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“Life exists in the universe only because the carbon atom possesses certain exceptional properties”

Sir James Jeans, The Mysterious Universe, 1930
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Preface

To cure from our dependence on fossil fuels and consequently reduce the risks of completely
destroying the planet, humanity seeks novel and sustainable technologies. Scientists have the
duty to provide solutions and create new materials without using scarce elements but those

precursors generously provided by Nature at no cost.

Applications wise, Carbon played and will continue to play a very important role in our daily
life. In Nature, Carbon can adopt many different forms. Although known since ancient times
as a natural product of biomass coalification, today it is mostly manufactured using fossil
based precursors. This should no longer be the case as fossil fuels are diminishing at a rapid
rate and they are generating huge amounts of CO, in the Earth’s atmosphere extinguishing

our ecosystem.

New and sustainable carbon materials are therefore of upmost importance. This thesis
presents a novel technology able to produce carbon materials from biomass in water at low
temperatures. It mimics the natural process of coal formation (from hundred million years) in
the synthetic laboratory (to a few hours). This technology is called Hydrothermal
Carbonisation (HTC).

The process of Hydrothermal Carbonisation has been firstly reported by Bergius in 1913
(Nobel Prize winner) and recently re-discovered as an alternative aqueous solution to modern
carbon materials by the scientists working at the Max-Planck Institute of Colloids and

Interfaces.

Dr. Titirici, the author of this Habilitation Thesis, was the scientist in charge for the
development of this technology into novel and exiting materials for very important and timely
applications. She was leading of a group of young and highly motivated researchers who
during a period of only six years made the Hydrothermal Carbon Technology (HTC) an

important addition to Carbon science.

HTC is now a well-established and recognised technology, embraced by many other research

groups and with many different products and important applications.



Preface

The first chapter offers an overview on the state of art of various green carbon materials,
from carbon nanotubes to graphene, activated carbons, starbons, ionic liquid derived carbons

to HTC including also a brief history of the Hydrothermal Carbonisation Process.

Various HTC precursors of increasing structural complexity are compared in Chapter 2:
monosaccharaides, water soluble polysaccharides, cellulose and finally raw lignocellulosic
biomass. The similarities and differences between the resulting HTC materials are discussed
in terms of formation mechanism, final chemical structure, surface groups, morphological

features, and porosity.

Chapter 3 describes various possibilities of introducing porosity in such Hydrothermal
Carbon Materials in a broader context of Porous Carbon Materials in general. These include
the use of structural directing agents such as “soft” or” hard” templates, as well as bio-
inspired approaches to generate porosity. The use of hydrothermal carbons as precursors for

producing activated carbons is also discussed in detail.

Functionalisation is a challenging task in Carbon science. However this is not the case in
Hydrothermal Carbonisation. The low temperatures utilised in hydrothermal carbons allow
easy functionalisation either in one step or using post-synthetic strategies. In addition,
Hydrothermal Carbonisation can be elegantly used to produce valuable carbon hybrid

materials. All these are described in Chapter 4.

Maybe one of the most impressive developments of HTC materials is their wide range of
applications, often outperforming other fossil derived carbon nanomaterials. Chapter 5 is
dedicated to the utilisation of HTC materials in various important areas. For most of these
applications a brief state of art is also provided. Topics such as renewable energy
(rechargeable batteries, supercapacitors), electrocatalysis (fuel cells), heterogeneous catalysis,

photocatalysis, gas storage, water purification, sensors and medical applications are discussed.

The thesis 1s mainly focused around the scientific results that emerged from Dr. Titirici
research group during the past 6 years. However, a comprehensive state of art is provided in
addition to own discoveries in order to provide a complete overview on the current HTC
technology. It also needs to be mentioned that parts of this “Habilitation Thesis” will become
the subject of a book to be published by Wiley in 2013 entitled: “Back to Black: Green

Carbon Materials via Hydrothermal Carbonization of Biomass” edited by Dr. Titirici.



1 Green Carbon Materials

1.1 Introduction

In the early part of the 20th century, many industrialised materials such as solvents, fuels,
synthetic fibers, and chemical products were made from plant/crop-based resources (Figure
1-1).l"%1 Unfortunately, this is no longer the case and most of today’s industrial materials
including fuels, polymers, chemicals, carbons, pharmaceuticals, packing, construction and many
others are being manufactured from fossil based resources. Humankind is still living in a world
where petroleum resources have the absolute power. However crude oil resources are rapidly
diminishing. It is predicted that this will lead to serious conflicts in the world related to
distribution and control. What it is even of more concern, is that essentially such fossil-fuel
derived products eventually end up as CO; in the Earth’s atmosphere. Several important findings
of climate research have been confirmed in recent decades and are finally accepted as facts by the
scientific community. These include indeed a rapid increase in the carbon dioxide concentrations
in the atmosphere during the last 150 years, from 228 ppm to the 2007 level of 383 ppm. ! This

increase is our own fault and is due to burning of fossil-fuels.

So what will the world look like in 20507 It is believed that if we continue relying on fossil fuels,
we may face an ecological collapse of unprecedented scale due to degradation of natural capital
and loss in ecosystem services. However, we have the capability to reverse this dark and worring
perspective of an ecological fiasco and shape a future where we could live in harmony with
nature. For this to happen, scientists have the most important responsibility and joint efforts from

multidisciplinary scientific fields are of upmost significance to achieve this goal.

One of the most important issues is the production of renewable energy to cure our addiction to
oil. Solar and wind energy are expected to play the most important role in the future. Available
solar and wind energy depends strongly on geography and local climate and varies strongly with
season, time of day and weather. This creates additional subsidiary challenges of cost efficient
energy storage and transportations. This is why high performing materials in smart grids,
batteries, fuel cells, solar cells, gas storage, or efficient catalysts to convert renewable resources

in transportation fuels need to be developed.
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Figure 1-1: a) Raw materials basis of chemical industry in historical perspective (taken with permission from

[2]); b) A view on sustainable materials for a sustainable future (taken with permission from [4]).

The paradigm shift from petroleum hydrocarbons to biobased feedstock provides remarkable
opportunities for the chemical processing industry and production of sustainable materials able to

perform the above mentioned functions strongly linked with a sustainable future. ©°!

Nature offers an abundance of opportunities for shaping structural and functional materials in its
wide variety of raw materials including carbohydrates, nucleotides, and proteins. In this respect,
Koopman et al. emphasized the importance of developing new starting materials from biomass
from an industrial point of view. [ Biomass is the most abundant renewable resource on earth.
An approximate estimation of terrestrial biomass growth amounts to 118 billion tons/year,
dried. ! About 14 billion tons of biomass/year are produced in agricultural cycles and out of this
about 12 billion tones/year are essentially discharged as waste. Obviously there is enough
biomass available at almost no cost to be used in many different ways. I will point out here three

directions for biomass transformation into useful products while focusing on the last one.

1. The greatest potential of biomass utilisation is the generation of biofuels as a sustainable

alternative for transportation with no CO; emissions. This can be achieved either by

(9] [10]

fermentation ), gasification ! or catalytic liquefaction !'".
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2. One aspect of green chemistry refers to the use of biomass to provide alternative starting
materials for the production of chemicals, vitamins, pharmaceuticals, colorants, polymers,
and surfactants. ['' Industrial white biotechnology highlights the use of micro-organisms
to provide the chemicals. It also includes the use of enzyme catalysis to yield pure
products and consume less energy. !'?) Examples using these techniques include
composite materials such as polymeric foams and biodegradable elastomers generated
from soybean oil and keratin fibers. !'* Plastics such as polylactic acid 'Y along with
biomass based polyesthers, ') polyamides '® and polyurethanes !'"® have been also
developed. The list of such biomass derived products, commercially available or under
development is obviously much larger but a comprehensive review is out of the scope of
this thesis. (']

3. Work on conversion of biomass and municipal waste materials into carbon is still rare, but
a significantly growing research topic. This is not surprising given the enormous potential
of carbon to solve many of the challenges associated with sustainable technologies

described earlier and outlined in Figure 1-1 b.

Carbon (meaning “coal” in Latin) is one of the most spread and versatile element in nature and
responsible for our existence today. Humans have been using carbon since the beginning of our
civilization. Carbon exists in nature in different allotrope forms from diamond to graphite and
amorphous carbon. With the development of modern technology and the need of better
preforming materials, a larger number of new carbon materials with well-defined nanostructures
have been synthesised by various physical and chemical processes, such as fullerenes, carbon
nanotubes (CNTs), graphitic onions, carbon coils, carbon fibers, and others. Carbon materials
have been awarded three times in the last 15 years: fullerenes, the 1996 Nobel Prize in
Chemistry; CNTs, the 2008 Kavli Prize in Nanoscience; graphene, the 2010 Nobel Prize in
Physics. To date, it is probably fair to say that researches on carbon materials are encountering

the most rapid development period which I would like to call “The Back to Black” period.

Despite its wide spreading and naturally occurrence on Earth, carbon has been mainly
synthesised from fossil based precursors with sophisticated and energy consuming
methodologies, having as a consequence the generation of toxic gases and chemicals. Pressures
of an evolving sustainable society are encouraging and developing awareness amongst the

materials science community of a need to introduce and develop novel media technology in the
5
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most benign, resource efficient manner possible. Especially the preparation of porous carbon
materials from renewable resources is a quickly recognised area, not only in terms of
application/economic advantages but also with regard to a holistic sustainable approach to useful
porous media synthesis. Carbon has been created from biomass form the very beginning,
throughout the process of coal formation. Nature is mastering the production of carbon from
biomass and we only need to translate it into a synthetic process. Therefore we need to reinvent

the “Green Carbon” period.

Within this first chapter [ will like first to provide a short overview on the state of art concerning
the production of green carbon materials materials and finally a short history of the

Hydrothermal Carbonisation Technique which is the main focus of this habilitation thesis.

1.2 Green Carbon Materials

By green carbon I mean materials that are synthesised from renewable and highly abundant
precursors using as little energy consumption as possible (e.g. low temperatures) and avoiding the
use and generation of toxic and polluting substances. In addition they should perform important
technological tasks. These prerequisites are not trivial to achieve. Below I will provide some

examples from the literature where the synthesis was such materials was targeted.

1.2.1 Carbon Nanotubes and Graphitic Nanostructures

Many potential applications have been proposed for carbon nanotubes, including conductive and
high-strength composites, energy storage and energy conversion devices, sensors, field emission
displays and radiation sources, hydrogen storage media, and nanometer-sized semiconductor
devices, probes, and interconnects. >} Some of these applications are now realized in products.
Others are demonstrated in early to advanced devices, and one, hydrogen storage, is clouded by
controversy. Nanotube cost, polydispersity in nanotube type, and limitations in processing and

assembly methods are important barriers for some applications.

The demand for this raw material in the nanotechnology revolution is rising explosively. As this
trend continues and nanomaterials become simple commodities, mundane production issues, such
as the limitation of available resources, the cost of production materials, and the amount and cost
of energy used in nanomaterial synthesis, will become the key cost drivers and bottlenecks. Many

efforts have been made to find simple technologies for the mass production of CNTs at low cost.
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A review on this topic has been recently published by Dang Sheng Su. ! For mass production,
the catalyst is considered the key factor for CNT growth. Transition metals, Fe, Co, Ni, V, Mo,
La, Pt, and Y, are active for CNT synthesis. ) Any effective production process that leads to a
large reduction in costs will lead to a breakthrough of CNT applications. Investigations into new
inexpensive feedstocks as well as more efficient catalyst/support combinations suitable for the

mass production of CNTs are required.

In one example, Mount Etna lava was used as a catalyst and support for the synthesis of
nanocarbon. **! The main component is Si (SiO,, 48 wt%), while the total amount of iron as
Fe,0j3 is as high as 11 wt%, distributed among silicate phases and Fe—Ti oxides (Figure 1-2). The
presence of iron oxide particles in the porous structure of Etna lava make these materials
promising for the growth and immobilisation of CNFs. For the CVD growth (700 °C), the
crushed lava powder was introduced into a horizontal quartz reactor and reduced with hydrogen
prior to CVD treatment. Ethylene was used as a carbon source. A mixture of CNFs and CNTs
grown on lava rock was obtained (Figure 1-2) the nanofibers being dominate. TEM analysis
revealed that the CNFs and CNTs obtained on lava exhibited a graphitic wall structure. The
diameter distribution of the obtained CNTs and CNFs was broad, ranging from a few nanometers

to several micrometers.

Si Fe

Figure 1-2: SEM images showing the elemental distribution of Si and Fe in lava stone granulate (top) and

CNFs grown on lava (bottom) (taken with permission from [21]).
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Although the estimated the volume of emitted lava was about 10—11 million cubic meters there
are still issues associated with the global availability of such catalyst. The advantage of using
lava, which avoids the wet chemical preparation of an iron catalyst, is also challenged by issues

such as collection, transportation, and purification that may consume additional energy.

In another example, the same group used a special type of red soil from Croatia as a catalyst
support for the synthesis of nanocarbons. The composition of the soil was a mixture of Al, Fe, Si,
Ca and Mg oxides. Ethylene was used as carbon source for the CNT growth through a CVD
process. CNFs grown on the red soil were found to exhibit a broad diameter distribution. The
quality of the CNFs was comparable to that produced using lava rock as the catalyst/support

reported above. 2!

Endo and his group used garnet sand pulverised from natural garnet stones (Ube Sand Kogyo, 1.4
$ US dollars per kg), as a catalyst and support and cheap urban household gas (1.1$ m™) as
carbon source for the CVD process. **! After CVD, the 200 mm-sized granulates of garnet
powder (Figure 1-3a) were coarsened to about 400 mm (Figure 1-3b) and were covered with
CNTs (Figure 1-3 c¢ and d). About 25-30% of the weight from the sand-CNT composite
corresponded to the CNTs. The produced CNTs had diameters typically in the range of 20-50 nm
and exhibited well-ordered structures with large-diameter hollow cores (Figure 1-3e and f). The
graphitisation degree of the walls was much higher than that of the CNFs prepared with lava and
soil catalysts and in addition the resulting CNTs can be very easily separated from the garnet

sand, simply by an ultrasonic bath in a water suspension.

[25]

Other low cost natural catalysts used in the production of CNTs were bentonite natural

2 . .
(261 or biomass-derived

minerals such as forsterite, disposide, quartz, magnesite, and brucite
activated carbons previously modified with Fe by an impregnation method. *"*! The later
method resulted in hierarchically structured carbon, consisting of CNFs supported on activated

carbon.
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Figure 1-3: a) Photograph of the garnet sand used to produce nanotubes; the inset is an SEM image showing
the average diameter of the sand particles (average size ca. 200 mm). b—d) SEM images of the CNTs grown on
the surface of the garnet sand particles (in parts b and ¢, G and T indicate the garnet particle and CNT,
respectively; part d corresponds to the CNTs only). e, f) TEM images showing the central hollow core of a
typical as-grown CNT(e) and the highly linear and crystalline lattice of the wall (f) (reprinted with permission
from Ref [24]).

In another study, the intrinsic iron content of biomass-derived ACs (especially from palm kernel

shell, coconut, and wheat straw) was directly used as a catalyst for CNF synthesis. ** The step

9
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involving preparation of Fe particles on the activated carbon was circumvented and the overall

process was simplified.

So far, only examples of how low cost and naturally abundant catalysts have been successfully
integrated in the production of carbon nanotubes were presented. However the precursors used
were gases of fossil fuel origin. The natural materials originating from biomass, such as coal,
natural gas, or biomass itself, can be also used as a carbon source for greener nanocarbon

synthesis.

The feasibility of producing CNTs and fullerenes from Chinese coals has been investigated.
When used as carbon source camphor (C;oH60), a botanical carbon material, was reported to be
a highly efficient CNT precursor requiring an exceptionally low amount of catalyst in a CVD
process. *'1 CNTs can be also obtained by heating grass in the presence of a suitable amount of
oxygen. ! Fabrication of CNTs with carbohydrates could be expected when all the other
possibilities have been tested. It is interesting that the well-known formation mechanism of CNTs
(i.e., generating active carbon atomic species followed by assembling them into CNTs), cannot be

applied here. Tubular cellulose in grass is directly converted into CNTs during the heat treatment.

In respect with developing different methods than CVD for the CNTs production, hydrothermal
treatment represents a “greener” solution to nanotubes production, **' provided that the
precursors belong also the same category. Calderon Moreno at al used the hydrothermal process
to reorganise amorphous carbon at moderate temperature 600°C and pressures of 100 MPa into
nano-graphitic structures such as nanotubes and nanofibers. They provided evidence that carbon
atoms rearrange to form curved graphitic layers during hydrothermal treatment. The growth of
graphitic multiwall structures in hydrothermal conditions takes place by different mechanisms
than in the gas-phase. Hydrothermal conditions provide a catalytic effect caused by the reactivity
of hot water that allows the graphitic sheets to growth, move, curl and reorganise bonds at much
lower temperatures than in the vapour phase in inert atmospheres. Such reorganisation is induced
by the physical tendency to reach a more stable structure with lower energy, by reducing the
number of dangling bonds in the graphitic sheets. The mechanism by which amorphous carbon
rearranges into curled graphitic cells in the hot hydrothermal fluid is complex and involves the

debonding of graphitic clusters from the bulk carbon material in hydrothermal conditions. Closed

10
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graphitic lattices can be favoured at increasing temperatures or more chemically reactive

environments.

Figure 1-4: a) HRTEM micrograph of the amorphous carbon particles used as starting material; b) HRTEM
micrograph of the bulk microstructure after hydrothermal treatment, showing the interconnected nanocells
formed by curled graphitic walls; ¢) a chain of connected cells illustrating how the graphitic carbon form a

single interconnected structure with multiple individual nanocells (taken with permission from [34]).

An interesting and low cost approach to high quality multiwall carbon nanotubes is reported by
Pol et al who described a solvent-free process that converts polymer wastes such as low density
and high-density polyethylene into multi-walled carbon nanotubes via thermal dissociation in the
presence of chemical catalysts (cobalt acetate) in a closed system under autogenic pressure.
The readily available used/waste high density polyethylene is introduced for the fabrication of the

MWCNTs. The digital image of such feedstock is shown Figure 1-5a.

11
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Figure 1-5: (a) Digital image of HDPE (inset the arrangement of PE groups) polymer wastes; (b) field emission
scanning electron microscope (FE-SEM) image; (c) HRSEM image of as-prepared MWCNTSs using a mixture
of high density polyethylene and CoAc; (d) digital image of low density polyethylene (inset shows the
arrangement of PE groups) polymer wastes; (¢) FE-SEM of MWCNTs prepared from low density
polyethylene; and (f) energy dispersive spectroscopy (EDS) measurements of as-prepared MWOCNTSs
fabricated from low density polyethylene with CoAc catalyst (inset shows powder X-ray diffraction [XRD]

pattern; taken with permission from [35])

12
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The grocery bags are extruded from a machine that works in the following manner: for the length
of the bag, polyethylene molecules (inset Figure 1-5a) are arranged in the long chain direction,
allowing maximum lengthwise stretch and possessing greater strength. As shown in Figure 1-5b,
the MWCNTs grew outwards forming bunches of 2-3 mm size. Each bunch is comprised of
hundreds of MWCNTs growing outwards. Under the above mentioned experimental conditions,
polyolefins will reduce to carbon, further producing MWCNTSs around the cobalt nanocatalyst
obtained from the dissociation of CoAc. The diameters of the MWCNTs are 80 nm; a length of
more than a micron (Figure 1-5c) is observed within 2 h of the initial reaction time; thus, the
growth of MWCNTs is a function of reaction time. A higher percentage of low density
polyethylene was used for making soft, transparent grocery sacks (Figure 1-5d), shrink/stretch
films, pond liners, construction materials, and agriculture film. In low density polyethylene, the
molecules of polyethylene are randomly arranged (inset Figure 1-5 d). The as formed MWCNTs
obtained from the thermolysis of waste low density polyethylene in the presence of CoAc catalyst
in a closed system are shown in Figure 1-5e. The MWCNTs were randomly grown during 2 h of
reaction time, not analogous to high density polyethylene. The dissociation of low density
polyethylene with CoAc catalyst also created ~1000 psi pressure. In both cases, the grown
MWCNTs were tipped with nanosized metallic Co particles. Transmission electron micrographs
further confirmed the hollow tubular structures of MWCNTs. The energy dispersive spectroscopy
(EDS) (Figure 1-5f) and X-ray diffraction (XRD) pattern (inset Figure 1-5f) of MWCNTs
prepared from the mixture of low density polyethylene and CoAc confirmed that the MWCNTSs
are comprised of graphitic carbon and trapped cobalt. It needs to be mentioned that in the absence

of the catalysts mocromreter-sized hard spheres were obtained instead. [*®!

Given that polyethylene-based used plastics need hundreds of years to degrade in atmospheric
conditions and innovative solutions are required for polymer waste, this technology represents a

very environmentally friendly and low cost method to produce carbon nanotubes.

