference signal allows to appreciate small differences, resulting in one of the most accurate

chemical determinations available.

NMR spectroscopy is a powerful method to analyze the concentration of molecules in solution.
Indeed, the intensity of the signal is proportional to the moles in the solution and the number

of protons involved in the signal. Hence, the addition of an internal standard (i.s.) of known
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concentration can be used to determine the concentration of molecules in solution according to

Equation 7.8

M I, Ny
= 7.8
M. Tia N, 78

Where M is the molarity, I is the intensity of the signal, and N is the number of nuclei

associated with the signal.

In this thesis, 'H-NMR were recorded on Ascend 400 MHz.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface-sensitive quantitative spectroscopic technique.
It is based on the emissions of the electrons when electromagnetic radiation hits a material
(photoelectric effect). Each element emits photoelectrons with specific energy, and their number
is related to the element content. For these reasons, the technique enables qualitative and
quantitative analysis of the elemental composition. Nonetheless, the mean free path of the
photoelectrons limits the bulk analysis by XPS, and the maximal depth is estimated to be
around 5 to 10 nm. Hence, XPS is considered surface-sensitive and can be applied to conductive
materials to avoid charging. Moreover, the electron energy depends on their chemical and
electronic environment, and XPS can reveal information on the binding state of each element.

The binding energy (Ejpinaing) can be calculated accordingly to the Equation 7.9:

Ebinding = Ephoton - (Ekinetic + ¢) (79)

where Eppoions s the energy of the X-ray photons, Epetic is the kinetic energy of the electrons,
and ¢ is a work function term specific for each materials. Usually, ¢ is measured using a
standard material and acts as a correction for experimental fluctuation characteristic of the
setup. A typical XPS spectrum reports the signal intensity as a function of the binding energy,
and peak-fitting is usually conducted with specialized software. The peak identification is based

on an experimentally determined and theoretically calculated binding energy state.

A Thermo Scientific Escalab 250 Xi was used to perform the measures in this thesis. The
instrument used a micro-focused monochromated Al Ka source (1486.68 eV) and a 400 pym
spot size. LiCl was added to each sample to calibrate the binding energies, and calibration
was performed towards LiT. Thermo Scientific Avantage software was used to perform the

peak-fitting. The measurements were performed by Dr. Johannes Schmidt (TU Berlin).
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X-ray absorption absorption (XAS)

X-ray absorption spectroscopy considers the electromagnetic radiation absorption associated
with atomic core level transitions. X-ray absorption near edge structure (XANES), or near
edge X-ray absorption fine structure (NEXAFS), is a subset of X-ray absorption spectroscopy,
which considers the energy region up to 50-100 eV above the selected core level ionization
energy. XANES is a powerful technique due to its elemental specificity, and it can be used
to extract information about element valence and its ligand geometry. Nonetheless, XANES
requires an intense and tunable source of X-rays, and for this reason, they are performed at

synchrotron.

Extended X-ray absorption fine structure (EXAFS) is a subset of X-ray absorption. It considers
the extended region after the absorption edge up to 1000 eV, characterized by an oscillating
absorption coefficient. This phenomenon is caused by the backscattered photoelectrons from the
surrounding environment of the excited atoms, which can be modeled with plane-wave single-
scattering considering the correction for curved-wave and multiple-scattering effects. Through
this analysis, it is possible to understand the excited atoms’ coordination number and atomic

distances.

The Ni K edge X-ray absorption fine structure was recorded in transmission mode at Bessy II at
mySpot beamline. A Si(111) multiple crystal monochromator was used for the energy selection,
and an ionization chamber with air was used for signal detection. The first inflection point of
the Ni(0) XANES spectrum (8333 eV) was used for the energy calibration. The beam spot
size was 0.5 mm and the total flux was og 1.5¥10! ph s!. Athena and Artemis software were
used to analyze extended X-ray absorption fine structure (EXAFS). Ernesto Scoppola and Ivo
Zizak provided crucial support in recording the XAFS spectra, Michal Nowakowski performed
the XANES and EXAFS elaboration, and Julian Heske and Thomas D. Kiihune performed the
DFT calculations.

Scanning electron microscopy (SEM)

Scanning electron microscopy is an imaging technique based on a focused beam of electrons.
The interaction between electrons and the material’s surface produces various signals con-
taining surface topography and composition information. Depending on the mode, SEM can
detect low-energy secondary electrons (SE) emitted from the material surface and high-energy
backscattered electrons (BE). While SE holds surface morphology information, BE is influenced
by the sample composition. Indeed, the scattering process depends on the element’s atomic
mass, and heavier atoms appear brighter when BE are measured. To facilitate the measure,

the sample must be conductive, and the surface is usually spattered with gold or platinum.
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In this thesis, A LEO 1550-Gemini microscope operating from 3.00 kV to 20.00kV was used
to record SEM images. Before the measurement, all samples were sputtered with a film (ap-
proximately 10 nm, 80% gold, and 20% platinum) to increase their conductivity. Bolortuya
Badamdorj and Heike Runge recorded the SEM images.

Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy is an analytical technique commonly used for elemental
analysis. It is based on an electron beam with enough energy to extract electrons from the
core levels of the sample irradiated. Upon this process, the atom enters an excited state and
can relax by the hole filling from outer electron shells. X-ray radiation is emitted during the
atom relaxations. The energy of the emitted radiation corresponds to the energy gap between
the two electronic states and is characteristic of each element. Hence, the sample’s elemental
composition can be extracted from the number of photons emitted. Usually, this measure is
coupled with e scanning electron microscope or a scanning transmission electron microscope.
Bolortuya Badamdorj and Heike Runge recorded the SEM-EDX Spectra.

This thesis used a Link ISIS-300 system from Oxford instrument Group equipped with Si(Li)
to record the EDX spectra.

Scanning transmission electron microscopy (STEM)

Similar to SEM, scanning transmission electron microscopy is based on a focused electron beam.
Nonetheless, The detector analyzes the transmitted electrons from the sample, often prepared
as a thin film. The contrast in STEM imaging is a function of sample thickness (i.e., darker
the spot, thicker the sample) and the composition (i.e., darker the area, heavier the atoms).
Compared to SEM, STEM imaging can provide more magnified imaging of the samples, and
aberration-corrected images from STEM can provide atomic-scale resolution. More in detail,
bright field mode detects the unscattered electrons and is sensible to the lattice of the materials
(diffraction contrast). In contrast, high angle annular dark field (HAADF-STEM) mode detects

the scattered electrons, which are dependent on the atomic weight of the atoms (Z-contrast).

This thesis used a double Cs corrected JEOL JEM-ARM200F (S)TEM operated at 80 kV to
conduct the STEM imaging. The instrument was equipped with a cold-field emission gun and a
Gatan Quantum GIF spectroscopy system. A probe coverage semi-angle of 41.7 mrad was used
to collect the HAADF-STEM images. Heike Runge recorded the STEM images while Tobias
Heil performed the high resolution STEM imaging.
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Nitrogen adsorption/desorption isotherms

Gas adsorption measurements are widely used for the characterization of porous materials. By
recording the amount of gas adsorbed on the material as a function of the pressure at constant
temperature, it is possible to obtain various information about the specific surface area, the
pore volume, and the pore structure. In particular, nitrogen adsorption measurements are
commonly recorded at 77K, comparing the sample cell pressure to the pressure of an empty
cell (relative pressure). Nitrogen interactions with materials surfaces are weak Van der Waals
interactions resulting in the physisorption of the gas. This can be analyzed by the Brunauer,
Emmett, and Teller (BET) theory (Equation 7.10) which allows to determine the specific

surface area of the material from the adsorbed gas amount (n,) at the defined relative pressure

(P/P/Py): o o
A= P/P/Py) e T om0 (7.10)

where n,, is the monolayer capacity and C is considers the net molar adsorption energy. Hence,

the material surface area (Spgr) can be calculated as:
SBET = Nm@m N A (7.11)

where N, is the Avogadro constant and a,, is the area occupied by an adsorbate molecule.
BET analysis is normally performed between 0.05 < P/P /Py < 0.4, the adsorbed Ny amount
has to increase with increasing P/P /Py, and the linear region has to have a positive intercept,

resulting in a positive C value.