Graphitic carbon nanostructures have been synthesised from cellulose by Sevilla via a simple
methodology that essentially consists of: (i) hydrothermal treatment of cellulose at 250 °C and
(i1) impregnation of the carbonaceous product with a nickel salt followed by thermal treatment at
900°C. " The formation of graphitic carbon nanostructures seems to occur by a dissolution—
precipitation mechanism in which amorphous carbon is dissolved in the catalyst nanoparticles

and then reprecipitated as graphitic carbon around the catalyst particles. The subsequent removal
13
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of the nickel nanoparticles and amorphous carbon by oxidative treatment leads to graphitic
nanostructures with a coil morphology. This material exhibits a high degree of crystallinity and

large and accessible surface area (Figure 1-6).
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Figure 1-6: Structural characteristics of the graphitic carbon nanostructures obtained from the cellulose-
derived hydrochar sample. (a) SEM microphotograph, (b) TEM image (Inset: HRTEM image), (¢) XRD
pattern (inset: selected area electron diffraction pattern) and (d) first-order Raman spectrum. (Taken with

permission from [37])

Ashokkumar at al recently produced onion-like nitrogen doped graphitic structures by simple
high carbonisation of collagen, a waste derivative from leather industries (Figure 1-7). Leather

industry generates voluminous amounts of protein wastes at a level of 600 kg per ton of
14
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skins/hides processed, as leather processing is primarily associated with purification of a multi-

component skin to obtain a single protein, collagen. This synthetic route from bio-waste raw

material provides a cost-effective alternative to the existing chemical vapour deposition methods
[38]

for the synthesis of functional nanocarbon materials.

a b

Figure 1-7: HRTEM images of the carbon material derived from collagen waste by treating at 1000 °C for 8 h.
(a, b) Polyhedral and spherical onion like nanostructures showing the presence of graphitic layers with
significant defects. (c¢) Spherical carbon nanoonion structure showing highly defective shells separated by

0.3363 nm (taken from [38]).

To summarise this subsection, some progress has been achieved in the synthesis of CNTs and
graphitic nanostructures using either natural catalysts and/or natural precursors. Several studies
have shown that natural materials can be used for the synthesis of nanomaterials, aimed at
developing low cost, environmentally benign, and resource-saving processes for large-scale
production. Catalysts free CNTs have been also successfully synthesised from amorphous carbon
under hydrothermal conditions. The examples provided show promising potential and interesting
perspective on nanocarbon syntheses using these inexpensive resources. Unfortunately when

using such low cost technologies, uniform diameters and homogeneous structures are difficult to
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achieve. Although the investigations were performed to look for a cost-effective method for mass
production of CNTs, studies regarding the sustainability of using such natural organic materials

are still required.

1.2.2 Graphene, Graphene Oxide and Highly Reduced Graphene Oxide

Since Nobel Prize winning in 2010, Graphene is the new star of carbon science. Obviously
graphene is not a new material and it is known to form graphite by parallel stacking, as well as
fullerenes and carbon naotubes by rolling into 2D nanostructures. The delay in it discovery as an
individual material can be partially attributed to the single-atom-thick nature of the graphene
sheet, which was initially thought to be thermodynamically unstable. **! However, graphene is
not only stable but also exhibits impressive electronic and mechanical properties (charge-carrier
mobility= 250 000 cm® V' s at room temperature, *”! thermal conductivity =5000W m™ K', [*!

and mechanical stiffness = 1 TPa. [*

Chemical exfoliation strategies such as sequential oxidation—reduction of graphite often result in
a class of graphene-like materials best described as highly reduced graphene oxide (HRG), ¥
with graphene domains, defects, and residual oxygen-containing groups on the surface of the
sheets. Indeed, none of the currently available methods for graphene production yields bulk

quantities of defect-free sheets.

In general, methods for producing graphene and HRG can be classified into five main classes: 1)

mechanical exfoliation of a single sheet of graphene from bulk graphite using Scotch tape, [*°*°!

[47]

2) epitaxial growth of graphene films, 3) chemical vapour deposition (CVD) of graphene

monolayers, **! 4) longitudinal ‘“unzipping’® of CNTs, " 1 and 5) reduction of graphene

[50,51]

derivatives, such as graphene oxide and graphene fluoride, which in turn can be obtained

from the chemical exfoliation of graphite.

Among all these methods, chemical reduction of exfoliated graphite oxide (GO), a soft chemical

synthesis route using graphite as the initial precursor is the most efficient approach towards the

[50,52] [53]

bulk production of graphene-based sheets at low cost. Stankovich et al. and Wang et al.
were among the first to carry out the chemical reduction of exfoliated graphene oxide sheets with

hydrazine hydrate and hydroquinone as the reducing agents, respectively.
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Since these first reports a significant effort has been made to find greener technologies to reduce
exfoliated graphene oxide sheets to defect free graphene. Xia et al reported an electrochemical
method as an effective tool to modify electronic states via adjusting the external power source to
change the Fermi energy level of electrode materials surface. This represents a facile and fast
approach to the synthesis of high quality graphene nanosheets in large scale by electrochemical

reduction of the exfoliated GO at a graphite electrode, while the reaction rate can be accelerated

by increasing the reduction temperature. °¥

Other sustainable methods for the reduction of GO involved photochemical, > *® sugars, 7]

[58 1 ¢ (62 [63]

, vitamin C [60], microwave [61], baker’s yeas ] phenols from tea

[67]

iron, ], Zn powder, [59

[64.65] and others.

bacteria, gelatin, [ supercritical alchools
Despite all these milder ways towards GO reduction and although it could become an industrially
important method to produce graphene, until now the quality of this liquid exfoliated graphene is
still lower than mechanically exfoliated graphene due to the destruction of the basal plane
structure during the oxidation and incomplete removal of the functional groups. In addition the
oxidation of graphite is a tedious method involving very aggressive substances such as KMnOQOy,

NaNO3, HzSO4.

Recently, many research groups have published several CVD methods for growing large-sized
graphene on wafers. For the growth of epitaxial graphene on single-crystal silicon carbide
(SiC), " the cost of this graphene is high due to the price of the 4H-SiC substrate. Also, metals

such as copper, °® nickel, ' **) jron, " cobalt, ""! and platinum " have been used as catalytic
substrates to grow mono-, bi-, or multilayer graphene. The CVD method is limited to fossil-based

gaseous carbon sources such as methane or acetylene.

The group of Tour has come up with a solution to the use of gas precursors and showed that large
area, high quality graphene with controllable thickness can be grown from different solid carbon
sources, such as polymer films or small molecules, deposited on a metal catalyst substrate at
temperatures as low as 800 °C. Both pristine graphene and doped graphene were grown with this

1" The same group expanded this concept

one-step process using the same experimental setup. |
to any solid precursor such as waste food and insects (e.g. cookies, chocolate, grass, plastics,
roaches, and dog feces) to grow graphene directly on the backside of a Cu foil at 1050 °C under

Ha/Ar flow (Figure 1-8). ¥ The nonvolatile pyrolysed species were easily removed by etching
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away the front side of the Cu. Analysis by Raman, XPS, UV and TEM indicates that the
monolayer graphene derived from these carbon sources is of high quality. Through this method,
low-valued foods and negative-valued solid wastes are successfully transformed into high valued

graphene which brings new solutions for recycling of carbon from impure sources.

Hermenegildo Garcia and co-workers showed that chitosan, a N-containing biopolymer can form
high-quality films on glass, quartz, metals and other hydrophilic surfaces. Pyrolysis of chitosan
films under argon at 800 °C and under inert atmosphere gives rise to high-quality single layer N-

doped graphene films (over 99% transmittance) as evidenced by XPS, Raman spectroscopy, and

TEM imaging. [
A -
_Carbon Source
Copper Foil
quartz
tube

Graphene

Cross view of the growth of graphene
on the backside of the Cu foil

Figure 1-8: A) Diagram of the experimental apparatus for the growth of graphene from food, insects, or waste
in a tube furnace. On the left, the Cu foil with the carbon source contained in a quartz boat is placed at the hot
zone of a tube furnace. The growth is performed at 1050 °C under low pressure with a H2/Ar gas flow. On the
right is a cross view that represents the formation of pristine graphene on the backside of the Cu substrate.
(B) Growth of graphene from a cockroach leg. (a) One roach leg on top of the Cu foil. (b) Roach leg under
vacuum. (c¢) Residue from the roach leg after annealing at 1050 °C for 15 min. The pristine graphene grew on

the bottom side of the Cu film (not shown; taken from [74]).

Ruiz-Hitzky et al demonstrated the possibility of preparing graphene-like materials from natural
resources such as sucrose (table sugar) and gelatin assembled to silica-based porous solids

without a requirement for reducing agents. The resulting materials showed interesting
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characteristics, such as simultaneous conducting behaviour afforded by the sp” carbon sheets,
together with chemical reactivity and structural features, provided by the silicate backbone,
which are of interest for diverse high-performance applications. The formation mechanism of
supported graphene is still unclear, with further studies being needed to optimise its preparation

following these green processes. |’®!

Much progress has been done to date in the synthesis of sustainable graphene-derived materials.
Given that the filed is relatively new, it is expected that new synthetic breakthroughs are soon to
come for the large scale low cost synthesis of defect free graphene. It is my personal believe that
graphene will continue pay an important role in materials science when associated with
applications related to its exceptional physical properties. However for many of the applications
described lately in the literature such as adsorption, catalyisis or energy storage, graphene in its
pure form is not necessary and other carbon materials can perform as good or even better. In
addition, the word “graphene” is too easy used in many of the recent publications for structures

that are in fact just disordered graphite and are known in the literature since many years.

1.2.3 Activated Carbons

So far we discussed crystalline forms of carbons such as carbon nanotubes and graphenes.
Activated carbons belong to the amorphous carbon category. Activated carbons are by far the
oldest and most numerous materials prepared from renewable resources. A comprehensive
description is behind the scope of this chapter. Many reviews exist in the literature on this
topic. ') In addition, Chapter 3 provides some information related to activated carbons.
Activated carbons are prepared either by chemical or physical activation from biomass or waste
precursors at temperatures between 600-900°C. They are microporous and used mainly for

adsorption processes (i.e. water purification) and recently in supercapacitors '

and gas
storage. ") One main disadvantage of activated carbons is the impossibility to predict their
resulting porosity and to control their pore properties. I will not say more here and send the
interested reader to chapter 3 which is dedicated to porous hydrothermal carbons and includes a

section on chemical activation.
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1.2.4 Starbons

The “Starbon” technology was developed in the group of Prof. James Clark at the University of
York and it is based on the transformation of nanostructured forms of polysaccharide biomass
into more stable porous carbonaceous forms for high value applications. ** This approach opens
new routes to the production of porous materials and represents a green alternative to traditional
materials based on templating methods. The principle of this methodology relies on the
generation of porous polysaccharide precursors which can then be carbonised to preserve the

porous structure.

This synthetic strategy was initially focused on the use of mesoporous forms of the
polysaccharide starch (from where the name is derived), but evolved into a generic tunable
polysaccharide-based route. The technology involves: 1. Native polymer expansion via
polysaccharide aqueous gel preparation; 2. Production of solid mesoporous polysaccharide, via

solvent exchange/drying; 3. Thermal carbonisation

The resulting carbon-based materials are highly porous and mechanically stable in the
temperature preparation range from 150 to 1000 °C. At temperature above 700 °C the
carbonisation process leads to the synthesis of robust mesoporous carbons with a wide range of
technologically important applications, including heterogeneous catalysis, water purification,
separation media, as well as potential future applications in energy generation and storage

applications.

The three main production stages are shown in Figure 1-9. Starch (typically from high amylose
corn starch) is transformed into a gel by heating in water. The resulting viscous solution is cooled
to 5 °C for typically one to two days to yield a porous gel. Water in the gel is then exchanged
with the lower surface tension solvent ethanol. The resulting material is then filtered and may be
oven dried to yield a predominantly mesoporous starch with a surface area of typically 180-200
m* g, B [ the final stage, the mesoporous starch can be doped with a catalytic amount of an

organic acid (e.g. p-toluenesulfonic acid).
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Figure 1-9: Diagrammatic representation of the main processing steps in the production of starch-derived

Starbons materials (taken from ref 29).

The surface area of the as prepared materials increased with increasing the carbonisation
temperature form 293 m?/g at 300°C up to 600 m%g to 800°C. A nice aspect of this technology,
similarly to hydrothermal carbons, is the fact that the surface polarity and the porosity can be

nicely modulated with temperature.

Inspired from systematic studies on the starch system the same authors investigated the use of
other linear polysaccharides in the preparation of second generation Starbons materials. It was
anticipated that the utilisation of differing polysaccharide structures and functionality, may allow
access to materials with differing textural properties and nano-morphological properties
compared to the original starch-derived materials. Other two polysaccharides investigated were

alginic acid and pectin.

Alginic acid is a complex seaweed-derived acidic polysaccharide with a linear polyuronide block
copolymer structure. Non-porous native alginic acid may be transformed into a highly

mesoporous aerogel (Sger ca. 320 m? g Vieso ca. 2.50 cm® g™'; pore size ca. 25 nm), presenting
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an acidic accessible surface using the same methodology employed for the preparation of porous
starches. ! N, sorption analysis of alginic acid-derived Starbons demonstrated the highly
mesoporous nature of these materials particularly at low carbonisation temperatures. Isotherms
presented type IV reversible hysteresis while mesoporous volumes contracted with increasing
carbonisation temperatures up to 500 °C, where porous properties were stabilised and maintained
to 1000 °C (Figure 1-10E). TEM images (Figure 1-10 A-D) demonstrate the organisation of a
rod-like morphology into mesoscale sized domains, generating the large mesopore volumes
observed from N, sorption studies. Materials could also be prepared up to 1000 °C with no
decrease in the quality of the textural properties or alteration in the structural morphology. This
approach to the generation of second generation Starbons materials used no additive catalyst and
simply relied on the decomposition of the acidic polysaccharide itself to initiate the carbonisation

process.

Pectin, an inexpensive, readily available and multifunctional polyuronide, occurs as a major cell
wall component in land plants. Common commercial sources include fruit skins, a major
commercial waste product. Gelation of native citrus pectin in water and subsequent
recrystallisation yielded a semi-transparent gel, which was converted to the porous aerogel via
solvent exchange/drying outlined above. ** Supercritical CO, extraction of ethanol was found to
yield a low density (p = 0.20 g cm™), highly porous powder aerogel (Figure 1-11, PI-powder).
Addition of hydrochloric acid yielded a viscous solution which could be poured into any desired
shaped vessel and cured at room temperature to yield a very dimensionally strong gel, which
upon water removal (via solvent exchange/ supercritical CO, drying) yielded extremely low

density materials (p = 0.07 g cm™, Figure 1-11 PMI-monolith).

Direct heating of the pectin aerogels under an inert atmosphere allowed direct access to the
carbonaceous materials. Promisingly, the resulting Starbons-type materials prepared from the two
different pectin aerogel precursors, presented significantly different textural and mesoscale

morphologies compared to materials prepared from either alginic acid or acid-doped starch.
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Figure 1-10: TEM images of Alginic acid (AS1)-derived Starbons materials at Tp = (A) 300 °C, (B) & (C) 500
°C, and (D) 1000 °C. (E): Impact of increasing carbonisation temperature on the mesoporous properties of

alginic acid-derived Starbons materials (taken with permission from [83]).

Pectin-derived Starbons materials, demonstrate the flexibility of this material synthesis approach

in terms of textural and morphological properties, and also further exemplifies the impact of
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polysaccharide structure and the metastable gel state, necessary to generate the mesoporosity in
these materials. The utilisation of pectin provides two extra routes (excitingly here from the same
polysaccharide) for the production of second generation Starbons materials with not only
differing porous properties, but with remarkably variable mesoscale morphology, accessible via a
simple change in the gelation route and the resulting chemical modification of polysaccharide

structure (Figure 1-11).
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Figure 1-11: Representation of routes to porous polysaccharide derived materials from pectin, and the

corresponding TEM images of pectin-derived Starbons-type materials (taken with permission from [84]).

Thus, using various polysachardide precursors from plat material, Clark, White and co-workers
successfully prepared well defined porous carbon materials with tunable porosity, morphology

and surface groups. This of course opens the doors to many different applications.

Starbon materials have been intensively applied as heterogenous catalysts. The ability to adjust

the surface properties and hydrophobicity/hydrophilicity balance of mesoporous

Starbons give the possibility to achieve highly active, selective and reusable water-tolerant solid
acids. Thus, using Strbons as solid catalysis modified with sulphonic groups, the researchers from

York successfully esterified various substrates (e.g. succinic (SA), fumaric, levulinic and itaconic
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acids) in aqueous ethanol, providing high conversions and selectivities to their respective
esters. [** The rates of esterification of diacids (succinic, fumaric and itaconic) were found to be
between 5-10 times higher for our Starbons acids compared to those of commercial solid acids
(e.g. zeolites, sulfated zirconias, acidic clays and resins) or microporous commercial sulfonated

carbons. (DARCOs and NORITS).

Starbons acids were also found to have a temperature dependent optimum of catalytic activity
(that could be controlled by the preparation temperature of the parent Starbons and consequently
by modification of its surface properties) as well as a substrate dependent catalytic activity
maximum. Starbons acid activities peaked at ca. 400, 450 and 550 °C for succinic, fumaric and
itaconic acids, respectively, with sharply reduced activities below or above this preparation

temperature.

The same sulphonated carbons proved also to be efficient catalysts for preparation of aromatic
amides via N-acylation of amines under microwave irradiation. * Quantitative conversions of
starting material were typically achieved in 5-15 min with very high selectivities to the target
product, applicable to a wide range of compounds (including aromatic and aliphatic amines),
substituents and acids. Starbons acids provided starkly improved activities compared to other acid

catalysts including zeolites, AI-MCM-41 and acidic clays.

The resulting Starbon materials have been also successfully hybridised with various nanoparticles
and applied in heterogenous catalysis for various applications. A comprehensive review on this

topic is found in *”!

Another very interesting and important application is the application of the alginc acid derived
materials prepared at 1000°C as stationary phase in liquid chromatography for the separation of a

831 The separation potential was demonstrated for the representative

mixture of carbohydrates.
highly polar neutral sugars glucose (mono-), sucrose (di-), raffinose (tri-), stachyose (tetra-) and
verbascose (pentasaccharide). This allowed the generation of designer PGC-type stationary
phases, whereby the surface polarity could be moderated by selecting the carbonisation

temperature employed to control the degree or extent of the graphitic structure development.

Starbons technology provides a useful and sustainable route to highly mesoporous carbonaceous

materials. Flexibility in terms of preparation temperature provides carbonaceous materials with
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tunable surface chemistry properties, arguably a material feature not accessible via conventional
hard or soft template routes. By selection of gelation conditions, polysaccharide type and
carbonisation temperature, a wide range of carbonaceous materials may be synthesised using
inexpensive and readily available renewable sugar-based precursors. Drawbacks of this
technology are the lack of well-defined pore size, most of the materials exhibiting broad pore size
distributions. In addition the pore properties are unpredictable as in the case of activated carbons.
This should be in principle overcome by the use of either hard or soft templates (preferably also

derived from biomass) which should lead to hierarchically porous materials.

Another disadvantage of this technology is that it is limited to the use of polysaccharides in their
pure form which requires additional isolation and purification from the derived biomass parent

material.

1.2.5 The use of Ionic Liquids in Carbon Material’s Synthesis

Recently, it has been shown that carbon materials can also be obtained by the direct carbonisation
of some particular ionic liquids (ILs). Thus, Paraknowitsch et al. designed a set of ILs entirely
composed of C, N, and H atoms using a combination of nitrogen-containing cations (i.e. 1-ethyl-
3-methylimidazolium —-EMIm ~ or 3-methyl-1-butylpyridine — 3-MPB) and anions (i.e.
dicyanamide — dca). ™ Within the same context, Lee et al. designed ILs composed of different
cations that contained imidazolium groups (not only EMIm but also 1-butyl-3 methylimidazolium
— BMIm — and 1,3-bis(cyanomethyl)imidazolium — BCNIm) and anions that contain nitrile

groups (e.g. [C(CN)3]-) (Figure 1-12). %]

Y’V\r"ﬁ)\r'*wf\

/fﬁj:”‘a% ﬁr\
ionic N@f\uf\ T<400°C /Y&Y\f\r&%&g; 800 °C
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Figure 1-12: Reaction scheme of the trimerization of a nitrile-containing anion, leading to the formation of an
extended framework (reproduced with permission from ref. [8§9])
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The nitrogen rich character of these ILs allowed, by direct combustion, obtain nitrogen-doped
carbons with remarkable nitrogen contents of up to 18 at%. * Interestingly, the authors
demonstrated that the carbonisation yield depended on the nitrile character of the anions so that

the resulting carbon network can be cross-linked via both cations and anions.

This approach based on the use of ILs as carbonaceous precursors was also applied to the
preparation of porous carbons with high surface area. Kuhn et al. first reported on an ionothermal
polymerisation method using a molten salt (ZnCl,) and simple aromatic nitriles (e.g. 4,4-
dicyanobiphenyl and 4-cyanobiphenyl), which provided carbonaceous polymer networks with
well-defined bimodal micro- and (nonperiodic) mesoporosity. °”) Later on, Lee et al. used ILs
composed of nitrile-functionalized imidazolium-based cations (e.g. [BCNIm]" or 1-cyanomethyl-
3-methylimidazolium — [MCNIm]") and non-nitrile functionalized anions (e.g. [Tf2N] and [beti]
), with surface areas of up to 780 m” g”'. Y Obviously, anions release was detrimental in terms of

both carbonisation yields and nitrogen contents.

Textural properties without compromising nitrogen contents can be also obtained with the aid of
traditional structural directing agents. The use of porous silica nanoparticles promoted more so
than a 10-fold increase in the surface area of the resulting carbons as compared to the ones
obtained in the absence of templates **! (ca. 1500 versus 70 m? g, respectively).

More intriguing is the use of ILs as solvents for the formation of a silica gel from either
hydrolysis or condensation of regular orthosilicate precursors (e.g. TEOS) or by coagulation of
LUDOX-silica nanoparticles. Upon carbonisation of the ILs and subsequent silica dissolution
hierarchical porous (with pores at both the nano- and microscale) carbon monoliths could be
obtained (Fig. 12). ¥ %> %3] The application of this approach to ILs composed of dca (as anion)
and a long-alkyl-chain pyridinium derivative (as cation) has recently resulted in the formation of
composite (silica and nitrogen doped carbon) microparticles with a well-defined mesoporous

structure. [94]
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Figure 1-13: Left: TEM-images of Ludox-templated IL-derived materials. (Top) 3MBP-dca, (bottom) EMIM-
dca. Right: SEM images of (A) silica monolith template and (B) N-doped carbon monolith (reproduced with

permission from ref. [93])

However the “green” character of burning ionic liquids is questionable. Even if such materials
showed good properties for various applications especially related to energy storage, the high

cost of the precursor does not really pay off.

More valuable methodologies are those in which the ion liquids can be used as recyclable
solvents. The lack of vapour pressure that characterises ILs is what provides their “green”
character and makes them interesting alternatives for replacing highly volatile organic solvents in
synthetic processes. Besides, their excellent solubilisation properties especially for biomass
derived components, should make them very suitable for the production of various materials from
biomass. All these, in combination with their very high thermal stability should make them ideal

“solvents” for high temperature carbonisation reactions in ionic liquids.

Cooper et al. ) was the first who reported a new type of solvothermal synthesis in which ILs
were used as both the solvent and the structure directing agent in the synthesis of zeolites. This
methodology has been termed ionothermal synthesis and, since then, this methodology has
become one of the most widely used synthetic strategies among the zeolite community. It was

also extended to the synthesis of metal-organic-frameworks (MOFs), covalent organic
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frameworks (COFs), polymer organic frameworks (POFs), porous silicas, nanoparticles,

polymers and others. For more details see ref %),

In the context of this chapter, ionic liquids have been also used for “ionothermal carbonisation”.
Titirici and Taubert reported that metal containing ILs can play simultaneous the role of
structural directing agent, catalyst for carbonisation and solvent. [100] Interestingly, the ionic
liquids can be fully recovered at the end of each carbonisation process without any effect on their
chemical structure. A variety of carbohydrates were used as a carbon source (i.e. D-glucose, D-
fructose, D-xylose, and starch) while 1-butyl-3-methylimidazolium tetrachloroferrate(Ill),
[Bmim][FeCls] as a reusable solvent and catalyst. The carbon materials derived from these
different carbohydrates were similar in terms of particle size (Figure 1-14) and chemical
composition, possessing relatively high surface areas from 44 to 155 m* g after ionothermal
processing, which could be significantly increased to >350 m” g by further thermal treatment
(e.g. post-carbonisation at 750 °C). CO, and N, sorption analysis, combined with Hg intrusion
porosimetry, revealed a promising hierarchical pore structuring to these carbon materials. The
ionic liquid [Bmim][FeCl4] has a triple role: it acted as both a soft template to generate the
charaterised pore structuring, solvent and as a catalyst resulting in enhanced ionothermal carbon
yields. Importantly from a process point of view, the ionic liquid could be successfully recovered

and reused.

The group of Dai et al used a protic ionic liquid [DMFH][Tf,N], (N,N-dimethyl-N-
formylammonium bis(trifluoromethylsulfonyl)imide) for the synthesis of ionothermal carbons
from glucose and fructose at low temperature and ambient pressure.The observed results were
similar with those of Titirici where the ionic liquid induces porosity in the resulting carbons while

the carbonisation yield is significantly increased. ['*"

Although only these two publications exist currently in the literature, this methodology could
represent an interesting direction for the synthesis of sustainable carbon materials. The
carbonisation can take place at atmospheric pressure in a standard flask while real biomass
precursors can be employed. Especially cellulose is known to be solubilised by protic ionic
liquids. In addition it was already reported that the ionic liquids can efficiently catalyse the
production of hydroxymethyfurfural from biomass. ["" Thus, the HTC yield could be

significantly increased.
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Figure 1-14: SEM micrographs of as-synthesised ionothermal carbons: (A) C-glucose,(B) C-fructose, (C) C-
xylose and (D) C-starch (the scale bar in the inset is 200 nm, from ref 100).

By designing tailor-made ionic liquids it should be possible to control the porosity as well as
introduce various functions into the resulting ionocarbons. Metal containing ionic liquids should
offer the possibility to produce various interesting nanocomposites under the appropriate
synthetic conditions. Furthermore, the use of ionic liquids will be far more justified in such a
procedure compared with their irreversible conversion in various materials (i.e carbons,

polymers).

A related class of ionic liquids named deep-eutectic solvents (DESs) are obtained by complexion
of quaternary ammonium salts with hydrogen bond donors. "' DESs share many characteristics
of conventional ILs (e.g. non-reactive with water, non-volatile and biodegradable) while offer
certain advantages. For instance, the preparation of eutectic mixtures in a pure state is
accomplished more easily than for ILs. There is no need of post-synthesis purification as the
purity of the resulting DES will only depend on the purity of the individual components. The low

(104, 1051 1akes them

cost of those eutectic mixtures based on readily available components
particularly desirable (more than conventional ILs) for large-scale synthetic applications.

However, a close inspection of recent literature revealed that their use in materials synthesis is
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sporadic compared to ILs. This situation is currently slightly changing and different authors
consider DESs as the next generation of ILs. They can act as true solvent-template-reactant
systems, where the DES is at the same time the precursor, the template and the reactant medium
for the fabrication of a desired material with a defined morphology or chemical composition. A
comprehensive review on the topic was recently published by the group of Francisco del

Monte. [1%!

Carriazo et al. reported the preparation of a DES based on the mixture of resorcinol and choline
chloride. Polycondensation with formaldehyde, resulted in the formation of monolithic carbons
with a bimodal porosity comprising of both micropores and large mesopores of ca. 10 nm (Figure
1-15). "1 The morphology of the resulting carbons consisted of a bicontinuous porous network
built out of highly cross-linked clusters that aggregated and assembled into a stiff, interconnected
structure. This morphology is typical for carbons obtained via spinodal decomposition. !'*
Carriazo et al. hypothesized that one of the components forming the DES (e.g. resorcinol) is
acting as a precursor of the polymer phase whereas the second one (e.g. choline chloride) acts as

a structural directing agent following a synthetic mechanism based on DES rupture and

controlled delivery of the segregated SDA into the reaction mixture.

The wide range of DESs that can be prepared provides a remarkable versatility to this synthetic
approach. For instance, Carriazo et al. also reported the use of ternary DESs composed of
resorcinol, urea and choline chloride for the synthesis of carbons with surface areas up to 100 m*
g, which are higher than those of carbons obtained from binary DESs composed of resorcinol
and choline chloride described above. Urea was here partially incorporated into the resorcinol—-
formaldehyde (RF) network (upon its participation in polycondensation reactions), the release of

which (during carbonisation) resulted in the above-mentioned increase in the surface area.

The same group used DESs composed of resorcinol, 3-hydroxypyridine and choline chloride. %"’

In this case, DESs played multiple roles in the synthetic process; liquid medium ensuring
reagents homogenisation; structural directing agent responsible for the achievement of the

hierarchically porous structure; source of carbon and nitrogen (Figure 1-16).
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Figure 1-15: Top panel: SEM micrographs of RFRC-DES (left, bar is S mm) and RFRUC-DES (right, bar is 2
mm) gels. Insets show a picture of the monolithic RF gels. Bottom panel: SEM micrographs of CRC-DES (left,
bar is 1 mm) and CRUC-DES (right, bar is 1 mm) monoliths. Insets show a picture of the respective
monolithic carbons and TEM micrographs of CRC-DES (left, bar is 50 nm) and CRUC-DES (right, bar is 150
nm; reprinted with permission from ref. M7 where R=resorcinol; C= chlorine chloride; U= urea; F=

formaldehyde)

The formation of a polymer rich phase upon resorcinol and 3-hydroxypyridine polycondensation
promotes DES rupture and choline chloride segregation into a spinodal-like decomposition
process. Interestingly, the resulting carbons exhibited a combination of surface areas and
nitrogen contents (from ca. 550 to 650 m”> g and from ca. 13 to 5 at% for carbonisation
temperatures ranging from 600 to 800 1C, respectively) that, unless traditional SDAs are also

used, had never been attained by synthetic processes carried out in ILs.
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Figure 1-16: SEM micrographs of CRHC-DES and CRHC-DES obtained after thermal treatments at 600 and
800 °C. Insets show pictures of the CRHC-DES and CRHC-DES monoliths obtained after thermal treatment

at 800 °C. C=chlorine chloride; R= resorcinol; H=3-hydroxypyridine (taken with permission from ""*"").,
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It is finally worth noting the “green” character of this process because of the absence of residues
and/or byproducts eventually released after the synthetic process; i.e. one of the components
forming the DES (e.g. resorcinol, mixtures of resorcinol and hydroxypyridine or urea, and
furfuryl alcohol) becomes the material itself with high yields of conversion (within the 60-80%
range) whereas the second one (e.g. single choline chloride in resorcinol-based synthesis) is fully

recovered and can be reused in subsequent reactions.

However, using DES based on carbohydrates (see ref %))

should improve even further the green
character of this methodology for the future production of carbon materials. Such DESs were
found to serve some basic function in living cells and organisms. They include sugars, some
amino acids, choline, and some organic acids such as malic acid, citric acid, lactic acid, and
succinic acid. Looking at plant metabolomics data that Verpoorte and co-workers have collected
over recent years, one could clearly see similarities with the synthetic ILs. Such plat major
cellular constituents are perfect candidates for making ILs and DES. The authors made various

1% Such “natural deep eutectic solvents” (NADES)

combinations of these candidates (Table 1). !
could be a potential interesting source for new and existing sustainable carbon materials which

will be surely exploited in the near future.

Table 1. List of natural ILs and DES

Combination Molar Ratio
Citric acid:choline chloride 1:2, 1:3
Malic acid:choline chloride TE 12123
Maleic acid:choline chloride 1:1, 1:2, 1:3
Aconitic acid:choline chloride 1:1
Gle:choline chloride:water (B
Fru:choline chloride:water 1:1:1
Suc:choline chloride:water 1121
Citric acid:Pro 11,7 152,4158
Malic acid:Glc 1:1
Malic acid:Fru 11
Malic acid:Suc 1:1
Citric acid:Glc 23]
Citric acid:trehalose 2:1
Citric acid:Suc 1:1
Maleic acid:Clc 4:1
Maleic acid:Suc 1:1
Glc:Fru 1:1
Fru:Suc 1:1
Glec:Suc 1:1
Suc:Glc:Fru 11
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1.2.6 Hydrothermal Carbonisation

The last procedure to produce green carbon materials is “Hydrothermal Carbonisation” and this
makes the subject of this thesis. Its versatility, end-products, applications and limitations will be
described within the following chapters. In my opinion, it is by far the most suitable and up-
scalable technology at the moment to process waste biomass and transform it into end-products

with remarkable properties.

Before going deeper into the secrets of HTC materials some important advantages of this

unconventional carbonisation technique should be already underlined here:
(1) Carbonisation temperatures are low—typically in the range 130-250°C.

(2) Carbonisation takes place in water under self-generated pressures thus avoiding precursors

drying costs.
(3) Typically spherical micro-sized particles are generally obtained.

(4) Controlled porosity can be easily introduced using nanocasting procedures, natural

templates, or activation procedures/thermal treatments. (see Chapter 3)

(5) Carbonaceous materials can be combined with other components, e.g., inorganic

nanoparticles to form composites with special physicochemical properties. (see Chapter 4)

(6) The resulting carbon particles have (polar) oxygenated groups residing at the surface which

can be in turn used in post functionalisation strategies. (see Chapter 4)

(7) The surface chemistry and electronic properties can be easily controlled via additional

thermal treatment, while the morphology and porosity are maintained. (see Chapter 2)
(8) The materials have wide range of timely technological applications (see Chapter 5)

(8) The synthesis can be described as ‘‘carbon negative’’, meaning that it has the potential to

bind the CO, fixed by from original plant precursor.

In this first chapter I will provide a short history of the Hydrothermal Carbonisation Technology.
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1.3 Brief History of HTC

As early as 1911 Friedrich Bergius was researching topics that are in our days of extreme
importance for finding alternative fuels to the fossil based ones. Back then, Bergius was
convinced that it should be possible to carry out the “water gas reaction” and produce hydrogen
gas according to the formula C + 2H,O = CO, + H;, if the right temperature and pressure
conditions are satisfied.'""! The aim was to inhibit the troublesome formation of carbon
monoxide. In order to achieve such goals, Bergius was working at temperatures below 600°C, at
which steam practically ceases to act on coal. His intention was to discover whether, the reaction
velocity might be increased sufficiently to adjust the equilibrium. Indeed, Bergius managed to
oxidise coal when liquid water was reacting with it at 200 bars producing carbon dioxide and
hydrogen, in particular when transitional metal catalysts were present in the system. However,
oxidation velocities, which would have made such reaction of commercial interest, failed to be

achieved.

On the other hand, another very important observation was made: when peat was used as coal
material, it was observed that exceptionally large amounts of carbon dioxide formed, and that the
carbonaceous residue remaining in the vessel had the same elemental composition of natural coal.
This observation prompted Bergius to study the decomposition process of plant substances more
closely. He thought the process will be similar to the process of metamorphism which such plant-
based compounds undergo in nature in the course of millions of years during their gradual

transition into coal.

In those times, many researchers had already attempted to convert biomass, i.e. wood, which
contains apart from cellulose lignin, into coal by heating, however the cellulose was decomposed.
What Bergius and his co-workers did differently was that they managed to prevent super-heating
and thus prevented the decomposition of cellulose by introducing steam. The resulting

carbonisation products had a very similar composition with the natural coal. [''?!

The secret that Bergius discovered was that the biomass precursor had to be in intimate contact
with the liquid water which, at those mild temperatures (200°C) in the high-pressure vessel, could

not decompose into gases.
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The apparatus that Bergius used to produce the very first hydrothermal carbon ever is presented
in Figure 1-17 . The temperatures were between 200-330°C in the presence of liquid water at

pressures up to 200 bars.

The first report about the formation of what today I call hydrothermal carbon, citing was “ per 2

parts cellulose, there were formed 2 parts carbon dioxide and 5 parts water, and a powdery

substance which corresponded approximately to CoHgO "'?1.”
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Figure 1-17: Diagram of cellulose effluent decarbonisation: a) pump; b) pre-heater; c) heat exchanger, d) lead
bath furnace; e) reaction vessel, f) column; g) control post, h) tar separator/ tar receiver; k) cooler for alcohol
vapour; 1) scales for coal slurry; m) screw conveyor( Taken from: Chemical reactions under high pressure,

Nobel Lecture, May 21, 1932 by Friedrich Bergius)

This important discovery was followed by numerous studies of Bergius and his assistant Hugo
Specht on the hydrogenation of this artificial coal. !''*! Their experiments become the basis for
the production of liquid and soluble compounds from coal, a process which they named “coal

liquefaction™. [''4
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For all his studies on the production of synthetic coal as well as hydrogenation studies and his
contributions in general to high-pressure reactions, '''*! Bergius was awarded the Nobel Prize in

1931.

The enormous discovery of Bergius was followed later on by other studies. For example Berl and
Schmidt in 1932 varied the biomass source and treated the different samples, in the presence of

11 . . .
%1 The latter authors summarised, via a series of

water, at temperatures between 150 and 350°C. |
papers in 1932, the knowledge of those days about the emergence of coal. !''"! Later,
Schuhmacher et al. analyzed the influence of pH on the outcome of the HTC reaction and found
serious differences in the decomposition schemes, as identified by the C/H/O composition. ' A

review of the current knowledge on coal structure and its origin is found in ref. !'""!

A renaissance of such experiments started with reports on the low temperature hydrothermal
synthesis of carbon spheres (~200°C) using sugar or glucose as precursors in 2001, 1207 1211 At
the same time, Antonietti and Shu Hong Yu found that the presence of metal ions can effectively
accelerate the hydrothermal carbonisation of starch, which shortened the reaction time to several
hours and directed the synthesis towards various metal/carbon nanoarchitectures, such as

[122 [123 [119]

Ag@carbon nanocables, '*?! carbon nanofibers!'*" and spheres !''*).

This was the state of art in 2005, when I have joined the Max-Planck Institute firstly as a post-
doctoral fellow and later on as a group leader. Ever since, myself together with a team of very
talented PhD students and postdocs worked intensively on this technique, its fundamentals, the

production of porous HTC carbons, hybrid materials and their applications.

It has to be mentioned that today the hydrothermal carbonisation is a very well established
technique. Many research groups embarked on discovering and revealing new secrets this method
still has to offer. Besides the academic interest, several private companies have started large scale
HTC production. This is because the resulting char has coal-like properties and is expected to
exhibit favourable behaviour with respect to combustion, gasification, and other thermal

. . . . 124
conversion processes for decentralized applications. ['**

Maybe one of the most appealing large scale applications of HTC process is, as suggested by ,
Seifritz in a pioneering dissertation in 1993 !'*1 | the fact that anthropogenic CO, emissions

could be mitigated by converting biomass into charcoal. Thus, converting fast growing biomass
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into HTC the CO, bound in the parent biomass will be no longer liberated via the photosynthesis
process or atmospheric decomposition of the biomass residue but bound to the final solid
carbonaceous structure. This represents an efficient way of taking the CO, out of the carbon
cycle and thus a solution for reducing the already alarming amounts of CO, present in the
atmosphere, known to be responsible for the climate change. The concept of biochar as an

approach to carbon sequestration as well as increasing soil fertility, raise agricultural productivity

and reduce pressure on forests in becoming increasingly attention over the past few years. !>

Several papers have been already published where the tremendous potential of HTC as a CO,

: . o o 127-12
negative solution for soil improvement is discussed. ['?1%"!

Besides the applications of HTC associated with large cost production, HTC can be used on a
much lower scale in nanotechnology for energy and environmental related applications (Chapter
5). This is the author’s filed of expertise as well as the main focus of this thesis. For such
applications, laboratory scale production of HTC (500 g -5kg) in commercially available reactors

1s sufficient.

Weather this technology will really represent one solution to the many of the problems our
society is confronted these days regarding depletion of resources, global warming and energy is

still be find out in the next coming years.
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2 Structural Characterisation of Hydrothermal Carbons

2.1 Introduction

In the concept of biorefineries, in which transportation fuels and chemicals are produced from
biomass instead of fossil resources, as well as in HTC, the transformation of sugars, especially
glucose, plays an important role. ! Both processes (biorefinery and HTC) are extremely
important since they represent an efficient way to use residual biomass, transforming it on one
hand into ecologically friendly fuels and on the other hand into carbon materials with numerous

applications in our daily lives.

While sugars can be produced directly from biomass, such as from saccharose present in
sugarcane or sugar beet, or semi-directly from hydrolysis of starch, which is present in corn and
other crops, there is concern that such processes may compete with the food supply. Glucose can
alternatively be obtained from cellulose present in lignocellulosic biomasses such as wood, straw,
grass, municipal solid waste, and crop residues. These materials are complex mixtures of natural
polymers—cellulose (35-50 %), hemicelluloses (25-30 %), and lignin (15-30 %)—tightly

bonded by physical and chemical interactions.

Since cellulose is the major component of lignocellulosic materials, efficient processes for
hydrolysis/hydrothermal treatment of cellulose seem to be interesting entry points for the
production of both biofuels and HTC materials. However, the chemical transformation of
lignocellulosic biomasses presents serious challenges. This is due to complex structure of

cellulose being recalcitrant towards efficient chemical and biological transformations.

HO OH O HO O ho oH
~0 0]
HO O OH
O D o]
HO
OH OH OH
nonreducing group reducing end group

Figure 2-1: Structure of cellulose. ©!
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Chemically, cellulose is a linear and syndiotatic polymer of [-p-glucose where the
anhydroglucose units (AGU) are bonded to each other through a glycosidic linkage at positions 1
and 4 (Figure 2-1). P! A relatively dense network of intermolecular H bonds is established
between the cellulose units. Consequently, cellulose has a very high resistance against chemical

and biological transformations, and insolubility in most of the common solvents.

The two processes, biomass to biofuels and biomass to HTCs have as common path the
hydrolysis of cellulose. Bergius, the discoverer of HTC, ! was one of the first to perform studies
on cellulose hydrolysis in the 30s. ) In his process, the hydrolysis of cellulose was carried out in
40 wt% HCI at room temperature. Under these conditions, cellulose and hemicellulose were
solubilised in the reaction medium, whereas lignin remains insoluble. Cellulose breaks downs
into oligosaccharides and glucose within a few hours with the formation of large amounts of
dehydration products, such as 5-hydroxymethylfurfural and levulinic acid. Hemicellulose is also
hydrolyzed, producing mannose, xylose, galactose, glucose, and fructose, mainly as oligomers.
Since this pioneering work, many other processes for cellulose hydrolysis, based on the same
principle have been reported. [**) Many of these processes employ hydrothermal conditions. This
allows adjusting the ionic product and dielectric constant of water over a wide range by means of
pressure and temperature. The critical parameters for water are 374.2 °C and 22.1 MPa, which
signifies that depending on the conditions, water is in the sub or supercritical regime. 11 Water in
such “overheated” state is a very acidic and reactive substance, permitting chemical reactions
such as cellulose hydrolysis and biomass refining in general without the addition of strong

acids.['!