Besides surface area, the pore volume and the pore size distribution can be derived from the
nitrogen isotherms. Historically, these values were calculated from the Kelvin equation to

estimate the shift of the gas-liquid phase transition of a confined liquid:

29V

In(P/Py) = TRy — 1)

(7.12)
where « is the surface tension of the bulk fluid, V,, is the molar liquid volume, 7, is the
pore radius (considering cylindrical pores), and ?,. is the thickness of the adsorbed multilayer
film formed prior to pore condensation. This method was included in more sophisticated
models such as the Barrett-Joyner-Halenda (BJH). Nonetheless, the Kelvin equation’s validity
is questionable and narrows its application. Today, molecular simulation or DFT are commonly

used and provide a reliable determination of mesopores volume and pore size distribution.

This thesis used a Quadrasorp apparatus from Quantachrome Instruments to perform the ni-
trogen physisorption experiments. These were performed at 77 K, and the sample was degassed
at 150 °C for 20 h in a high vacuum before the experiments. Multi-point BET model in the

relative pressure below 0.2 was used to determine the surface area using the Rouquerol criteria.
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Carbon dioxide adsorption isotherm

Differently from Ny adsorption experiment, CO5 adsorption experiments are typically conducted
at 273 K. The higher working temperature allows carbon dioxide to access smaller pores thanks
to its higher kinetical energy, and CO, sorption is usually considered for the characterization of
micropores. Nonetheless, COs can interact with primary sites due to its electron-poor carbon
atom, resulting in chemical interaction when basic sites (e.g., pyridinic nitrogen) are present in
the sample. Hence, most physisorption models cannot be applied to the materials in analysis,

and only the total pore volume can be calculated.

Similar to Ny sorption measurements, CO, sorption experiments were conducted to a Quadra-
sorp instrument. The measures were performed at 273 K, and the samples were degassed at
150 °C for 20 h before the experiment.

Temperature programmed desorption

Temperature programmed desorption (TPD) is a useful technique to characterize binding sites
on the material surface. In particular, it considers the desorption of molecules from the material
surface upon increasing temperature. These molecules are usually adsorbed on the material
surface by pulse chemisorption. TPD profiles are reported as the intensity of the signal versus
the temperature of the samples and highlight the amount and the strength of the binding sites

to the adsorbed molecules.

This thesis used an AMI-300lite from Altamira Instruments to record the TPD profiles. These
were recorded by pulsing at 50 °C ammonia until the sample was not saturated. After satura-

tion, the bed temperature increased to 500 °C at 10 °C min™!.
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7.2 List of used chemicals

Table 7.1: List of substances used in this thesis with relative CAS registry number, supplier,
and purity grade. All the substances were used without further purification.