The transformation of cellulose into its glucose monomers and of biomass in general into easily
hydrolysable carbohydrates is a crucial prerequisite for both biofuels and HTC formation. Under
hydrothermal conditions, the dehydration of glucose and other sugars is in general is
favoured. !'* Hydroxymethylfurfural (HMF) and furfural are the resulting dehydration products
of sugars. ¥ Furfural is generated from pentoses, such as xylose and ribose, whereas HMF is
built from hexoses, such as glucose, fructose and mannose. With increasing persistence time in
aqueous medium, HMF successively decomposes into levulinic acid (LA) and formic acid (FA)

on the one hand and into polymeric carbonaceous material on the other hand (Figure 2-2). [14]
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While other researchers tried to avoid the formation of a solid during such processes by
polymerisation of HMF, my research group and others rediscovered these processes in the sense
of Bergius for the production of green and valuable carbon and carbon hybrid

4] [15] [16] [17

materials. ! 1 81 Mostly depending on the applied conditions i.e. the grade of

carbonisation the products are called humines, ' hydrothermal carbons ! or hydrochars.!*"!
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Figure 2-2: Reaction pathways for acid-catalyzed dehydration of polysaccharides (containing hexose
monomer units) to S-hydroxymethylfurfural (HMF). Structures in brackets correspond to representative

species.

On the other hand, if isolated and extracted before further polymerisation or rehydration, HMF is

the most important biomass derivative for the future productions of biofuels ****!

]

and renewable

chemicals. **
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In this chapter I will present a detailed characterisation study of HTC materials. First, glucose
will be employed as a model system to better understand the properties and the final chemical
structure of HTC materials. °C-solid state NMR is a crucial charaterisation technique for the
accomplishment of this task. Once the structure of glucose-derived HTC materials will be
elucidated, I will compare the properties of HTC materials derived from various precursors

including water soluble polysaccharides, cellulose and real biomass.

2.2 Glucose: a Model Study Precursor for HTC

Since glucose is the most abundant sugar unit in biomass and the major product of acidic

hydrolysis of carbohydrate biomass, ['*

considered not to compete with food supplies, we choose
it as a model system for understanding its transformation mechanism into HTC as well as the

final chemical structure of glucose-derived HTCs.

Under hydrothermal conditions (180-280°C; self-generated pressure) the isomerisation of glucose
into fructose appears according to the Lobry de Bruyn-Alberta van Ekstein rearrangement (Figure
2-2). B3t is considered, that HMF is derived from dehydration of fructose and not from glucose
directly. * Once HMF is formed, it is in situ “polymerised/resinified” to form hydrothermal
carbon. ") What we wanted to understand in this study is why do we obtain micrometer-sized
spherical particles, how does the HMF polymerisation occurs and what is the final chemical
structure of the as-formed material. A correlation between HTC chemical structure obtained
using "°C solid state NMR with other data acquired using a variety of characterisation techniques

will be presented in this subchapter.

2.2.1 Nucleation during the Hydrothermal Treatment of Glucose

In order to understand the nucleation in HTC, we started investigating the morphology of the
glucose-derived HTC spheres at different temperatures and residence times. Figure 2-3 shows the
morphology of the HTC spheres derived from hydrothermal carbonisation of 10 wt% glucose
solution for 12h at different temperatures. It can be observed that the temperature affects both the
carbonaceous particle average diameter as well as the size distribution: higher temperatures

(280°C) lead to larger particles and a more homogeneous average size.
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Figure 2-3: Scanning electron micrographs of hydrothermal carbon materials obtained from 10 wt% glucose

for 12h at: a) 160°C; b) 180°C; c) 200°C; d) 280°C (taken from *7)).

This observation was also confirmed by dynamic light scattering (DLS) measurements. In the
case of the material prepared at 160°C, an average particle hydrodynamic radius of 474 nm was
measured, while for the 280°C samples the mean value was 685 nm. For samples prepared at
higher temperatures, the correlation between DLS and SEM measurements is reasonable. On the
other hand, for the materials prepared at 160°C, the measured values using DLS is higher than the
ones observed in the SEM pictures. This might be due to the wider size distribution of this
sample and therefore to the presence of very large particles, which could affect the overall
diameter obtained from light scattering and therefore increase the average error. Another factor
that can possibly contribute to the value mismatch might be the presence of particles aggregates
in the 160°C sample, which could increase the value of the measured hydrodynamic particle
radius. However, although the DLS measurements do not allow determining a precise estimate of
the particle size for the sample processed at lower temperature, it is important to underline that
they quantitatively confirm the increase in the average particle diameter as the HTC processing

temperature becomes higher, which could be observed from SEM measurements.
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Figure 2-5: Scanning electron micrographs of hydrothermal carbon materials obtained from 10wt% glucose

at 180° after: a) Sh; b) 8h; c) 12h; d) 20°C.
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The next parameter we have changed was the residence time while keeping constant the
concentration of glucose solution (10 wt%) and temperature (180°C, Figure 2-4). Nothing
happens after a hydrothermal treatment of 2h. After 4h, the colour of the solution becomes dark
orange suggesting that a polymerisation-aromatisation occurred. Past 5h, the first solid precipitate
is observed. A closer look at this precipitate using SEM (Figure 2-5 a) reveals the tendency to
aggregate and form spherically shaped nuclei of about 150 nm. After additional 8h of
hydrothermal treatment a brown colloidal dispersion is formed. Examining the newly formed
solid with SEM, we clearly see a homogenous burst of nucleation with monodisperse particles of
~200 nm being formed. Leaving the reaction proceed further (12h) leads to the formation of a

final black-brown precipitate (Figure 2-4).

The solid formed after 12h consist of spherically shaped particles of around 500 nm, aggregated
together (Figure 2-5 c). The size of the particles increases even further (~ 1.5um) if the
hydrothermal treatment is continued for longer times (Figure 2-5 d). We need to mention that
these experiments were done in the absence of any catalyst known to accelerate the HTC process

. . 2
such as acids or Fe ions. **!

According to these microscopy data we can assume that the up to 2h the dehydration of glucose
into HMF occurs via the previously mentioned Lobry de Bruyn-Alberta van Ekstein
rearrangement. () This has been also confirmed by GC-MS experiments of the 10 wt% solution
after 2h hydrothermal treatment at 180°C (Figure 2-6) showing indeed the formation of HMF
together with his rehydration products levulinic acid, dihydrohyacetone, acetic acid and formic
acid. The inevitable rehydration of HMF to levulinic and formic acid (Figure 2-2) lowers the pH
of the solution to a value of~ 3. Thus, the in situ formed organic acids catalyse the dehydration
and further polymerisation of HMF. A GC-MS of the same residual solution obtained upon the
hydrothermal treatment of 10 wt% glucose at 180°C for 20h, after the filtration of the black
precipitate, shows that at this stage there is no residual HMF left. HMF has been transformed via
a cascade of chemical reactions into HTC with the spherical morphology depicted in Figure 2-5

d.
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Figure 2-6: GC experiments on residual liquors from hydrothermal treatment of glucose.

It is extremely difficult to determine exactly which chemical reactions take place in the autoclave
during the HTC formation and I will come back to this point later on in section 2.2.7 * Once
such polymeric species are formed (after ~ 5h) they precipitate out of the aqueous solution
leading to the morphology shown in Figure 2-5 a. Upon chemical reactions occurring in situ in
the autoclave these resulting nuclei grow to a uniform size (Figure 2-5 b). The more complex the
reactions become inside the autoclave upon increasing the residence time, the growth of the
particles occurs heterogeneously resulting in rather polydisperse and agglomerated particles. The
growth process continues until all the monomer (HMF) has reacted and the final particles attain a
final particles size of ~1.5 um after 20 h . According to our experimental results, the growth of

carbon spheres seems to conform to the LaMer model

as shown schematically in Figure 2-7.
No carbon spheres formed when a 10 wt% glucose solution was hydrothermally treated below

160 °C. However, the orange or red colour and increased viscosity of the resulting solutions
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indicate that some aromatic compounds and oligosaccharides are formed, *'! in what has been
denoted the “polymerisation” step. When the solution reached a critical supersaturation (e.g., 10

wt%, 160°C, 5 h), a short single burst of nucleation resulted.

glucose solution \ L
polymerisation/

nucleation

HTC formation/
growth

Figure 2-7: Schematic representation of nucleation-growth process for the glucose HTC spheres (adapted

from [15]).

Unfortunately it is very difficult to monitor in sifu the nucleation-growth process during the HTC
process due to the relatively high temperatures and pressures inside the autoclaves. Yet in 2009
Iversen and co-workers reported a high temperature high pressure study on the hydrothermal
formation of zirconia nanoparticles by time-resolved in situ synchrotron X-ray diffraction.**! We
are currently in contact with the authors for a future collaboration on hydrothermal carbonisation
of glucose using the high temperature and pressure set-up and Small Angle X-Ray Scattering
(SAXS) instead, since our materials are not crystalline. However, until these interesting
experiments will be conducted, we can only assume a nucleation-growth in HTC as described

above.
2.2.2 Yields and Elemental Composition:

The glucose HTC yields are calculated using the following formula:

amount _of recovered solid after HTC(g)

HTC yield% = = -
- initial _amount _of _biomass(g)
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The HTC yield of glucose is 0 below a certain temperature threshold, because no appreciable

amount of solid is formed and can be recovered under these conditions.

Two important conclusions can be withdrawn looking at the yield versus temperature plot in the
case of hydrothermally treated glucose (Figure 2-8): 1. A minimum temperature threshold for the
HTC formation from glucose exists at ~150-160°C. Below this value no measurable quantity of
solid residue can be recovered. 2. The process can be tuned to optimise hydrothermal carbon
yield. The maximum yield is achieved at 200°C, after which it starts a gradually decline. An
explanation for this downward trend is due competitive gasification reactions at higher
temperatures. 1**! However it must be kept in mind that the theoretical HTC yield, that is
achievable when glucose is used as a starting material, is 60% (grey dotted line in Figure 2-8 a).
This value can be easily derived from the mechanism of 5-HMF formation, since from each
molecule of glucose, which is firstly converted to S-HMF and then reacts to form HTC carbon,
four water molecules (40% of the starting mass) are eliminated. These represent an unavoidable

yield loss, which must be taken into account.

The change in carbon content for glucose-derived HTC material as a function of temperature is
shown in Figure 2-8. a. A constant and gradual increase is observed as the reaction temperature
enhanced. The only noticeable difference (~20%), is observed between the carbon content of raw
glucose and the one of the HTC carbon produced at the lowest possible conversion temperature
(160°C). The explanation for this abrupt change is the dehydration step of glucose to HMF in the

early stages of hydrothermal carbonisation.

Combining the calculated yields at different temperatures with the elemental analysis results it is
possible to investigate the mass loss upon temperature increase as a function of chemical
composition (Figure 2-8 b). Thus, between 200-250°C the decrease of the HTC yield is majorly
due to oxygen loss. The carbon content undergoes an initial sharp decrease, presumably due to
the conversion of glucose into water soluble degradation products, such as levulinic acid,
dihydroxyacetone and formic acid (Figure 2-2) after which it remains relatively constant within
temperature range 200-250°C. The carbon efficiency starts diminishing more rapidly above

250°C due to simultaneous gasification reactions.
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Figure 2-8 a) Calculated hydrothermal carbon yield (black) and carbon content (red) obtained from chemical
analysis of HTC material obtained from glucose at different processing temperatures (raw glucose % C =40
wt%); b) HTC yield normalised elemental composition of hydrothermal carbon obtained from glucose at

different processing temperatures (temperature 0 corresponds to raw glucose whose HTC yield is taken as

amount _of carbon _in _the product

100%) and carbon efficiency. (

—= (adapted from [27]).
initial _amount _of _carbon

2.2.3 FT-IR

FT-IR spectroscopy on the glucose-derived HTCs at different processing temperatures, shows
hydrophilic surfaces with a distribution of —OH (3 = 3500-3700 cm™) and —-C=0O groups (3 =
1700 cm™). The relative intensity of the 1700 cm™ peak, corresponding to C=O vibration
increases sharply until 200-220°C, but then it levels off as temperature increases in good
agreement with yield and elemental analysis (Figure 2-9). In addition, at 1620-1680 cm
stretching vibrations corresponding to C=C bonds are observed, indicating the presence of
aromatic units in the final HTC structure. The inset shows the FT-IR spectra of the row glucose
material for a better understanding of the transformations underwent upon hydrothermal

treatment. Therefore we can conclude from FT-IR studies that the glucose-derived HTC contain

both oxygen-rich polar functionalities as well as aromatic divisions.
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Figure 2-9: FTIR spectra of hydrothermal carbon obtained from glucose at different temperatures.

2.2.4 Thermal Behaviour and Porosity Evolution:

During HTC formation, side products such as levulinic acid or formic acid coexist (Figure 2-2)
and are generally physosorbed onto the resulting carbons. The normal employed procedure is
simple washing with water and ethanol after the synthetic step. However, this may not be an
efficient procedure to completely remove such products. The subsequent release of such
compounds may lead to undesired structural changes (e. g. microporosity development) or
negative performance for specific applications (e.g. analyte contamination upon using HTC as a

stationary phase in chromatography).

In order to ascertain the possible presence of entrapped molecules within the glucose derived
HTC structure at 180°C, a comparative analysis between washed HTC (normal synthetic
procedure) and Soxhlet extracted HTC (with ethanol, hexane and THF), is presented in this
following section. TGA-IR was used to analyse the thermal decomposition behaviour of both
samples (Figure 2-10 and Figure 2-11). The thermal decomposition of the non-extracted sample
is composed of two relative broad events (160 — 270 °C and 350 — 600 °C; (Figure 2-10a), whilst
in the case of the extracted HTC carbon, only one main event between 350 and 600 °C is

observable (Figure 2-10 b).
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Figure 2-10: Thermogravimetric analysis of glucose derived HTC carbon at 1800C a) before extraction and b)
after three consecutive extractions with ethanol, hexane and THF (NB: The first peak between 100 - 180 °C is

ignored, as it is attributed to removal of residual extraction solvent and physisorbed water; from [34]).

The first event (160-270°C) of the non-extracted sample is attributed to the thermal evolution of
levulinic acid, embedded within the highly cross-linked HTC structure. Several evidences support
this observation. First of all the peak appears at the levulinic acid boiling point range (i.e. 245-
246°C). GC-MS analysis of the extracted ethanol fraction demonstrates the presence of levulinic
acid confirming its removal upon Soxhlet extraction (Figure 2-11 a-b). This explains the absence
of the 160 - 270 °C dTG peak in the TGA curve of the extracted sample. Furthermore gas phase
IR analysis of the evolved species during the thermal degradation of HTC carbon indicates that
over the temperature range 160 - 270 °C, the detected peaks are all ascribable to levulinic acid
(Figure 2-11b). In particular, extract gas phase IR traces at 1770 and 1740 cm™ correspond to the
carbonyl stretching of ketones and carboxylic acids. Such traces are not detected during the

thermal decomposition of the extracted sample.

58



Chapter 2: Structural Characterisation of Hydrothermal Carbons

N _ a) 1.0x10° - b)
Levulinic Acid
4.0x10° M/ 8.0x10°
OH
m [
o [ & 6.0x10°
c UX
P ]
o ; T
& 2.0x10° - g 4.0x10°
K o
< <L 2.0x10°-
0'0’ 0-0* = T ! L L 1
2 3 45 6 T 8 9 20 40 60 80 100 120
Time (min) m/z

Figure 2-11: a) Gas chromatograph of the extract obtained after Soxhlet extraction with ethanol of glucose
derived HTC carbon at 180°C. b) Mass Spectrum of the peak indicated in (a) (red — literature data, [35] black

— experimental data-from [34]).

The decomposition event over the range 350 — 600 °C is observed for both samples. This
indicates a restructuring of the carbon motifs with simultaneous loss of volatile species, as
supported by the corresponding IR analysis of the evolved gases (Figure 2-12). At 400 °C the
peakes with the strongest intensities correspond to traces of CO, and CO. Subsequently at ~
450 °C, methane evolution is detected and the intensity of its corresponding peak increases until

550 °C. Above this temperature threshold all the detected signals fade away at different rates.
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Figure 2-12: Extracted traces from TG-IR analysis at selected wavenumbers (cm™) for a) HTC synthesised at
180°C and b) HTC synthesised at 180°C after extraction with EtOH, hexane and THF. The legend shows
either the name of the gas, the trace can be attributed to, or the wavenumber, the gas is detected at (from

[34]).

The development of porosity in glucose-derived HTC carbons, after Soxhlet extraction or further
pyrolysis at 600 °C was monitored using N, sorption (Figure 2-13). 600 °C was chosen as
processing temperature, since at this temperature the main decomposition events have already
occurred. N, sorption isotherms of the as-synthesised and extracted HTC carbons show
negligible gas uptake indicating the absence of any developed internal porosity (Figure 2-13.a)
This is rather surprising for the latter sample, since the removal of the levulinic acid upon
extraction was expected to create some voids within the HTC carbon structure. This might be due
to the fact that the carbon synthesised at 180 °C possesses still a relatively “soft” or “polymeric-
like” structure. It is well known from material science templating strategies that porosity
(microporosity in particular) can be induced within an organic polymeric structure only if the
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overall scaffold has a certain degree of rigidity to counterbalance the polymer chains tendency to

pack closely together once the template is removed. (361

a) b)

160 - o
140 P 800.- i HTC carbon pyrolyzed at 600°C
g ca-a-a-w -2 B0 %

S0 e |

0 100 ,353’ 5 600 \

oy £ 1

S 50! —-HTC pyrolyzed at 600°C 3 ’ \

- -»- HTC carbon ~4004 ||

5 % HTC carbon after extraction 2. l \

© i

5 40 % 200/ 4 |

Q 20 0 [ )

I 0t idw_ww':*‘:@g::jsdw 0 [ ] ' Adddoaans o a a a a a
0.0 0.2 0.4 0.6 0.8 1.0 0 1 2 3 4 5 6 7

Relative Pressure, P/P_ Pore Diameter (m)

Figure 2-13: (a) N, sorption isotherms of glucose-derived HTC carbon at 180 °C and then pyrolysed at 600 °C;
and (b) QSDFT PSD adsorption for glucose-derived HTC carbon at 180 °C pyrolysed at 600 °C.

A type I isotherm characterises the N, uptake of the HTC carbon further treated at 600 °C (Figure
2-13. a). The high adsorption capacity at low relative pressures (P/Py < 0.05) and the relatively
sharp knee of the isotherm curve are indicative of a predominantly microporous material and a
narrow pore size distribution (PSD). Using Quenched Solid Density Functional Theory
(QSDFT) " a more precise estimate of the PSD was obtained (Figure 2-13.b). It is evident that
the material porosity is predominantly due to pores with an average diameter of ca. ~ 1 nm, with
a relatively narrow PSD. Even though the QSDFT data indicates a well-defined PSD, the
accuracy is questionable since N, sorption analysis suffers from several limitations when
employed to characterise microporous materials. I will come back to this issue later on in section
2.3.8 where I will present a careful porosity analysis of HTC materials using both N, and CO; as

probing gases.

The formation of microporosity during the thermal degradation of HTC carbon is due to the
combined effects of volatile species elimination (e.g. CO, CO, and CH4) and formation of
condensed aromatic intermediates. Both these processes lead to the development of voids (i.e.

pores) between the isotropic pre-graphinic structures, present at this stage.
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Figure 2-14: High resolution TEM of glucose derived HTC synthesised at 180°C a) before and after pyrolysis
at b) 600 °C and c) 900 °C (taken from [34]).

The effects of pyrolysis on the structural texture of HTC carbons were also investigated using
HR-TEM (Figure 2-14). The surface of the 600°C post-pyrolised sample appears rougher in
comparison to the one of standard HTC-G-180°C. This can be associated with the formation of
short and highly curved aromatic pre-graphinic domains leading to micropore formation within
the carbon structure. An additional increase in the pyrolysis temperature (900 °C) leads to cross-

linking between the intermediate aromatic structures (Figure 2-14.c). A highly curved profile and
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isotropic orientation is still observed related to a partial closure of the structural voids developed

during the thermal degradation of the HTC carbon.

2.2.5 XRD and Raman Spectroscopy:

The XRD pattern of the 180°C glucose-derived materials (Figure 2-15.a) shows broad, disordered
peaks at d =3.41A°nd d = 2.02 A° indicating an amorphous nature. Naturally, these peaks
become much more intense upon further carbonisation at higher temperatures under N;

atmosphere, corresponding to an increased degree of local order.
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Figure 2-15: a) XRD pattern and b) Raman Spectra of glucose derived HTC material (180°C) and after pots

calcination at 750°C.

The Raman spectrum of the glucose-HTC material at 180°C as well as of the material after
further calcination at 750°C (Figure 2-15. c) contains wide D and G bands around 1360 and 1590
cm ', respectively, that are characteristic for amorphous carbons or disordered graphite. A peak at
2908 cm ' was assigned to a combination of the graphitic and a disorder mode (G+D). The large
value of the ratio of peak intensities (/D//G = 0.8) indicated the low graphitic degree in the
hydrothermal carbon material. Although there is a slight change in the peak intensities upon
further calcination, I have to mention that Raman is not a very accurate characterisation technique

for HTC materials as they “in situ” graphitise under the laser beam. The main conclusion from
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both Raman and XRD is that we are dealing with amorphous carbonaceous materials which upon
further thermal treatment became aromatic “graphitic-like” however still with very disordered

structure.

2.2.6 Chemical Structure of Glucose derived HTC -a Solid State 13C-NMR Study:

So far we have looked at the structure, functionalities and porosity of glucose-derived
hydrothermal carbons formed during the hydrothermal carbonisation of glucose with a
combination of characterisation techniques such as FT-IR, XRD, Raman, Electron Microscopy,
TG-IR and N, adsorption. All these results suggest a material with polar oxygenated
functionalities coexisting with an aromatic amorphous type of carbon structure. Upon further
thermal treatment the functionalities are slowly lost resulting in a slight increase in
microporosity. As a consequence the level of structural order of the pyrolysed HTC materials

increases at the same type as the functional groups disappear. (see section 2.3.7 for more details)

For these specific materials, solid state NMR provides a better spectral resolution with respect to
FT-IR or XPS, which are otherwise important for the characterisation of HTC but cannot asses
the chemical environment. The possibility of using selective pulse sequences in >C-NMR leads
to the identification of separate chemical species without ambiguity. In addition, the poor spectral
resolution of FT-IR and XPS does not allow a reliable quantification of the carbon species

while '*C NMR should be able to provide much better results from this point of view.

Glucose offers the possibility of '*C isotopic enrichment for '*C solid state NMR studies which
were performed in collaboration with a specialised group in Paris, in particular with Dr. Niki
Baccile and Florence Babonneau. ®® The goal of this study was to show that hydrothermal
carbon from "*C isotopically enriched D-(+)-glucose is a good model to analyse the chemical
connection motifs of HTCs. This objective was achieved by combining *C solid-state MAS
(Magic Angle Spinning) NMR methods, such as one-dimensional (single-pulse, cross
polarisation-magic angle spinning CP-MAS, inversion recovery cross-polarisation IRCP, through
bond C-H filtering, insensitive nuclei enhanced by polarisation transfer INEPT) and two-
dimensional experiments (’C-"C exchange spectroscopy and through-space '*C homonuclear

double-quantum-single-quantum correlation).
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Solid-state NMR studies on a large variety of carbonaceous materials, especially in soils and
sediments, have already been performed to identify chemical species and to refine carbon
structures. °*) The most common experiments use the 'H to '°C cross-polarisation (CP) technique
coupled to magic-angle spinning (MAS). They have the advantage of signal enhancement leading
to reasonable acquisition times with respect to “C single-pulse MAS NMR experiments.
Unfortunately, quantification using CP is more challenging than in a single-pulse experiment due
to the more complicated spin dynamics. On the contrary, single-pulse (SP) experiments, which
are preferred over CP for quantification, are generally time consuming. Extensive signal
broadening coming from the potential presence of paramagnetic centers can also be a
complicating factor, but this has not really prevented deep investigations of coals or chars by
solid-state NMR. %! Cross polarisation at one single contact time is, in general, the fastest

approach to obtain preliminary information about chemical composition. [*'***!

The average chemical composition in weight percent of a resulting glucose HTC at 180°C is 62%
C; 4 % H and 34% O which corresponds to the molar formula CH 77 O ¢4;. The large H content
will be favourable to 'H-"*C through-space (CP) or through-bond (INEPT) heteronuclear

polarisation transfer NMR experiments that will help in the identification of the various sites.

Figure 2-16 shows the "*C solid-state CP-MAS NMR spectra of hydrothermal carbon samples
obtained from pure glucose (HTC-G0), a mixture of pure (20%) and fully enriched glucose (80%)
(HTC-G80), and a mixture of pure (80%) and selectively enriched glucose (20%) (HTC-G20)
recorded using a contact time of 3 ms. A primary qualitative attribution based on literature can be
proposed for each spectral domain. Region I (0-100 ppm) is characteristic of sp> carbon atoms,
indicating the presence of a broad distribution of CHx (x=1-3) sites. Region II (100-160 ppm) is
characteristic of sp” carbon atoms in C=C double bonds with signals between 140 and 160 ppm,
more specifically due to oxygen bound, O-C=C, sp” carbons. In region III (170-225 ppm), C=0
groups in either carboxylic acid moieties (175 ppm) or ketones and aldehydes (200-220 ppm)
resonate. Finally, a peak at 75 ppm, whose intensity largely varies among all materials,

corresponds to residual glucose.
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Figure 2-16: Carbon-"CP-MAS NMR experiments of samples (a) HTC-GO0, (b) HTC-G20, and (¢) HTC-G80
obtained with contact time tCP =3 ms (taken from [38]).

To contribute to a better understanding of the reaction mechanism, which transforms glucose into
functionalised carbonaceous powders, a selectively '*C-enriched glucose molecule in position 1
(sample HTC-G20) was used to promote amplification of specific signals, especially in the
carbonyl region. However, all the spectra in Figure 2-16 look similar, which demonstrates that
the "°C, initially in position 1, was abundantly reshuffled through the complete structure. Even if
a closer observation of the spectra, nevertheless, shows some slight differences in the relative
intensities of several peaks, we exclude the employment of specific isotope labelling for a more

refined investigation of the chemical condensation mechanism.

As expected, comparison between HTC-GO (acquisition time =5500 s) and HTC-G80
(acquisition time =70 s) shows that isotopic enrichment is extremely useful in terms of

sensitivity. In addition, despite the high level of enrichment, peak broadening due to "C
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homonuclear dipolar couplings is not observed, showing that a MAS rate of 14 kHz is sufficient
to efficiently average out the '*C homonuclear dipolar interactions, which are expected to range

between 2 and 7 kHz depending on C-C distances.

Such a high-quality response allowed recording quantitative single-pulse (SP) MAS experiments
on sample HTC-G80 (Figure 2-17, spectrum a). Very few differences can be noticed when
comparing the SP to the CP-MAS spectrum recorded with a long contact time of 3 ms (Figure
2-17, spectrum b) due to the large proton content (H/C = 0.77) and the presence of strong 'H
homonuclear dipolar coupling giving rise to efficient 'H spin-diffusion processes. Slight
differences are mainly concentrated in the C=O region, where the two signals around 176 and
210 ppm are clearly multicomponents: (1) a sharp peak centered at 210.0 ppm is present in the SP
spectrum but hardly detected by CP; (2) similarly, the signal at 176.5 ppm in the SP spectrum

reveals the presence of a sharp peak overlapping a broader signal.

m I

d) DQ-SQ map
projection

¢) INEPT

300275250 225 200 175150125100 75 50 25 0 -25 -50 -75
8 (ppm)

Figure 2-17: Carbon-13 MAS NMR spectra of sample HTC-G80 recorded with various sequences: (a) SP, (b)
CP, and (c¢) INEPT. (d) Skyline projection of the 2D “*C-"*C DQ-SQ experiment shown in Figure 2-22 (taken
from [38]).
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It is clear so far that *C NMR spectra suggest a complex nature of the final hydrothermal carbon
with the presence of a larger variety of carbon sites. In the following section, the *C resonance
assignments have been refined combining several >C NMR techniques. The insensitive nuclei
enhanced by polarisation transfer (INEPT) technique gives a straight-forward interpretation on
protonated carbon sites, as carbon signals are filtered via the through-bond J-coupling. Cross-
polarisation experiments have been performed at different contact times ranging from 35 us to 7
ms. We have found that this approach provides selective pieces of information mainly in region II
characteristics of aromatic peaks. Insensitive nuclei enhanced by polarisation transfer (IRCP)
experiments were also performed at several inversion times (from 1 to 500 us), and they were
extremely useful in the spectral resolution of the complex multicomponent aliphatic region.
Finally, the 2D *C-">C DQ-SQ correlation spectrum was very powerful to finely resolve most of
the carbon species and to establish their connectivities. Our indexation (peaks A-M in Figure
2-22 spectrum d, and Table 2-1) is based on this 2D DQ-SQ correlation experiment and all

techniques cited above. The decomposition of the skyline projection is shown in Figure 2-21 a.

A detailed description of each experiment used to investigate the structure of the carbonaceous

material is given in the following paragraphs.

Table 2-1: Peak assignment for the HTC-G80 after decompositions of 13C DQ-SQ, CP, and IRCP

experiments. Percentage of each carbon group was obtained by decomposition of the HTC-G80 SP spectrum

spectral INEPT B B3y

: CP/IRCP cak ereentage
domain (x=1-3) pea (ppm) pereentage
Mobile CH; CHy A 13.9
Rigid CI CH, B 23.9
| Rigid CH; CH, C 287 -
. Mobile CH;  CHy C 29.6 -
sp C 3
Mobile CHz CH, D 383
CH CHy E 50.5
CH CH, h 73.4
BC CH CH, F 110.0 29
AC C CH, G 1182 °
11
2 - C C H 131.2
sp” C 35
o-C C C | 140.7
o-C C c J 148-156
. CH, K 1?5-179} 4
C L 202-207
c-0 - 9
C M 2184
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2.2.6.1 Insight on Protonated Carbons by INEPT Experiments:

As shown in Figure 2-17 c, definite proof of the identification of protonated carbon sites is
provided by the refocused INEPT-MAS experiment which allows probing "H-">C through-bond
(J-coupled) connectivities. Nevertheless, this experiment confirms the existence of protonated
carbons in region I (10-50 ppm). The broad signal between 110 and 130 ppm (sp’ sites)
demonstrates that the majority of the sites contributing to the signal centered at 150 ppm are
actually nonprotonated. This is an important piece of information since it strongly suggests that
the signals at 110-130 and 150 ppm can be mainly assigned to furanic -O-C=CH- and O-C=CH-
sites, respectively. Indeed, similar chemical shift values are observed for d-positions (161.8 and
152.3 ppm, Figure 2-18) and B-positions (111.4 and 127.3 ppm Figure 2-18) in HMF, as shown
in Figure 2-16

(1L O _(® H. O
2O X
B(3) (4P

Majority species Minority species

Figure 2-18: Furan ring with the é-position (or positions 2; 5) and p-Positions (or positions 3;4) highlighted.

In agreement with the known chemical steps that transform glucose into HMF *°!, we believe that
this compound reacts further so that the furan ring may constitute the majority of the

carbonaceous scaffold, in agreement with CP, IRCP, and DQ-SQ experiments shown later.

Finally, the two low-intensity signals at 176.5 and 208 ppm suggest the presence of a small
amount of aldehydes with respect to typical non-protonated carbonyl sites detected in the same
chemical shift range, such as ketones and carboxylic acids, indicating the aldehyde as a preferred
reaction site. Nevertheless, the presence of residual aldehyde groups was also proved by'H-">C
CP HETCOR experiments performed at a relatively short contact time of 500 us (result not
shown) showing a correlation peak between the C=0 signal at 176.5 pp and a proton resonance at
9.0 ppm. One should remark that no cross-peak was detected at 211.0 ppm, corroborating the CP

data and confirming the assignment of this signal to a ketone group.
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2.2.6.2 Insight on Aromatic Carbons using 'H-13C CP Experiments:

Figure 2-19 a shows 'H-">C CP-MAS spectra recorded at various contact times from very short
(tcp = 35 ps) to long values (tcp =10 ms). The spectrum recorded at tcp = 35 us mainly reveals
aliphatic and B carbons and looks very similar to the INEPT spectrum. This is expected since, for
a short contact time, magnetisation transfers only occur across strong dipolar couplings
corresponding to short C-H distances characteristic of C-H, bonds. [* The aliphatic zone (10-80
ppm) of the CP-MAS spectra shows a very complex shape composed of several unresolved
resonances for which more insight will be provided by the IRCP experiments as shown next.
However, interesting insights can be actually gained in the aromatic region (100-160 ppm, region
IT). Five main peaks (F, G, H, 1, J) are evidenced, and the corresponding evolution of the
integrated area of peaks F, G, J, and I as a function of cross-polarisation time is shown in Figure
2-19 b. Interestingly, peaks G, I, and J show the same polarisation behaviour, typical of a
quaternary carbon (as compared to the behaviour of the ketone L peak at 208 ppm, reported on
the graph for comparative purposes), whereas peak F shows a very fast increase in intensity,
which is typical of a protonated carbon. Therefore, CP-MAS experiments clearly show that peak
G, which was expected to have a chemical nature similar to that of peak F on the basis of their
very close °C chemical shifts, could not be assigned to protonated carbon as peak F and is
dominated by quaternary species. We will use this important piece of information to depict the
exact nature of the carbon sites related to peaks F and G after the analysis of the 2D DQ-SQ map.
One important remark: CP behaviour of peak H at 131.2 ppm reveals to be typical of a quaternary
carbon. This piece of information will provide valuable insights about the nature of this

resonance in conjunction with the DQ-SQ experiment.
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Figure 2-19: Evolution of *C CP-MAS spectra recorded on HTC-G80 for different contact times (a) and

variation of peak intensities of aromatic region (b) as a function of the contact time (taken from [38])

2.2.6.3 Insight on the Aliphatic Region using 1H-13C IRCP Experiments:

For a detailed and complete analysis of the aliphatic region where a strong overlapping of signals
is observed, IRCP is a better approach than simple CP-MAS. Inversion recovery cross-
polarisation (IRCP) experiments are generally selective to rigid CH, and CH sites as their
normalised intensity signal tends, respectively, to a negative value (-1/3) or to 0 as a function of
ti. On the contrary, the signal of mobile CH3 and/or quaternary carbons remains positive. Figure
2-20 a. shows some IRCP experiments for the aliphatic region at selected inversion times; after
100 us, the broad signal inverts, with the exception made for two sharp components within peaks
at 29.6 and 38.3 ppm. Decomposition of the IRCP spectra is shown in Figure 2-21 b; typically,
the set of peaks A-E from DQ-SQ projection (Figure 2-21. a) was used for some selected IRCP
spectra. Finally, the evolution of the integrated normalised intensity as a function of the inversion
time for some peaks is presented in Figure 2-20 b. Negative intensity values occur for CH;

groups whose peaks are at 23.9 (B), 28.7 (C), and 38.3 (D) ppm; stars show the typical behaviour
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for mobile CHj species, as confirmed for peak A at 13.9 ppm and sharp peak C at 29.6 ppm
belonging to CHj3 groups. Finally, intensity variation for peak E at 50.5 ppm shows the expected
behavior for CH groups as also confirmed by comparison to the behavior of the peak labeled (*)
due to the CH of glucose (73.4 ppm), acting as an internal CH standard. Table 2-1 summarizes
the main families of CHx groups (peaks A-E), but one should notice that peaks C and D are

certainly multicomponents, resulting from the DQ-SQ projection (Figure 2-21. a) and the cross-

peaks in the 2D map.
a) b)
:zf:gcr:; Mobile CH Mobile C I]’ CH
t, variation ——y 3 —o—187 Y]
1ps 1.2+ 4135 —%—239| |-0—505
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Figure 2-20: (a) IRCP spectra recorded at various inversion times in the aliphatic region for sample HTC-
G80. (b) Evolution of IRCP peak intensity for selected decomposed peaks belonging to various CH, CH,, and
CH3 groups (taken from [38]).

2.2.6.4 Insight on Spatial Connectivity using 13C Homonuclear DQ-SQ Correlation

Experiments:

The experiments previously performed allowed identification of the different functions present in
the carbonaceous samples but did not provide information about close spatial proximities
between the various carbon groups. Indeed, several NMR methods exist to visualize short-range
connectivities via either through-bond or through space techniques: for example, the group of
Emsley used double-quantum excitation (INADEQUATE “#) to probe carbon-carbon

e . . 4
connectivities in biomass. [43]
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For our study, we strongly preferred the use of double-quantum excitation; in fact, the signals
lying on the diagonal in a 2D DQ-SQ experiment provide crucial pieces of information about

connectivity among equivalent sites.

T T - . - — 1 T - T . T
225 200 175 150 125 100 75 50 25 0
(ppm)

Figure 2-21: a) Simulation (violet) of the 2D Bc-13cC DQ-SQ projection (blue); b) Simulation (violet) of the

aliphatic region of several IRCP spectra (blue) at different inversion times ( taken from [38]).

Since we were unable to optimise a high-quality INADEQUATE experiment on our samples,
probably due to the low values and dispersion of J-coupling values for sp” and sp® carbon sites,
we performed a two-dimensional (2D) "*C homonuclear double-quantum-single-quantum (DQ-
SQ) MAS experiment using the SC14 sequence. *®! This experiment allows the double-quantum
recoupling of dipolar-coupled spin pairs and results in a 2D spectrum (with a direct SQ MAS
dimension and an indirect DQ dimension for which the frequency corresponds to the sum of the
two individual chemical shifts of the pair of coupled spins), allowing one to trace out the C-C
proximities between both inequivalent and equivalent sites. In the case of uniformly *C-labeled

samples, the DQ-SQ correlation spectra are dominated by the direct (one-bond) strong couplings
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%61 and the longer-range C-C proximities are evidenced through

[47]

due to dipolar truncation effects,

indirectly correlated peaks of lower and negative intensities.

To avoid the presence of the indirectly correlated peaks and only observe correlation peaks
reflecting the one bond C-C strong coupling, we have used short DQ excitation and reconversion
times (corresponding to two rotor periods) to record the 2D CP-filtered DQ-SQ correlation
spectrum of sample HTC-G80, which has a high ">C enrichment level. Crosspeaks (93.2-72.7 and
97.0-75.1 ppm) relate to the DQ excitation of C1-C2 groups in the &- and f-pyranose forms of
glucose (whose presence was highly abundant also in the mother liquors). This is very important
as glucose acts as the internal standard proving that the SC14 sequence under the employed

conditions is selective to one C-C bond length.

The main and most important result of the 2D DQ-SQ"C-">C map is the visualisation of the
subtle connectivity among all species shown via the numerous cross-peaks, revealing the
complexity of the carbon skeleton; however, they can be grouped in five different categories
(symbolysed by dashed rectangles in Figure 2-22 a), depending if they relate two carbon sites
from the same spectral region (I-I and II-II) or from two different regions (I-1I, I-III, and II-IIT).
The most intense correlation peaks belong to the II-II region, revealing strong homonuclear *C-
3¢ dipolar interactions between those sp® C sites. Peaks in the I-I region are less intense, but the
dipolar coupling between sp’ C is expected to be lower (longer C-C distance and possible internal
mobility). As expected, no crosspeak relates two C=0O sites from region IIl. Then, the most
intense cross-peaks relating C sites from two different spectral regions are found in region I-I1I,
showing that the C=O groups are mostly bonded to sp’ C sites. Fewer and less intense cross
peaks are found in regions I-II and II-III, suggesting the existence of spatially distinct domains

that discriminate the sp® C sites from the others.

A closer look to the various regions will help in proposing some structural motifs for the
carbonaceous scaffold. (For a clear trace of the connectivity on the 2D DQ-SQ map, one should

refer to Figure 2-22 b.)

Aromatic core (region II-II): As established earlier by CP and INEPT experiments, region II

corresponds primarily to R-substituted furanic rings where peak F originates from protonated /-
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carbons and peaks I and J are related to non-protonated d-carbons. For this spectral range, the
DQ-SQ map shows four diagonal autocorrelation peaks (F-F, G-G, H-H, and I-]) and three partly
overlapping off-diagonal cross-correlation peaks (F-J, F-I, and G-J).

The cross-correlation peaks F-J clearly suggest connectivity between the d-carbons of two furanic
rings through a C=C double bond, as shown in Scheme 2-1 a structure b whereas the correlation
peak I-I reveals a direct furanic connection, as depicted in Scheme 2-1. a structure c. The auto-
G-G and cross-correlation peaks G-J and F-B indicate that quaternary f-carbons F and G also
constitute an important site for extra-furanic connectivity, as shown in Scheme 2-1 a structures d-
f. To this regard, due to the equivalent amount of protonated and quaternary f-carbons (peaks F
and G) as observed in SP MAS spectrum, one f-carbon out of two throughout the whole material
is cross-linked. Finally, peak H at 131.2 ppm, given its chemical shift (typical for extended
aromatic networks), its quaternary nature (as seen by CP behaviour as a function of contact time),
and the presence of an auto- H-H cross-peak (though of low intensity), describes the existence of

spurious domains of arene-like aromatic units (Scheme 2-1a structure a).

Due to the intensity of the cross-peaks depicted in region II-II and the nature of the identified
chemical species we believe that the core of the carbonaceous material is mainly composed of
cross-linked furanic species. The chemical nature of the cross-links, spacers, and possible end
functions, which are directly bonded to the furanic rings, is described below after analysing the

correlation peaks between regions I-1, I-II, I-11I, and II-11I.

Cross-links between furanic groups (regions II-I and II-III): Chemical functions that are
directly connected to é-carbons are shown in Scheme 2-1b and are related to off-diagonal cross-
peak signals found in regions II-I and II-III of the DQ-SQ map of Figure 2-22 a. Signal B
identifies a wide distribution of R-CH, groups, which can be, in turn, connected to either a
second furan ring (Scheme 2-1. b structure a) or to a carbonyl C=O group (signal M, Scheme 2-1
b-structure b), which can be interpreted as either an aldedhyde or a ketone group connected to an
E site at 50.5 ppm, most likely a CH group (see IRCP). At a lower extent, a carbonyl C=0O group

can be directly bonded to d-carbons (Scheme 2-1b-structure c).
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Figure 2-22: a) Two-dimensional “C DQ-SQ MAS NMR correlation spectrum recorded on sample HTC-G80
with Ty =tr =285.3 ps. Insights on the connectivity scheme are provided in b and c); b) Highlight of

connectivity pathways for the aromatic region; c¢) Highlight of connectivity pathways (refer to coloured legend

for details) between aliphatic and carbonyl C=0, aromatic and aliphatic, aromatic and carbonyl C=0 regions

(taken from [38]).
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Scheme 2-1: a) Structural motifs identified in region II-I1 from the 2D DQ-SQ BC-BC correlation Spectrum;
b) Cross-links between furanic rings and end functions at the G-carbon identified from the 2D DQ-SQ Bc-13C

correlation spectrum (taken from [38]).

End functions. A low amount of direct functional groups directly linked to the furanic rings is

evidenced on the 2D correlation spectrum, as depicted in Scheme 2-1. b- structures d-f.

Typically, aldehydic (Scheme 2-1. b-structure d), methyl (Scheme 2-1. b.-structure e), and
carboxy (Scheme 2-1. b.- structure f) groups bonded to the R-carbon are evidenced through the

off-diagonal J-L, J-A, and J-K cross-correlation peaks, respectively.

Interestingly, the connection between the arene-like peak H and the rest of the material is allowed

by a keto group (cross-peak H-L).