Substance CAS Supplier Purity
grade
Cytosine 71-30-7 Merck > 98%
Adenine 73-24-5 Sigma-Aldrich > 99%
Caffeine 58-08-2 Sigma-Aldrich > 99%
Zinc chloride 7646-85-7 Alfa Aesar > 98%
Lithium chloride 7447-41-8 Sigma-Aldrich > 98%
Sodium chloride 7647-14-5 Fischer Chemicals > 99%
Potassium chloride 7447-40-7 Sigma-Aldrich > 98%
Hydrochloric acid (37%) 7647-01-0 Roth > 98%
Cyanamide 420-04-2 Sigma-Aldrich > 99%
1-Methyl-2-pyrrolidinone 872-50-4 Alfa Aesar > 99%
Polyvinylidene difluoride 24937-79-9 MPI corporation > 99%
Nitrobenzene 98-95-3 Sigma-Aldrich > 99%
Hydrazine monohydrate 7803-57-8 Sigma-Aldrich > 99%
3,37,5,5’-Tetramethylbenzidine 54827-17-7 Roth > 99%
Hydrogen peroxide solution (30% w/w) 7722-84-1 Sigma-Aldrich > 99%
Epichlorohydrin 106-89-8 Sigma-Aldrich > 99%
Benzaldehyde dimethyl acetal 1125-88-8 Sigma-Aldrich > 99%
Malononitrile 109-77-3 Acros Organics > 99%
Ethanol 64-17-5 Fisher Scientific > 98%
Acetonitrile 75-05-8 Acros Organics > 99%
Nickel(II) acetylacetonate 3264-82-2 Alfa Aesar > 99%
Sulfuric acid 7664-93-9 Roth > 99%
Sodium hydroxide 1310-73-2 Roth > 99%
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7.3 Material synthesis

Salt melt templated synthesis

Using an agate mortar, 2 g of precursor (i.e., cytosine, adenine, or caffeine) were mixed with
40 g of a salt mixture (i.e., LiCly/ZnCly, NaCl,/ZnCl,, LiCl/KCl in 1/1 wt% mixtures). The
solid mixture was transferred to a ceramic crucible and closed with a ceramic lid. The crucible
containing the solid mixture was heated at 1 °C min™! in an oven saturated with nitrogen up to
a defined temperature (i.e., 500, 600, 700, 800 °C). This temperature was kept for 2h. Once this
time passed, the heating was turned off, and the oven cooled down spontaneously, keeping the
saturated nitrogen atmosphere. As soon as the oven reached room temperature, the crucible
was removed from the oven, and the solid mixture was washed in HCI (1M) overnight two times
at room temperature and one time at 50 °C. After the last washing, the sample was first dried
at 70 °C for 4 h and second at 150 °C in a vacuum oven overnight. The final material appears

a fluffy black powder.

This method was used to synthesize C8LZ, ASLZ, CF8LZ, C8LK, C8NZ, C5LZ, C6LZ, CTLZ,
CF7NZ, and CF7NZ.

Ball milling of caffeine derived materials

In a standard procedure, 54 g of material were placed in a 12.5 mL stainless steel jar with five
stainless steel balls of 1 cm diameter. Using a planetary ball mill (Retsch PM100), the solid

was ground for 50 min at 650 rpm.

Nitrogen doping of commercial carbon (Kuraray)

1 g of commercial Kuraray carbon material was soaked in 2 mL water solution of cyanamide
(1 g/mL) and stirred for 6 h at room temperature. Successively, the water was evaporated at
60 °C for 12 h leaving a solid mixture. This was submitted to a heat treatment in a nitrogen-
saturated atmosphere at 800 °C for 4 h using a 1 °C min™! heating ratio. A fluffy black powder

was obtained upon spontaneous cool down of the oven.

This method was used to prepare N-Kur.

Metal loading

100 mg of a carbon material were mixed with different amounts (i.e., 10, 30, 50, and 70 mg)

of nickel(II) acetylacetonate. 5 ml of acetone were added to the solid mixture, and the system
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was stirred for 2 h at room temperature. After stirring, the acetone was evaporated at 70 °C
for 4 h. The resulting solid mixture was transferred to a ceramic crucible and closed with a
ceramic lid. The crucible was submitted to a heat treatment at 350 °C using 1 °C min™ as
heating ratio without prior gas saturation of the atmosphere, leading to the treatment in air.
The temperature was kept for 2 h, and the oven was let to cool down spontaneously afterward.

A fluffy black powder was obtained as a result.

This method was used to synthesize 2NiQC8NZ, 6NiQC8NZ, 10NiQC8NZ, 14NiQC8NZ.