Cross-linking (regions III-I and I-I). These regions mainly show the interactions among
carbons that compose the linkers between furanic moieties. Peak B identifies CH, (see IRCP)

cross-links between furanic species (peaks F and J):C4-CH;-C; (J-B-J, high intensity); CS-CH,-
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Cp (F-B-F, but very weak intensity); and C4-CH,-Cf (J-B-F, of weak intensity). Peak E at 50.5
ppm is a CH group according to IRCP experiments. The corresponding cross-peak is very broad
and difficult to analyse as it mainly connects to ketones E-L even if CH-CH (E-E) or CH-CH;

(E-D) self-correlation may also be possible.

Levulinic acid (LA). All correlation peaks that have been discussed above are related to the
structure of the furanic network. However, several additional intense cross-correlation peaks
between regions I and III are also clearly observed on the 2D correlation spectrum. This concerns
the K-C cross correlation peaks at about 176.5 (K) and 28.7 (C) ppm in the SQ dimension, the C-
D cross-correlation peaks at 28.7 (C) and 38.3 (D) ppm, the D-L cross correlation peaks at 38.3
(D) and 208 (L) ppm, and, finally, the L-C correlation peaks at 208 (L) and 29.6 (C) ppm. First,
this set of correlation peaks clearly indicates that the C peak contains two distinct components
(which overlap completely in the 1D MAS and CP-MAS spectra) with isotropic chemical shifts
very similar to those reported for the CHs (29.7 ppm) and CH; (27.9 ppm) groups of levulinic
acid in CDCl; solution. Second, it shows a K-C-D-L-C connectivity pattern that is characteristic
for levulinic acid. The presence of levulinic acid was confirmed by an additional 2D C
homonuclear proton-driven magnetisation exchange experiment realised with a mixing time of
150 ms without the classical 'H-">C CP step (result not shown). This approach allows the
detection of all mobile species whose sensitivity is very low using a common CP approach due to
molecular mobility. We were able to visualise the same connectivity pattern, 29.6-210.0-38.3-
28.7-176.5 ppm, typical for the levulinic acid molecule. Meanwhile, sharp signals at 210.0 and
176.5 ppm, which were lost after CP treatment, were recovered and found to be coherent with
peak attribution and connection related to levulinic acid. This additional experiment shows that
part of LA exists in a free form within the material core and it is in good agreement with our TG-
IR analysis. So if one wishes to have levulininc acid free HTC a Soxhlet extraction is necessary.

(see section 2.2.4)

One final remark: the four well-defined, but weak, cross-peaks at 75 ppm (marked by an asterisk)
and (93, 97) ppm can be attributed to the unreacted ¢- and f-glucopyranose forms of glucose, as

pointed out before, existing in spurious amounts (Scheme 2-2).
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It is clear from the 2D experiment that glucose does not correlate with any other carbon in the
sample, suggesting its simple entrapment in the carbonaceous matrix. All data support the idea
that the main structural motif is the furan ring directly coming from HMEF, the dehydration
product of glucose. The very intense cross-peaks J-F provide the main spectroscopic evidence for
this assumption: the amount of C=C-O and C=C is close to one-to-one. Any interpretation
including widespread graphene sheets decorated with OH groups is not consistent with our data
because an intense peak at 130 ppm, in addition to the resonance above 140 ppm, would be
otherwise expected. This idea was also corroborated by the fact that direct carbonisation of HMF
provides a material whose chemical characteristics are very close to a glucose-synthesised

carbon, as it will be shown by solid-state NMR experiments in the following section.

However, the final product of thermally treated biomass is not just a simple polyfuran, and the
obtained material is quite complex, as suggested by the combination of coexisting structures
depicted in Figure 2-18. Clearly, HMF units merge together mainly via é-carbons, causing the
long-range conjugated double bonded network, but ramification from f-positions is also very
common as one f-carbon out of two is actually cross-linked. Even if the presence of furan
moieties in the structure of carbonaceous materials was very seldom highlighted, we believe that

this is actually the only coherent explanation to our data.

To have a picture of how the internal structure of the carbonaceous powder is disposed, one

should consider several points:
(1) The dimension of each particle ranges between 0.5 and 2 um (Figure 2-3)

(2) C-C DQ-SQ experiments show that most of the furan rings are strongly mutually

connected, suggesting their very close spatial proximity;

(3) Quantitative data indicate that a fairly high amount of carbon signal (>20%), excluding free
levulinic acid) comes from aliphatic carbons, and through space connectivities show that most of

those groups play a crosslinking role between carbonyls and furans.

These considerations clearly exclude a long-range furanic network whose external surface is

decorated with aliphatic chains and carbonyl groups, but it rather leads us toward an
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interpretation in which the micrometer-sized carbon particle is actually composed of many
interconnected (through short keto-aliphatic spacers) nanosized domains in which an arbitrary
combination of structures proposed in Scheme 2-1 coexist together. The model as described

above is visualized in Scheme 2-2

Analysis of the overall intensity of the SP spectrum (Table 2-1) of HTC-G80 lets us attribute
13% of carbon to C=0 containing groups, ca. 64% to sp> C=C carbons (in particular, about 29%

to G-carbons, 29% to B-carbons, and 6% to arene sheets) and around 23% to sp’ carbons.

Aromatic core

0
»(_)\{/q X=H.R | Connecting
\ X'=H,R | functions

05-50um
Embedded
Levulinic acid

Scheme 2-2: Proposed structural model of 180°C glucose-derived HTC particle (taken from [38]).

2.2.7 Potential Chemical Reactions involved in the HTC Formation Mechanism

BC- Solid state NMR proved to be a very powerful technique in the determination of the final
structure of HTC materials using here glucose as a model system. However, we still do not know
what are the chemical reactions occurring in the autoclave during HTC which lead to the

formation of such a polyfuranic-based carbonaceous material.

Since HMF is considered the main precursor for the generation of HTC, in order to get an idea of

reactions, which are likely to occur it is worth to have a look at the respective chemistry.

80



Chapter 2: Structural Characterisation of Hydrothermal Carbons

Figure 2-23 gives an overview on the reaction pathways. Furan is a five-membered heterocyclic
aromatic compound. The ring is composed of one oxygen and four carbon atoms. The aromatic
resonance energy is low compared to benzene and the electron density within the ring exceeds the
one of benzene due to the electron-donating effect of the oxygen. Consequently, furan shows
high reactivity (10'' times higher than benzene) towards electrophilic aromatic substitution
reactions, which are preferred in the 2,5-position (Figure 2-23/1). The high electron density and
low resonance stabilisation lead to manifold electrophilic addition and ring-opening reactions
compared to other aromatic compounds. As acid catalysed ring-opening reaction lead to
diketones, furans can be seen as masked diketones, as well (Figure 2-23/I1). Diketones,
possessing a-hydrogens can easily undergo inter- and intramolecular aldol-type reactions due to

the keto-enole tautomerism.
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Figure 2-23: Possible chemical reactions of furan ring (taken from [48]).

Because of the rather weak conjugation of the oxygen atom, furans can also undergo nucleophilic

addition reactions, behaving like a 1,3-butadiene (Figure 2-23/III). The resulting adducts can be
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easily converted by nucleophilic substitution. Additionally, the 1,3-diene substructure is fixed in
the ring, perfectly arranged as diene component in Diels-Alder reactions (Figure 2-23/IV). Diels-

Alder products can be transformed into classical aromatic compounds.

Regarding the chemistry of HMF, mainly reactions on the hydroxymethyl group (esterification,
etherification and oxidation) and the formyl group (reduction, oxidation, aldol reactions and
aldol-like reactions) are mostly investigated with the aim to produce symmetric compounds for

. . 4
the use as monomers in sustainable polymers. [**)

To distinguish HMF from furan and get some insights into the hydrothermal carbonisation, first
the respective chemistry of the functional groups has to be considered. Typical reactions are
shown in Figure 2-24. The very reactive formyl group can be attacked by several nucleophiles.
One of the most important reactions of aldehyds is the aldol condensation with a-carbonyl
compounds, such as diketones (Figure 2-24/A). In the presence of alcohols aldehyds are
transferred into acetals (Figure 2-24/B). Interestingly, the acetalisation changes the reactivity of
the furan ring in HMF, as it blocks the electron-withdrawing mesomeric effect of the formyl

group and therefore increases the electron-density within the ring.

The hydroxyl group within the hydroxymethyl substituent can undergo simple nucleophilc
substitution being a good leaving group (Figure 2-24/C), as well as etherification/esterification in
the presence of alcohols/carboxylic acids (Figure 2-24/D). Dissociation of the hydroxy group
gives reactive carbocations (Figure 2-24/E), which can undergo electrophilic substitution

reactions at nucleophilic furan rings (Figure 2-24/F).
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Figure 2-24: Selection of possible HTC-relevant reactions at the substituents of HMF and acetal-protected
HMF (taken from [48]).

Second, substituents also change the chemistry of the ring (Figure 2-25). The electron-
withdrawing substitutes will reduce electrophilic attacks on the ring (Figure 2-25/1). This is
especially the case as the hydroxymethyl- and the formyl-group in HMF are located at the
preferred 2,5-positions. Nucleophilic addition reactions are more favoured due to the already
mentioned resonance effect with the formyl group, instead (Figure 2-25/I). However, the
substituents are even more reactive in that sense and also lead to sterical hindrance at the 2,5-

position.

The addition of water and subsequent ring-opening leads to the formation of levulinic acid (LA)
and formic acid (FA) in hydrothermolysis (Figure 2-25/II1). This indicates the strong involvement

[50]

of such ring-opening reactions, which can convert furans into diketones.” " a-H-diketones give

rise to versatile aldol chemistry (Figure 2-25/11I).
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Figure 2-25: Selection of possible HTC-relevant reactions at the ring of HMF (taken from [48]).

In context with Diels-Alder reactions, the diene substructure of HMF changes from an electron-
rich diene like furan, to an electron-poor diene, which consequently prefers the reaction with
electron-rich dienophils (Figure 2-25/IV). Notably, the formyl-group in HMF is located in a-ene
position and therefore creates another diene substructure, which might also undergo Diels-Alder
reaction (Figure 2-25/V). Pressure and temperature can influence the reactivity, especially in
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Diels-Alder reactions, which are exothermic and have a negative reaction volume. Water, as the
solvent, can be favourable for Diels-Alder reactions of rather hydrophobic reactants and it also

accelerates reactions with ionic transition states like aldol reactions.

The chemistry of mono-substituted furans, which either possess the hydroxymethyl- (furfuryl
alcohol) or the formyl-function (furfural) is well-investigated. Self-condensation, sometimes
called resinification, of furfural and fururyl alcohol is also reported. Gandini et al., who
contributed a lot to furan-based polymerisation, explains the difficulties in understanding the
mechanism of poly-furfuryl alcohol with two side reactions namely hydride abstraction and
intramolecular Diels-Alder reactions. °' Succeeding H/H™ abstraction cycles at methylene
bridges of the oligo(furfurylalcohol) lead to a conjugated linear polymer. Dihydrofuran moieties
are then likely to react as dienophils with the diene substructure of furans to produce the typical
cross-linked resins. With this model Gandini et al. also explained the colour generation of the

5 The proposed

branched polymer by highly conjugated sections within the resin.
polymerisation and cross-linking scheme is presented in Figure 2-26/A. The resinification of
furfuryl alcohol under acidic and aqueous conditions probably also possesses diketone formation
within the polymer chain. This happens via ring-opening reactions, which are thermodynamically
slightly favoured. °?! Attention has to be drawn on the possibility to convert the ether bridge in
oligo-/poly(furfuryl alcohol) into a methylene bridge by the release of formic acid. Estherification
(Figure 2-24/D), is expected from HMF as well. Therefore this mechanism is also likely to
contribute to the formation of HTC. However, due to the formyl group the reactivity of HMF
should be closer to furfural, where the “resinification” is even more complicated and less
investigated. Different resin precursors, shown in Figure 2-26/B were found by simple thermal
degradation of furfural at 100-250 °C. Both together lead to cross-linked precipitates. It is
proposed that again charge stabilisation in the conjugated systems may lead to the dark colour.
Radical reactions as well as reactions involving the release of hydride ions have to be considered.
Nevertheless, it is reported that HMF, which does not posses a free 2- or 5-position, is hardly
sensitive to this reaction.”™ Additionally, the presented “resinification” products are clearly to
be distinguished from the respective hydrothermal carbon as ring-opening reactions were avoided

by anhydrous conditions.
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Figure 2-26: Resinification schemes of A) furfuryl alcohol and B) furfural (taken from [48]).

To summaries, acetal formations from HMF with glucose as well as intermediate dioles are very
likely to be formed during the HTC process. As mentioned before, the acetalisation reduces the
reactivity of HMF due to the protection of the aldehyde group. The increased electron density of
the ring increases the reactivity of the hydroxyl group, which can or undergo etherification or
dissociates leading to substitution in the 3,4-position of other furans. Ring-opening reactions
create diketones like LA, which can easily undergo aldol condensations. Horvat et al, who
studied the formation of levulinic acid, pointed out that instead of 2,3-addition of water, which
finally leads to levulinic acid, the 4,5-water addition should also occur. They proposed that this
pathway, most likely producing 2,5-dioxo-6-hydroxohexanal (Figure 2-25/II1), for the formation

of polymeric species.”* Together substitution and condensation are polymerisation reactions.
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The NMR experiments indicate the furans to be mostly 2,5-substituted, therefore aldol
condensation can be considered to be indeed one of the most important occurring reaction. This
was also confirmed in a recent experiment by Patil and co-workers who compared the structural
features of HTC materials formed from glucose, fructose and HMF. [54] Therein, diketones will
react with the very reactive aldehyde function of HMF and with other diketones. Like reported
for poly(furfurylalcohol), loss of formaldehyde converts ether-bridges into methylene bridges.
Deprotonation and dehydroxylation can create conjugated networks, which can explain the dark
colour of HTC. The involved dehydrofurans and double bond give rise to Diels-Alder reactions
with the inherent diene substructure of furanes creating further cross-linking and additionally
aromatic structures observed in a very small percentage from NMR (structure Scheme 2-1 a).
Formation of the abundant CH, groups acting as linkers between furan rings (see section 2.2.6.3)
may originate from nucleophilic addition after possible elimination of the hydroxyl group on
HMF. The nucleophilic attack on the aldehyde group of HMF from a second furanic unit may
lead to hydroxyl species that can, in turn, be eliminated with subsequent electron rearrangement
and formation of a sp> CH carbon between two furan moieties (Scheme 2-1.a.-structure b). The
formation of specific CH; and COOH ending groups (from Cdé of furan ring) was previously

reported. >

We believe that such a complex HTC structure is the result of a cascade of coexisting reaction
paths of interfurfural polymerisation and aldol condensation reactions involving both the furan
motif and dehydrated glucose-based products, such as levulinic acid. This more vinylic, aliphatic
structure explains many of the properties of hydrothermal coal, such as rather high combustion
value %, high chemical reactivity, reductive properties, and high ion binding capacity and
wettability. Summarised we can speak of a set of dehydration, polymerisation i.e. condensation

and addition and aromatisation reactions, which lead to the final chemical structure of HTC.

From NMR we found that about 60% of the carbon atoms belong to a cross-linked furan-based
structure. Furan moieties are directly linked either via the R-carbon or via sp>- or sp’-type carbon
groups, where cross-linking can occur. Additional cross-linking sites are located at the § carbons

of the furan ring. In good agreement with TG-IR (Figure 2-10) we found that levulinic acid, one
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of the decomposition products of hydroxymethylfurfural (HMF), is highly abundant in the final

material as embedded molecule.

It is indeed very challenging to fully understand the chemistry behind the formation of HTC
materials. As in the case of nucleation, in situ monitoring of the reaction using NMR or LC-MS
are alternatives. However, these are difficult to achieve because of the very severe conditions
inside the autoclave. In this respect the use of C solid state NMR on "C labelled glucose
derived materials together with revising furan chemistry helped us to propose a potential

mechanism and a final chemical structure of HTC materials (Scheme 2-2)

2.3 Structural Differences between HTC Materials from Different

Hydrolysable Carbohydrates

After determining the final structure of the glucose based HTCs we embarked on a comparative
structural study of hydrothermally synthesised carbon materials obtained from different
saccharides classified according to their number of carbons (pentoses vs. hexoses) and growing
complexity (mono vs. di- vs. polysaccharides). P! In this subchapter I will compare such
materials in terms of morphology, functional groups, crystalinity, porosity as well as chemical
structure using the combination of techniques previously described for glucose. In addition, the
effect of post calcination at different temperatures on the HTC materials will also be

presented. %!

I will show that all materials obtained from hexoses-based mono- (glucose, HMF), di- (maltose,
sucrose) and polysaccharides (amylopectin, starch) have the same chemical nature in terms of
atom percentage and functional groups, as verified by *C solid-state cross polarisation (CP)
NMR analysis , scanning electron microscopy (SEM), FT-IR and others. On the other hand,
pentose-based (xylose, furfural) carbonaceous materials clearly showed interesting morphological
and chemical differences with respect to hexose-based ones. This work also clearly underlines
that no substantial difference exists between monosaccharide- and polysaccharide derived
carbons, suggesting that the complexity of polysaccharides (not including cellulose, section 2.4)
hardly has any influence on the material-forming mechanisms. This is important as it indicates

that basic studies performed on simple test molecules, like glucose, have broader validity and that
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irrespective of the complexity of the saccharide source, the final materials have very similar local

functionalities and connection patterns.
2.3.1 Morphology:

Particle dispersions of carbonaceous materials were prepared from saccharides at 180°C in water
in a closed autoclave. The dried HTC powders were thereafter calcined at different temperatures
(350, 550, 750 and 950 °C) under a constant flow of N, gas at a heating rate 5 °C/min below
350 °C and 2 °C/min above 350 °C and then kept at the desired temperature for 2 h. We denoted
the materials HTC-X-Y where X represents the name (or initial) of the precursor and Y
represents the post-calcination temperature. Ex: HTC-Glucose is the hydrothermal carbon from

glucose (180 °C) while HTC-Glucose-350 is the same material after post-calcination at 350 °C.

Despite the similar chemical nature of the employed sugars, the first being a hexose and the
second a pentose, the final materials have remarkably different shapes Figure 2-27. The
decomposition of xylose leads to separated carbon spheres with a diameter between 100 and 500
nm while glucose-based carbon is characterised by a mixture of spheres whose size varies
between 500 nm and 1 mm, randomly dispersed inside an interconnected matrix of smaller

particles (<200 nm).

It needs to be mentioned that the particle size and homogeneity can be further controlled by
temperature, time and concentration (see section2.2.1). The morphology of HTC carbon
materials, no matter of the precursor and temperature, does not change upon further thermal

treatment Figure 2-29.

SEM micrographs of carbon materials from disaccharides (maltose, sucrose) and polysaccharides
(amylopectin, starch) are depicted in Figure 2-28. HTC-maltose and HTC-sucrose are composed
of interconnected particles, in coexistance with domains (larger in C-maltose) where aggregation
occurs. C-maltose is composed of a larger number of small (200500 nm) particles in co-
existence with larger spheres (2 mm). By contrast, C-sucrose is composed of spherical particles

whose size vary between 700 nm and 2 mm. Strong similarities are found for C-maltose and C-
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glucose materials, both caracterised by isolated large spherical particles within a large matrix of

interconnected small particles with ill-defined shape.

] C-Glucose [

20 EXZEL
g 2 ;U .
o 26"

Lum &y ALY, ¢ / Wy,
Figure 2-27: SEM images of samples HTC-Glucose, C-HMF, C-Xylose and C-furfural (taken from [57]).

Polysaccharides including amylopectin and starch, whose SEM images Figure 2-28 show
interconnected spherical particles ranging from 700 nm to 2 mm, provide very similar dispersion
patterns despite their low solubility in water at room temperature. When one compares SEM

structures of final carbons to original saccharides (micrographs not shown-see ref. 57), the
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restructuring process which took place during HTC and transformed the original disordered bulky
materials into micrometer-sized particles and/or spheres is self-evident. As described for the case
of glucose, HTCs form by the decomposition of hexoses to HMF and pentose to furfural
followed by a cascade of chemical reactions such as dehydration, polymerisation i.e.
condensation and addition and aromatisation reactions. Nicely dispersed, separated spherical
particles are found for xylose and furfural derived HTC (Figure 2-27). An explanation for this
may probably come from the limited water solubility of furfural (< 8.5 m/v%), which tends to
emulsify in solution, and carbonisation may only take place inside droplets. In the case of hexose-
based carbohydrates the morphology is rather similar. Of course the higher is the complexity of
the carbohydrate (monosaccharide < disaccharide < polysaccharide) the higher is the
polydispersity of the resulting HTCs. This might be due to the different hydrolysis and
dehydration rates. In the case of polysaccharides and disaccharides, they are firstly hydrolyzed to
the monosaccharide units (i.e. glucose) and s further dehydrated to HMF via the Lobry de Bruyn-

Alberta van Ekstein rearrangement. !
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i C-Starch

Figure 2-29: SEM images of HTC and post-calcined carbons. a) HTC-Glucose; b) HTC-Glucose-550; ¢) HTC-
Glucose-950; d) HTC-Sucurose; e¢) HTC-Sucurose-550; f) HTC-Sucurose-950; g) HTC-Starch; h) HTC-
Starch-550; i) HTC-Starch-950; j) HTC-Xylose; k) HTC-Xylose-550; and 1) HTC-Xylose-950 (taken from
[34]).
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2.3.2 Elemental Composition:

Elemental analysis of the HTC carbons calcined at different temperatures Table 2-2 shows major
compositional changes in the temperature interval 350 - 750 °C, where carbon content increases
from ~70% to ~95% while the H and O contents are markedly reduced. Increasing calcination
temperature to 950 °C has a continuous effect on the HTC carbon elemental composition, but this
time, the rate of change with temperature is small. These findings suggest the critical temperature
region for HTC carbon thermal decomposition is lower than 750 °C which is consistent with the

TGA that the main decomposition event is over the range 350 - 600 °C (Figure 2-10.)

The chemical composition also largely changed during the hydrothermal process: saccharides
turn into dark brown or black powders with a carbon content increasing from the original 40 wt%
to 64-70 wt% meanwhile, the oxygen presence is reduced from 53 wt%, as found in, e.g.,
glucose, to 27-30 wt% for carbon powders. Looking at the elemental composition data in Table
2-2 we can observe that HTC-xylose has higher carbon content (68% C) as compared with the
other samples with similar values (~ 66% C). This is explained by the fact that xylose forms HTC
via furfural resulting in a more condensed carbon network. Nonetheless, the oxygen level remains
quite high even in C-xylose (25.4%) meaning that the conjugated C=C network is always
accompanied by larger quantities of functional groups (C=0O, COOH), furan rings and ethers.

Upon further thermal treatment the values between the different precursors are very similar.
Obviously, the higher the post-treatment temperature, the higher is the carbon content and the
less the oxygen. This suggests that an aromatisation process occurs with the elimination of polar

functional groups.
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Table 2-2: Elemental analysis data of HTC and post-calcined carbons:

Samples C (Wt%) H(Wt%) O (Wt%) Samples C (wt%) H(wt%) O (wt%)
HTC-G 6677 4358 28 872 HTC-St 66.1 4487 28.413
HTC-G-350 6820 4169 27,541 HTC-5t-350 68.91 4187 26.903
HTC-G-550 8271 3,089 14.201 HTC-St-550 83.5 3484 13.016
HTC-G-750 9404 1.668 4290 HTC-5t-750 05.02 1.103 3877
HTC-G-950 9642 0.509 3.07 HTC-5t-950 96.14 0406 3454
HTC-Su 66.77 4431 28.799 HTC-X 68.51 405 25.4
HTC-Su-350 69.84 4265 25.895 HTC-X-350 69.63 4021 26.349
HTC-Su-550 87.07 299 0.94 HTC-X-550 83.64 3497 12.863
HTC-Su-750 9303 1657 5313 HTC-X-750 95.66 1241 309
HTC-Su-950 9522 041 4.37 HTC-X-950 97.21 0416 237

2.3.3 FT-IR

The FT-IR spectra of the HTC carbons as well as the ones obtained after calcination at various
temperatures are shown in Figure 2-30 for four precursors. Abundant functional groups can be
observed on all HTC carbons. A broad absorption band between 3700 and 3100 cm™ corresponds
to O-H (bonded) stretching vibration. The band at ~ 2925 cm™ indicates the presence of
methylene-type groups (e.g., V(C-H)gyen ). The bands at ~1700 and ~1600 cm™ are attributed to
C=0 and C=C stretching vibrations, respectively, support the concept of aromatisation of
biomass during hydrothermal treatment. [") While these characters are the same for all the four
HTC carbons, independent on the used precursors, there are also some differences especially in
the case of xylose (HTC-X). The two weak bands in the 1520 — 1450 cm™ region for HTC-X,
which can be attributed to aromatic ring stretching vibration,™® differ from the other three HTC
carbons, which only have one band each. A stronger aromatic characters for HTC-X, as shown by
the more resolved bands at 880 and 752 cm’’ (8(C-H)oop (out of plane)), 18 also suggested.[”] These
differences are again related to the fact that xylose is a 5C sugar and the formation of HTC takes
place via the formation of furfural and not HMF. Therefore, a more condensed structure with a
slightly more “aromatic™ character is obtained upon HTC. This is clearly confirmed by the "*C-

solid state NMR experiments (Figure 2-34).

94



Chapter 2: Structural Characterisation of Hydrothermal Carbons

The carbons calcined at 350 °C have the similar spectra with the hydrothermally carbonised
materials. This is in good agreement with the TGA data (Figure 2-10) which shows that the main

decomposition event (for glucose) starts only above 300°C.
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Figure 2-30: FT-IR spectra of the HTC and post-calcined carbons, derived from a) glucose, b) sucrose, c¢)

starch, and d) xylose ( taken from [34]).

Increasing the post-calcination temperature to 550 °C, the intensity of most oxygen-containing
related bands decrease, while the C=C band becomes of stronger intensity. Some new bands
corresponding to aromatic features such as bands at 8§76, 814 and 748 cm'l(S(C-H)oop) appear at
550. " These are due to further dehydration and condensation reactions towards arene-like
aromatic domains. [ As the temperature further increases to 750 °C and 950°C the degree of

carbonisation increases, therefore no adsorption bands can be detected and the spectra become

smooth.
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2.3.4 XPS

XPS offers information about the surface functional groups and for all the investigated HTC and
pots-carbonised HTC materials. The XPS spectra show tow peaks corresponding to Cls and O1
(Figure 2-31, Table 2-3). The high resolution C1(s) envelope of glucose and xylose derived HTC
carbons are characterised by three main contributions, at 285.0 eV (CI, C-C and C-Hy),
286.3/286.6 eV (€2, C-O-H (hydroxyl), C-O-C (ether)) and 287.9/288 eV (C3, C=0O (carbonyl))
with a minor shoulder at 289.3/289.44 eV (C4, O=C-O (acid or ester)). The relatively high
intensity of the peaks at C2 and C3 indicates the presence of a considerable amount of
oxygenated functionalities mostly related to the furan and carbonyl moieties present in the HTC

carbon structure.[®”

Pyrolysis at 550 °C causes a major reduction of the oxygen related
contributions indicating the loss of such functionalities and a resultant increase of surface
hydrophobicity. The residual C3 peaks can be attributed to the presence of phenolic groups
forming during the pyrolysis process as confirmed by "*C solid state NMR.1*”! The peak at 290.1

eV (C4(b)) for the glucose derived carbon is attributed to adsorption of CO,.

Increasing the temperature to 950 °C leads to a further loss of oxygenated functional groups
present at this stage only in minor quantities. In addition the simultaneous increase of the peak at
291.1 eV (C5) for xylose derived carbon, corresponding to n>n" shake up satellites, suggests the
presence of extended pre-graphinic polyaromatic domains as the major building unit of the
carbon scaffold. The peak at 290.4 eV (C4(b)) for glucose derived carbon is also attributed to
adsorption of CO,.

In good agreement with elemental composition the HTC from glucose contains less sp” graphitic
carbon and more carbon bound to oxygen then the xylose material. Once the materials are

calcined at higher temperatures the differences between them become neglectable.
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Table 2-3: Experimental Cls / Binding energy B.E. (eV)/ Chemical state assignments for glucose and xylose

derived carbons

C1 C2 C3 c4 C4(b) Cs
Samples Sp2-Graphitic C-O0 C=0 0=C-0 Carbonate n-n* Shake up
Satellite
or C-C/C-Hy

HTC-G-180 285/69.4% 286.3/22.5% 287.9/6.4% 289.3/1.7% X X
HTC-G-550 285/82.5 286.4/11.6 288/3.3% X 290.1/2.6% X
HTC-G-950 285/85.1% 286.54/7.3% 288/4.2% X 290.4/3.4% X
HTC-X-180 285/74.4% 286.6/18% 288/4.7% 289.44/2.8% X X
HTC-X-550 285/78.9 286.3/16.3 287.9/2.1% 289.4/2.8% X X
HTC-X-950 285/81.4% 286.33/10% 288/3.8% 289.5/2.1% X 291.12.7%
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Figure 2-31: High-resolution XPS scans of C1 (s) photoelectron envelope for the HTC and post-calcined

carbons derived from glucose and xylose (taken from [34]).

2.3.5 Zeta Potential: Surface Charge:

Zeta potential measurements (Figure 2-32) support very well the conclusions withdrawn from the
FT-IR and XPS experiments. The surface charge of the materials is in all cases negative over all

the chosen pH range. This is expected for HTC materials due to the acidic oxygenated groups on
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the surface. ® It can be clearly observed that the materials obtained after hydrothermal

carbonisation have highly negative zeta potential values similar to the ones further calcined at

350 °C. Upon further heat treatment at 550 °C there is a significant increase in the zeta potential

value in good agreement with the TGA profile as well as FT-IR experiments. This is due to the

loss of functional groups as described before. This effect is even more pronounced upon further

thermal treatment at even higher temperatures although not such great differences in the zeta

potential values are noticed between 550 °C and 950 °C. This is because at 550 °C almost all the

functional groups have been lost. The values are still negative due to the acidic character of the

carbon materials with still some oxygen atoms incorporated in the final structure.
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Figure 2-32: Zeta potential as a function of pH for HTC and post-calcined carbons, derived from a) glucose,

b) sucrose, c) starch, and d) xylose (taken from [34]).
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2.3.6 XRD
The observed X-ray reflections for all HTC materials are very broad, suggesting that the

materials are very disordered and amorphous structures. The reflection at higher scattering angles

is typically found in amorphous materials (e.g. polymers) and might reflect the average

separation distance (4.0-4.5 A) between segments.
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Figure 2-33: XRD patterns of of the HTC and post-calcined carbons, derived from a) glucose, b) sucrose, c)

starch, and d) xylose (taken from [34]).

The reflection could also be related to a highly disturbed (002) interlayer carbon packing.

Interestingly, these carbonaceous materials also present a reflection at lower scattering angles,

potentially originating from either intramolecular repeat distances or large inter-segmental

distances. The presence of these two reflections is analogous to observations on some
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intrinsically microporous polymers ““, and is in accordance with the observation of

microporosity in the carbonaceous materials. Upon increasing the temperature, the level of
structural order increases which suggests that indeed aromatisation towards a more-turbostatic-
like structure occurs. Starting with 750°C the 002 reflection corresponding to the interlayer
scattering as well as the intralayer 100 reflection become obvious, as a proof of
aromatisation/pre-graphitisation. There are no visible differences in XRD patterns between

different precursors, all indicating the same general trend.

2.3.7 13 C-Solid State NMR: Chemical Structure of HTC materials
Figure 2-34 shows "C solid state CP-MAS NMR spectra of HTC-glucose and HTC-xylose
(highlighted in gray for convenience).
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Figure 2-34: BC solid-state CP-MAS NMR spectra (tcp= 3 ms) of HTC-starch, HTC-amylopectin, HTC-
sucrose and HTC-maltose, HTC-HMF, HTC-glucose, HTC-xylose and HTC-furfural (taken from [57]).
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BC NMR spectra present some common peaks at 208 ppm (though a difference in 4 ppm at
higher fields is observed for HTC-xylose), 175 ppm, 150 ppm and 40 ppm. On the other side,
significant differences occur in the regions between 130 and 110 ppm, at 75 ppm and between 40
and 20 ppm. These observations show that similarities can be related to acomparable amount of
carbonyl groups (aldehydes, ketones and carboxylic acids at chemical shifts between 210 and 170
ppm) as well as to the presence of oxygen-substituted protonated and non-protonated C=C bonds
resonating at 150 ppm. By contrast, the peak at 129 ppm, which is generally attributed to
aromatic carbons, as it is typical for graphitic structures or long-range conjugated double bonds,
indicates the higher aromatic character of HTC-xylose carbon with respect to HTC-glucose. The
peak at 75 ppm is indicative of the presence of hydroxylated methylene groups, which constitute
an important part of HTC-glucose, while almost no hint of such groups is observed in HTC-
xylose. Finally, at low chemical shifts, HTC-xylose seems to be dominated by aliphatic groups
resonating in the 40-50 ppm region while HTC-glucose shows an additional contribution of

methylene between 20 and 40 ppm.

Overall, it seems that carbon material obtained from xylose has a higher aromatic character than
HTC-glucose, and its higher carbon content (68.5%) as well as XPS and FT-IR supports this
observation. To reveal further details of this difference, we hydrothermally carbonise the known
intermediates of dehydration, HMF and furfural under the same carbonisation conditions. The
analysis of local chemical environments around carbon atoms probed by *C NMR also reveals
some astonishing similarities between HTC-glucose and HTC-HMF and between HTC-xylose
and HTC-furfural, respectively. The characteristic aromatic peak at 129 ppm is clearly prominent
only in the pentose-derived carbon samples. °C solid-state NMR spectra from HTC-maltose,
HTC-sucrose, HTC-amylopectin and HTC-starch show exactly the same characteristics already
observed for HTC-glucose and HTC-HMF. The materials can be considered as chemically
equivalent, in good agreement with the elemental analysis, where the carbon content for all
hexose-based carbons is 64% =+ 1% (Table 2-2). Our previous experiments for glucose (see
section 2.2.6) strongly suggest that these furans are also the reacting species for carbon material.
In fact, the morphologies and chemical structures of carbons obtained from saccharides are
directly related to those of carbons obtained from pure furans according to the following

parallelism: HTC-hexoses ~ HTC-HMF and HTC-pentoses ~ HTC-furfural (Figure 2-27).
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Additionally, intermediate molecules derived from saccharide dehydration (levulinic acid,
dihydroxycetone, formic acid, acetic acid, formaldehyde, pyruvaldehyde, etc.) [*! coexist with
furans and they can probably be responsible for particle size, powder texture and aggregation
discrepancies. The striking similarities of NMR fingerprint spectra between all hexose-based
carbons and HTC-HMF, or between HTC-xylose and HTC-furfural clearly prove that chemical
complexity, the usual problem as an educt for materials chemistry, is indeed essentially resolved
throughout hydrothermal carbonisation by driving all saccharides (except cellulose-see section
2.4) only through two main reaction pathways: from sugar to furan-based (furfural or HMF)

intermediate and from the furan to carbon.

Additionally, we have to mention that the amount of final carbon powder from glucose and any
other hexose-derived carbohydrates is about 1.5 times higher than carbon obtained from xylose.
This is probably not a big surprise as it is known from furan chemistry that furfural, the
dehydration product of xylose, is a low reactive compound due to the joint stabilising effects of

1531 with respect to polycondensation. On the other

furan aromatic ring and carbonyl function
hand, even if general knowledge about the reactivity of HMF itself is smaller, its molecular
similarity to furfuryl alcohol, a widely studied and highly reactive modified furan, may justify its

higher reactivity as described previously in section 2.2.7. >*!

The intense peak at 129 ppm observed for xylose and furfural derived materials, typical for
aromatic C=C sites, is most presumably indicative for a higher degree of self-reaction between
furfural molecules within the droplets via the unprotected, highly reactive, 5-position. By
contrast, °C solid-state NMR spectra and elemental analysis data for HTC-hexoses and HTC-
HMF are remarkably similar, thus indicating that the system most presumably has to pass the
same reaction pathway via the hydroxymethylfurfural stage and before carbonisation can take

place.

Finally, the fact that no substantial difference exists between all hydrothermal hexose carbons
also shows that glucose can be safely used as a model molecule for the understanding of the

formation of these materials as described in section 2.2.6.
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Figure 2-35 makes a summary of the main results obtained from '*C-NMR studies on the HTC
carbons from various precursors indicating that all hexoses (including their dehydration product,

HMF) lead to the same type of material, while pentoses lead to a different type of carbon.
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Figure 2-35: Reaction pathways encountered in the formation of hydrothermal carbons from hexose and

pentose sources, leading to the differently structured and shaped materials (taken from [57]).

In order to better understand the effect of further thermal treatment of the structure of HTC
carbons, we recorded the *C-NMR spectra of glucose post-calcined at various temperatures

(Figure 2-36). 1%
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Figure 2-36: Single-pulse MAS “C-NMR experiments performed on the sample “HTC-glucose” as a function
of calcination temperature. All samples were obtained from a C-rich glucose source (see 2.2.6; taken from

[57]).

Elemental analysis of the hydrothermal carbons pyrolysed at different temperatures (Table 2-2)
together with TGA analysis (Figure 2-10) reveals major compositional changes in the
temperature interval 350 -550°C, where the C content increases to approximately 85% while the
H and O contents are markedly reduced. Increasing temperature to 750 °C has a similar effect on
the HTC carbon elemental composition, although this time the rate of change of the carbon
content with temperature is less steep. These findings suggest that 350 - 550°C interval is the
critical temperature region for HTC carbon thermal decomposition. Presumably at temperatures >
550°C, the occurring carbonisation can be described as a charring process. Although EA, FT-IR,
XRD do not show major differences between HTC and HTC-G-350°C (Table 2-2), the aromatic
regions (0 = 105-155 ppm) of these carbons do differ significantly from each other, as observed
via C solid state NMR analysis (Figure 2-36). [ HTC-G-350°C presents an enhanced level of
aromatisation, demonstrated by an increased intensity of the central resonance at 6 =125-129 ppm
and partial loss of the furanic shoulder at 6 = 110 - 118 ppm, as compared to the parent HTC
material. Likewise, and in agreement with EA results, increasing the temperature from 350 to
550°C results in the disappearance of furanic associated resonances, as polyaromatic arene-like
species become the most dominant structural motif. Increasing the temperature further to 750 °C
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leads to enhanced aromatisation of the HTC carbon, as indicated by the drifting of the central
aromatic resonance to a lower chemical shift (6 = 125 ppm) and by the broadening of its profile.
Both features are indicative of an extended delocalized n- system and of a reduced mobility of the
carbon species. [**! As may be anticipated, increasing the temperature over this range (i.e. 350 —
750°C) also leads to the loss of the thermally unstable aliphatic groups, as observed from the

progressive disappearance of resonances in the § = 10-60 ppm region (Figure 2-36).

This *C NMR analysis of thermal treated HTC samples emphasises how examination of the
aromatic resonances provides a very useful analytical handle on the development of the carbon
structure as a function of pyrolysis temperature. To provide more details on such structures, 2D
DQ-SQ "*C NMR experiments were designed to investigate these structural changes. As shown
in section 2.2.6, solid state NMR technique provides a greater degree of information regarding

molecular connectivity of the different species within the carbon chemical structure.
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Figure 2-37: Aromatic region (5 = 100 — 160 ppm) of the “C spectra obtained with “C-"C DQ-SQ
experiments (CP filtered) performed on HTC carbons obtained from a) glucose at 180°C and then thermal

treated (A) at b) 350°C, ¢) 550°C and d) 750°C (taken from [60])
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As initial point of examination, a 2D spectrum of the aromatic region of glucose-derived HTC
carbon (prepared at 180 °C) was obtained (Figure 2-37a). As explained in section 2.2.6 , the on (&
=110, 118 and 143 ppm) and off (A, B and C) diagonal cross peaks are characteristic of a carbon
framework mostly composed of highly crosslinked furan moieties (Figure 2-37; Figure 2-22).
Upon first inspection, pyrolysis of the HTC carbon at 350 °C does not result in major
modifications of the 2D aromatic spectrum (Figure 2-37 b). However the persistence of crosspeak
B is noteworthy and strongly supports the evidence that furan units are still present within the
carbon framework at this pyrolysis temperature. At the same time the near complete
disappearance of the on and off diagonal crosspeaks (A and C), related to the resonance at 6 =
118 ppm, suggests that the bonding patterns involving the cross-linked 3 and 4 furan carbons
have changed. The coupled increased intensity of the on diagonal 6 = 127 ppm crosspeak implies
that such carbons are now part of a more extended, conjugated aromatic structure, resulting in the
observed peak shifts. Such structures (a reference example model is given in Figure 2-37
structure 2) may arise due to condensation reactions, leading to the formation of a more cross-
linked and thermally stable aromatic network. Similar trends have been observed during the
pyrolysis of polyfurfuryl alcohol (PFA) derived furan-rich resins.!®”! The strong relative intensity
of the 6 = 127 ppm on-diagonal crosspeak cannot be solely justified by the presence of such
structural motifs (Figure 2-37 structure 2.) Further peak deconvolution / refinement and
assignment of the aromatic region highlights the multi-component nature of the resonance at 6 =
127 ppm, which is found to be the sum of two distinct contributions at & = 131 and 6 = 125 ppm
(Figure 2-38-a). Additional CP experiments at variable contact times (i.e. tcp) indicate the
protonated nature of the 6 = 125 ppm component, since its intensity rapidly increases upon CP
(Figure 2-38-b). All these results are indicative of the presence of both protonated and non-
protonated sp” aromatic carbons within the material structure. Therefore, based on these
evidences, it is not possible to exclude the presence of small arene-like aromatic structures in the

HTC carbon scaffold prepared at 350°C (Figure 2-37-structure 3).

The complete loss of the furanic-based network only occurs after further thermal treatment at
550°C, as confirmed by the loss of the crosspeak B (Figure 2-37-c). Conversely, the aromatic
region of the 2D spectrum is now characterised by a stronger cross peak at & = 127 ppm,

representative of a very well developed polyaromatic arene-like scaffold.
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Figure 2-38: a) Peak deconvolution and assignment of the aromatic region for the HTC sample thermal
treated at 350 °C. b) Contact time (tcp) dependence of the peak intensity according to the deconvolution

shown in a (taken from [60]).

The additional crosspeak D is instead attributed to phenolic carbons close to quaternary and
protonated sp® carbons. These experimental results are verified by comparison with literature
studies on the pyrolysis / thermal treatment of PFA-derived furan-rich resins. Furan ring opening

[66-67] \whilst polyaromatic

is expected between 300 and 500 °C, resulting in oxygen elimination,
arene-like domains are spontaneously formed from the furan units fragments. [®! Therefore the
total disappearance of the furanic-related cross peaks in the pyrolysis temperature range 350 -
550 °C and the dramatic intensity increase of the & = 127 ppm on diagonal cross peak are

presumably the result of such thermal decomposition processes.