7.4 Catalytic experiments

Nitrobenzene reduction

A microwave vessel was loaded with nitrobenzene (36.9 mg, 0.30 mmol), 5 mg of the catalyst,
ethanol (3 mL), and hydrazine monohydrate (58.2 nL, 1.2 mmol). After adding a stir bar, the
vessel was sealed with a septum and parafilm. The system was stirred at room temperature.
After the corresponding time, the vessel was opened, and 1,3,5-trimethoxybenzene (internal
standard, 50.5 mg, 0.30 mmol) was added. After sonicating for 5 minutes, an aliquot of the
mixture was diluted in CDCl; and analyzed by 'H-NMR. Cristian Cavedon performed the

nitrobenzene reduction experiments.

TMB oxzidation

A plastic vial (2 mL) was loaded with AcOH/AcONa buffer (900 pL, 0.5 M), 3,3’5,5’-tetramethyl-
[1,1-byphenyl]-4,4’-diamine solution in DMSO (40 ul, 12.5 mM), and HyO5 solution in HyO
(40 pL, 1 M). To start the reaction, a dispersion of the catalyst in water (20 pL, 0.25 mg
mL!) was added to the vial, and the system was rapidly mixed. Immediately after the catalyst

addition, the absorbance at 652 nm was measured as a function of time.

The Michaelis-Menten kinetics was used to analyze the properties of the catalyst. Hence, dif-
ferent HyO4 solution (i.e. 0.25, 0.50, 0.75, 1.0, 1.25, 1.5 M) were prepared and added (40 pL)
to the system described in the previous paragraph. Solvent, substrate, and catalyst concentra-
tions were kept constant. The initial reaction rate (vy) was measured from the absorbance as
a function of the time, and its inverse was plotted against the inverse of HoO, concentration.

Hence, Ky and v, can be calculated from their linear relationship:

L_ K 11
Vo B Umax [HQOZ] Umax
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CO;, cycloaddition

An autoclave system (Berghof BR-~100, 100 mL) equipped with a stir bar was loaded with
the catalyst (50 mg), epichlorohydrin (5 mL, 64 mmol), and 1,3,5-trimethoxybenzene (internal
standard, 140 mg, 0.8 mmol). The system was sealed and fluxed three times with COy. The
autoclave was pressurized with COq (5 Bar) and heated up to 150 °C. After 3 h, the heating
was turned off, and the system spontaneously cooled down. Once at room temperature, the
autoclave was opened to release the gas pressure. The reaction media was filtered and appeared
as a viscous orange liquid when the reaction was successful. The filtration was diluted in CDClg

and 'H-NMR was used to determine the conversion and selectivity.

(dimethoxymethyl)benzene to benzomalononitrile

A round bottom flask was loaded with benzaldehyde dimethyl acetal (152 mg, 1 mmol), mal-
ononitrile (66 mg, 1 mmol), water (50 pL, 2.8 mmol), 1,3,5-trimethoxybenzene (internal stan-
dard, 70 mg, 0.4 mmol), catalyst (50 mg), and acetonitrile (2 mL). The reaction mixture was
stirred and kept at 80 °C using an oil bath. After the corresponding time, an aliquot of the
mixture was collected, filtered, and diluted in acetone-d6. 'H-NMR was used to determine the
species concentration, yields, and selectivity. Sylvain Rat performed the conversion from DMB
to BMN.

7.5 Electrochemical methods

Li-ion capacitor

To prepare the electrodes, the active material (42 mg) and the conductive super P carbon (12
mg) were initially ground using ball milling (50 min, 650 rpm, 12.5 mL Jar, 5 balls of 1 cm).
Subsequently, a PVDF solution (1 mL, 6 mg mL™') was added to the solid mixture and ground
for 10 min under the same conditions. 40 pL of the prepared ink were dropped on 11 mm
carbon paper discs (Spectracarb 2050A-0550) and dried for 1 h at 80 °C to remove the volatile
impurities. The electrode was dried at 120 °C for 17 h under a vacuum. The electrodes loading

was 2.0-2.5 mg cm™.

A Swagelok-type cell was used to perform all the electrochemical measurements (Figure 7.1).
Lithium foil was used as the counter electrode, a Celgard 2325 (diameter 13 mm, thickness 25
nm) was used as the membrane, and a solution of LiPFg (1M) in ethylene carbonate and diethyl
carbonate (1:1 v/v, 100 pL, used as obtained from Sigma-Aldrich) was used as electrolyte. A
circular carbon current collector covered with the active material was used as the working

electrode. All cells were assembled in the glove box with low oxygen and water levels.
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Figure 7.1: Graphical representation of the Swagelot cell used for the Li-ion capacitor tests.

Cyclic voltammetry was conducted by cycling at 5 mV s during 30 cycles and at 2, 1, 0.5,
0.2, and 0.1 mV s for one subsequent cycle each. In the displayed cycling, the last cycle was
displayed. Charging-discharging measurements were conducted at constant current densities
(i.e., 0.2 A gt for 100 cycles and 0.8 A g! for 100 cycles) or at varying current densities (i.e.,
20 cycles at 0.05 A g', 10 cycles at 0.10 A g', 10 cycles at 0.20 A g!, 10 cycles at 0.40 A g*, 10
cycles at 0.80 A g!, and 10 cycles at 0.05 A g!) in triplicate.

The assessment of surface- of diffusion- controlled contributions was performed by changing the
scan rate from 0.1 mV s; to 5 mV s;. At a certain potential, the current response (/) can be
separated in two contribution as a function of the scan rate (v): surface controlled (k;) and
diffusion controlled (ks):

I =kyw+kovv (7.13)

Upon linearization, equation 7.13 can be rewritten as:

I
— =kivVvr+k 7.14
NG W+ ks (7.14)
Hence, from measuring the current at different scan rate, it is possible to calculate the ratio of
surface controlled processes (Faradaic charge storage of redox-active species on the surface) or

diffusion controlled processes (electric double layer formation).

Ivan K. Ilic performed the measurement for the Li-ion cathode performances.
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Electrochemical CO5 reduction reaction

To prepare the electrodes, the catalyst (10 mg) was dispersed in ethanol (200 pL) and Nafion
117 solution (50 nL, 5%). Upon sonication, a homogeneous ink was obtained. The ink (30 nL)
was drop-casted on each side of a gas diffusion layer (1.5 cm x 1.0 cm, Spectracarb 2050-0550
from FuelCellStore). The solvent evaporated at room temperature, but the electrodes were

dried in a vacuum oven overnight to remove possible solvent traces.

All the electrochemical characterizations were performed using a Gamry Interface 1000. The
CO3RR tests were run with a custom-made three-electrode H-cell configuration (Figure 7.2).
A Nafion 117 membrane separated Catholic and anolyte. An Ag/AgCl KCI sat. electrode was
used as a reference, a platinum foil was used as a counter electrode, and NaOH in an aqueous

solution (1 M) was used as the electrolyte.

Figure 7.2: Graphical representation of the H-cell used during the COoRR experiments.

Catalytic performance was tested using chronoamperometry measurements at different poten-
tials. Gas chromatography (Shimadzu GC-2014) was used to evaluate the gas products, using
a MolSieve 5 A column to separate Hy and a PorePlot () column to analyze CO and CHy. The
liquid products were analyzed using high-performance liquid chromatography (Dionex UltiMate
3000 UHPLC system) with a Revex™ ROA-Organic Acid H* LC column (300 x 7.8 mm) from
Phenomenex was used. Prior the measure, the samples were acidified with H2SO* up to Ph 2-3
and a HySOy4 solution (0.005 N) was used as mobile phase at 0.5 mL min_; flow rate at 25 °C.

Josep Albero performed the catalytic electroreduction of COy experiments.
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