The disappearance of the crosspeak D, together with the drifting of the & = 127 ppm crosspeak to
a lower chemical shift value (6 = 125 ppm), suggests that a further increase in the post treatement
temperature to 750 °C leads to additional aromatisation of the carbon framework and loss of the
hydroxyl groups belonging to the phenolic moieties. As a result, the material is at this stage
composed of extended aromatic domains (Figure 2-37-structure 4). However EA of HTC-A750
suggests that the presence of residual oxygenated functionality, presumably at the polyaromatic
domain edges, cannot be totally discarded (Table 2-2; Figure 2-37-structure 4). These moieties
are not detectable and therefore not visible in the 2D spectra, because of their low relative

abundance.
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All the presented NMR data fit very well with the TG-IR experiments on HTC glucose (section
2.2.4) as well as with the XPS data (section 2.3.4).

2.3.8 Porosity of HTC Carbons

We performed a careful analysis of the pore properties of HTC materials using both N, (77 K) as
well as CO, (273 K) sorption. ** N, sorption at 77 K can give information about a broad size
range of micro- and mesopores.'®”! However, for ultramicroporous materials, the measurement
may have kinetic restrictions and could not achieve to equilibrium in an acceptable measurement

[70]

time. Thus the measurement may provide erroneous determination of the sorption

isotherms.!%

This was exactly the case when measuring the porosity of HTC and HTC calcined materials using
N, (77 K) as an adsorbate. This is related to the ultramicroporos nature of these materials. Figure
2-39 shows the N, isotherms (77 K) of the glucose (a) and xylose (b) derived carbons. The
corresponding Non-Linear Density Function Theory (NLDFT) PSDs and porosity data are shown
in Figure 2-39 ¢, d and Table 2-4 respectively. The N, isotherms of the hydrothermal treated and
350 °C calcined samples show negligible N, uptakes resulting in almost no pore volumes by the

NLDFT model as shown in Table 2-4.

Table 2-4: N, sorption porosity data of the HTC and calcined carbons derived from glucose and xylose

N, sorption
Samples NLDFT model
SpET (mz/g)
Vi (cm’ g) Viiers (em’ ¢') D (nm)
HTC-G 0.012 0 3.03 7.9
HTC-G-350 0.009 0 2.796 7.1
HTC-G-550 0.04 0.027 1.614 19.8
HTC-G-750 0.197 0.171 1.289 428
HTC-G-950 0.168 0.142 1.475 352
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HTC-X 0.009 0 2.769 5.7
HTC-X-350 0.006 0.001 2.769 5.0
HTC-X-550 0.126 0.126 1.614 298
HTC-X-750 0.179 0.162 1.41 432
HTC-X-950 0.163 0.156 1.475 389
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Figure 2-39: a) N, sorption isotherms (77 K) of glucose derived HTCs; b) N, sorption isotherms (77 K) of

xylose derived HTCs; ¢) NLDFT PSDs of glucse-derived HTCs; d) NLDFT PSDs of xylose-derived HTCs

(taken from [34]).
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Although still in the low range, Grand Canonical Monte Carlo method (GCMC) used for pore
size and pore volume determination using CO, sorption shows, much higher pore volumes of
0.06 — 0.08 cm’/g (Table 2-5). This supports well the fact that the N, sorption measurements are
kinetically restricted. The poor charaterisation power of N, adsorption especially for the HTC
materials might be due to the fact that the carbon synthesised at 180 °C and 300°C possesses still
a relatively “soft” or “polymeric” like structure. It is well known from material science
templating strategies that porosity (microporosity in particular) can be induced within an organic
polymeric structure only if the overall scaffold has a certain degree of rigidity to counterbalance

the polymer chains tendency to pack closely together once the template is removed. "

All of the samples calcined at 550, 750 and 950 °C show significantly higher N, uptakes because
of the development of microporosity upon heat treatment related to the elimination of gasses and
other volatile compounds (Figure 2-10). All the isotherms present however extensive pressure

hysteresis, which may be caused by very narrow pores and/or swelling effects.!”

As N, adsorption at 77.3 K presented kinetic restrictions, CO, sorption at 273 K turned out to be
a much more appropriate methodology to determine the microporosity of HTC carbons and the
post calcined counterparts. This is because of the smaller kinetic diameter of CO, (Do, = 0.33
nm, Dy, = 0.36 nm) and the higher measurement temperature of 273 K (higher thermal energy).
Besides, the influence of the high quadrupole moment of CO; should also be taken account of,
because it makes the adsorption isotherm very sensitive to the presence of functional groups and

may lead to a higher CO; uptake than N as described later. 7% 7!

Figure 2-40 and Figure 2-41 show CO; (273 K) adsorption isotherms and GCMC PSDs for the
HTC and post-calcined carbons. All of the isotherms show no hysteresis, indicating good
adsorption kinetics as compared to N, adsorption. The porosity continuously develops upon
increasing the post-calcination temperature as shown by the continuous increase in gas uptake.
This increase in gas uptake is limited for the 180 °C and 350 °C materials. Again this is in good
agreement with TG-IR which shows that the elimination of volatiles starts above 350 °C. For the
550 °C materials, we noticed a leap in gas uptake. This can be correlated with the elimination of
volatile species and the formation of the condensed aromatic intermediates during thermal

decomposition. [®” Both processes lead to the development of microvoids between the aromatic
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pre-graphinic structures. There is another significant increase in gas uptake observed for the 750
°C materials, which is due to the elimination of all volatile compounds up to that temperature. At
higher temperatures, the creation of additional porosity is neglectable. PSDs show pore size in the
same range (mainly 0.35-0.8 nm). While the amount of supermicropores (<0.8 nm), is almost
constant no matter of the temperature applied, the fraction of ultramicropores grows significantly
with increasing calcination temperature. The pore volumes and surface areas obtained using CO;

sorption and GCMC model for all the materials are listed in

Table 2-5. Even though the pore volumes of the HTC carbons are low, they exhibit ~200 m?%/g
surface areas because of the ultramicroporosity of these materials. For the carbons calcined at 950

°C, the surface areas are as high as 650 - 750 m*/g.

Table 2-5: Porosity data (obtained by CO2 adsorption at 273 K) of the HTC and post-calcined carbons

CO, sorption (GCMC model) CO; sorption (GCMC model)

Samples Vi (em’g™  Seewc(w’g™) | Samples Volem' g)  Sconc (m' )
HTC-G 0.066 183 HTC-St 0.063 180
HTC-G-350 0.068 202 HTC-$t330 0.068 208
HTC-G-550 0.146 442 HTC-5t-330 0.117 379
HTC-G-750 0.19 637 HTC-5t-730 0.179 646
HTC-G-950 0.216 733 HTC-5t-930 0.195 700
HTC-Su 0.067 173 HTC-X 0.07 224
TC-5u-330 0.068 212 HTC-X-350 0.076 244
HTC-Su-350 0.147 483 HTC-X-350 0.119 303
HTC-Su-750 0.182 631 HTC-X-750 0.188 662
HTC-Su-250 0.2 682 HTC-X-950 0.195 681
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Figure 2-40: CO, adsorption/desorption isotherms (273 K) of HTC and post-calcined carbons, derived from a)

glucose, b) sucrose, c¢) starch, and d) xylose (taken from [34]).
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Figure 2-41: PSDs (calculated from the CO, adsorption isotherms by the GCMC method, assuming carbon
slit pores) of HTC and calcined carbons corresponding to Fig. 2-40, derived from a) glucose, b) sucrose, c)

starch, and d) xylose (taken from [34]).

2.4 HTCs from Lignocellulosic Biomass

2.4.1 Morphology

Thus far I have presented fundamental charaterisation data regarding the morphology, porosity
and chemical structure of HTC materials derived from simple carbohydrates. The next
challenging step in HTC is the effective exploitation of lignocellulosic biomass as carbon

precursors, which would guarantee a readily accessible and carbon negative feedstock supply.

Considering the energy shortage, environmental crisis and the increasingly customer demands,
the discovery of facile, low-cost, environmentally friendly and nontoxic routes to produce novel

valuable carbon materials is a key issue in today’s society. Lignocellulosic biomass, in particular
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plant cell wall-based cellulose, is the most abundant and renewable resource on earth. It can serve

as a source for both energy (biofuels) and carbon.

Lignocellulosic biomass is composed of three main components: cellulose, hemicellulose and
lignin. The relative proportion of cellulose varies according to the biomass origin from 20% to

"] The structure of cellulose is shown in Figure 2-1 and it is

45% for agricultural wastes.
insoluble in most of the common solvents. Hemicellulose, the second biomass component
contains many different sugar monomers, has a random structure, is amorphous and easy
hydrolysable. Unlike carbohydrate based cellulose and hemicellulose, lignin is a complex, cross-
linked, 3D biopolymer with phenyl propane units and hydrophobic properties. Lignin is
concentrated between the outer layers of the biomass fibres leading to structural rigidity and
holding the polysaccharide fibres together. The decomposition and degradation of lignin and

75761 Based on this different reactivity it is

hemicelluloses is much easier than for cellulose.
feasible to separate cellulose and hemicelluloses from lignin, especially using alkaline
treatments. " Lignin can be further processed to obtain important phenol-derived chemicals

used in various chemical industries. 7%

The elaboration of a general reaction mechanism for the HTC of lignocellulosic biomass is
crucial since only a complete understanding of the chemical transformations occurring during the
HTC process will allow control over morphology, porosity and functionality in a similar fashion
to the one obtained when using simple carbohydrates as precursors. For the purpose of this
investigation a relatively low lignin content biomass was chosen: rye straw (cellulose:
hemicellulose: lignin = 41.2:21.2:19.5). This raw material is an agricultural waste product;

therefore, it is available at costs well below petrochemical based chemicals.

In order to get useful insights on the transformation mechanism of rye straw into HTC materials,
we studied individually the HTC mechanism of pure cellulose and alcell lignin by analysing how
the chemical nature and morphology of the produced HTC carbon change in relation to the
processing temperature and time. '’ The obtained results were then compared to glucose (see

section 2.2), which was used as a reference model.
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This study allowed us to highlight and discuss the probable differences in the HTC mechanism of
each raw material and to determine the role of lignin in the hydrothermal carbonisation of

lignocellulosic biomass. 7

The morphology of HTC spheres when using glucose as a precursor at different carbonisation
temperatures has been already shown in Figure 2-3. The morphology of cellulose derived HTC
carbons is shown in Figure 2-42. At low HTC processing temperatures (Figure 2-42 a-b),
cellulose is resistant to hydrothermal treatment. Its fibers are still intact and arranged in the

11 On the other hand, as observed in Figure 2-42 c¢—d, upon

characteristic cellulose network.
increasing the HTC temperature, spherical particles start forming, which is similar to the HTC
materials obtained from glucose. However, the overall morphology is not as homogeneous as for

simple sugars (Figure 2-3; Figure 2-27; Figure 2-28).

Figure 2-42: Scanning electron micrographs of hydrothermal carbons obtained from cellulose at 160°C (a, b)

and 220°C (c, d) (taken from [27]).

Combining these observations with results shown in Figure 2-43, a remarkable difference in the

mechanism of particle formation can be noticed between glucose and cellulose. In the former
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case, particles form through a nucleation step from a homogeneous solution upon formation and

5] Tnitiall , their diameter is approximately in the
y pp y

polymerisation of hydroxymethylfurfural.
100-200 nm range (Figure 2-43a). As the residence time increases, they keep on growing until

they reach their final size, which depends upon the HTC processing temperature (Figure 2-3).

On the other hand, in the case of cellulose, upon increasing the temperature the fibrous network
starts to be disrupted at several points (Figure 2-42, Figure 2-43b), leading to the formation of

nano/micro-sized cellulose fragments, which, not being soluble in water, adopt a spherical shape

to minimize their contacting interface with the surroundings.

Figure 2-43: Scanning electron micrographs of hydrothermal carbons obtained from a) glucose at 180°C, b)

cellulose at 240°C for 6h (taken from [27]).

After investigating the hydrothermal transformation of cellulose and comparing it to the reference
glucose-derived HTC, we proceeded with hydrothermal carbonisation of rye straw, an
agricultural biowaste. The SEM micrographs in Figure 2-44 show that the morphological
transformations of rye straw after hydrothermal treatment are very similar to the ones of
cellulose. The lignocellulosic biomass does not undergo any structural disruption at low (T=
180°C) temperatures (Figure 2-44 a-b) and the rye straw fibrous structure is maintained intact.
When the biomass is hydrothermally treated at higher temperatures (T= 240°C), its fibrous
network is disrupted and spherical particles start forming similarly to what has been previously

described for cellulose (Figure 2-44 ¢, d).
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In addition, Figure 2-44 ¢ clearly shows that part of the biomass natural macrostructure persists
even after the spherical particles start forming. It can be seen that the particles formation takes
place on the surface of the rye straw fibers, which overall still maintain their original structural

scaffold.

m 1um ITC LMY WDe G ShAc o Bt Y = 200 nm DIMBW Wo- bmm  SgAciem  DuSHoeamie

Figure 2-44: Scanning electron micrographs of hydrothermal carbon materials obtained from hydrothermal

carbonisation of rye straw at 160°C (a, b) and 240°C (c, d) (taken from [27]).

2.4.2 Yields and Elemental Composition

In section 2.2.2 the formula for calculating the yields for glucose derived HTCs was presented:

amount _of recovered solid after HTC(g)

HTC yield% =
e initial _amount of biomass(g)
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Figure 2-45 a compares the yields obtained upon hydrothermal carbonisation of glucose,
cellulose, lignin and rye straw at different temperatures. Here we need to point out that, contrary
to water-soluble glucose where the yield is 0 at low processing temperatures, for all the other raw
materials (cellulose, lignin and rye straw), the HTC yield gradually decreases from an initial
value of 100% due to the increasing extents of liquefaction and gasification of the biomass at

higher temperatures values, which are parallel reactions to the process of HTC formation. [**!
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Figure 2-45: a) Calculated hydrothermal carbon yields and b) carbon content obtained from chemical analysis
of HTC material obtained from glucose, cellulose, alcell lignin and rye straw at different processing
temperatures. The carbon w% for the raw materials are respectively: Glucose = 40%, Cellulose = 41.75%,

Alcell Lignin = 66.10% and Rye Straw = 45.86% (taken from [27]).

Figure 2-45 underlines a very interesting feature of cellulose HTC behaviour. Both the HTC
yield and carbon content can be observed to undergo only minor changes within the low
temperature range (140-180°C). On the other hand, between 180 and 200°C, a sharp transition
takes place. The HTC yield and the carbon content respectively become approx. 37% and 65%.
After reaching this critical point, the changes are no longer so drastic and only small variations
occur. The presence of this sharp transition supports the idea of the existence of a well-defined
temperature threshold, above which cellulose structure is disrupted. The disruption then generates
the morphology that was observed during the microscopy analysis of the cellulose derived HTC
material at relatively high processing temperatures (Figure 2-42 c-d). This finding is additionally
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well supported by XRD measurements of raw and hydrothermally treated cellulose at different
temperatures (data not shown). It can be observed that between 180 and 200°C the peaks,
corresponding to crystalline cellulose **), disappear. The structure of the material corresponds

now to amorphous carbon with almost no noticeable long range ordering.

Similarly to cellulose, abrupt changes in both the HTC yield and the carbon content are observed
during hydrothermal carbonisation of rye straw at different temperatures. However there are two

main differences that need to be underlined:

1. Rye straw is more sensitive to hydrothermal treatment in the low temperature range
(120-180°C). A probable explanation for this observation is the presence of
hemicellulose and xylose-based polysaccharides within the rye straw. These
biopolymers are known to be less stable than cellulose when hydrothermally treated; as
a consequence they can undergo hydrothermal carbonisation in a lower temperature
range with a consequential yield loss due to formation of liquid and volatile side

products. *4.

2. The changes in HTC yield and carbon content are less sharp than in the case of
cellulose in the region immediately above 180°C and they appear to be slightly shifted
to higher temperature values. The lignin, present within the lignocellulosic biomass,
could be the cause of such differences. As it can be observed in Figure 2-45, this
compound is affected by hydrothermal treatment to a very limited extent. As a
consequence its presence might cause the HTC yield of rye straw to decrease less
abruptly as temperature increases. Furthermore, since lignin acts as support within the

85]

plant wall, ® it might stabilize the cellulose and prevent its crystalline structure

disruption at lower temperatures.

The data regarding yields and elemental analysis highlight an interesting feature, which is
common to all the investigated precursors: they all follow similar trends for both the HTC yield
and carbon content for temperature values, which are above 220 °C. This might be due to the fact

that above this temperature value all substrates follow similar chemical reaction pathways. This
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hypothesis, as it will be seen in the next section, is supported as well by *C solid state NMR
studies.

2.4.3 13C-Solid State NMR studies-Chemical Structure of biomass derived HTCs
As previously reported in section Section 2.2.6 and 2.3.7 the HTC carbons synthesised at 180°C
were found to be majorly composed of highly cross-linked furanic-type units and characterised

by oxygen containing functionalities ( 1. e. ketones and carbonyl groups).

Here the aim was to obtain more insights on the bulk chemical structure of HTC carbons from

glucose, cellulose and rye straw as a function of processing temperature and reaction time.

In the case of glucose (Figure 2-46) , increasing the HTC temperature leads to a HTC carbon with
a higher degree of aromatisation, as indicated by a major decrease in the relative intensity of the
peaks at 0 = 150 ppm and 6 = 110 -118 ppm, respectively corresponding to carbons 2,5 and 3,4 of
the furanic ring, and the simultaneous increase in relative intensity of the peak at 6 = 125 - 129
ppm, ascribable to sp® aromatic carbons relating to more condensed aromatic arene-like
structures. The behaviour of the resonance at 6 = 208 ppm also shows the high dependence of the
oxygenated functionalities content (i.e. ketones) on the processing conditions. Increasing the
HTC temperature leads to the loss of such moieties and a consequential oxygen content decrease,
as suggested by the progressive disappearance of the & = 208 ppm peak. In addition, the relative
intensity of resonances associated with aliphatic-type groups is fairly constant for samples
prepared at T = 180, 200 and 240 °C whilst, at higher HTC temperatures (i.e. 280 °C), it
significantly decreases indicating the loss of these less thermally stable species which are either
converted to volatile products through gasification reactions or to increasingly more condensed
sp® aromatic species. This observation is in agreement with the carbon efficiency decrease
observed in the previous section during HTC of glucose at temperatures higher than 250 °C. (see

section 2.2.2)
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Figure 2-46: °C CP MAS NMR spectra of glucose-derived HTC carbons prepared at increasing processing

temperatures (taken from [27]).

In a second set of experiments, glucose-derived HTC carbons (T = 240 °C) were synthesised at
different reaction times and characterised by BC ssNMR (Figure 2-47 a). An analysis of the
aromatic region (i.e. 8 = 105 - 155 ppm) reveals that the central resonance at 6 = 125 - 129 ppm is
not visible in the early stages of the reaction (i.e. 2h). The entire region of the spectrum is
characterised predominantly by the presence of two resonances corresponding to furanic rings
(i.e. =150 and 110 - 118 ppm). As the HTC reaction time is increased, the relative intensity of
these latter peaks diminishes, while the central resonance at 6 = 125 - 129 ppm becomes
increasingly more prominent. From these observations, it is evident that under more severe HTC
processing conditions (i.e. HTC T > 200°C, long reaction time) the cross-linked furanic
structures, comprising the HTC carbon obtained at 180 °C, react further via intramolecular
condensation, dehydration and decarbonylation reactions to create more condensed aromatic
arene-like carbon environments. This mechanistic speculation is also supported by further
evidences obtained after repeating the same time experiments at lower HTC processing

temperature (i.e. 180 °C) (Figure 2-47 b). In this case, all spectra maintain an NMR profile
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predominantly characterised by carbon resonances related to furanic ring structures (6 = 150 and
110 - 118ppm). This finding, coupled to the evident lack of a predominant resonance at 6 = 125 -
129 ppm, suggests that when the HTC is performed at relatively low processing temperatures
(e.g. T < 180°C), the initial furan rich carbon structure is maintained regardless of the reaction

time.

Arene Arene
(C=C) (C=C)
0c=C  c=C

24h 24h 24h

6h 6h
7h

2 4h

175 150 125 100 75175 150 125 100 75 175 150 125 100 75
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Figure 2-47: >C CP MAS NMR spectra of HTC carbon obtained from a) glucose at 240 °C, b) glucose at 180

°C and c) cellulose at 240 °C prepared at increasing reaction / HTC treatment times (taken from [27]).

In order to highlight potential differences with glucose HTC, the same temperature dependent
experiments were also repeated, using cellulose as the HTC precursor (Figure 2-48). In
accordance with the findings of the previous sections, the obtained *C NMR spectra demonstrate
that when T = 180°C, cellulose is still unaffected by hydrothermal treatment. The characteristic
resonances (i.e. 6 = 65, 72,75, 84, 89 and 105 ppm) (8] are still present and well resolved in the
NMR spectrum, while no resonances are observed in the aromatic region indicating no major

HTC carbon formation. As the processing temperature is raised to 200 °C, dramatic differences
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are observed in the NMR spectrum. All characteristic cellulose resonances disappear, whilst a
new broad resonance centred at 6 = 125-129 ppm emerges. Furthermore, as observed for glucose,
cellulose-derived HTC carbon shows a similar reduction in the relative intensities of resonances
associated with oxygenated functional groups and an increase in the aromatic character at
progressively higher temperatures, as respectively indicated by the disappearance of the peak at o
= 208 ppm and the relative increase of resonances in the region & = 125 - 129 ppm. These
findings highlight that glucose- and cellulose-derived HTC carbons show identical peak evolution
patterns for temperature values higher than 200°C, indicating the similar nature of the chemical

transformations characterizing the HTC of both substrates above this temperature threshold.

sp2 hybridized

Cellulose

300 275 250 225 200 175 150 125 100 75 50 25 O -25 -50 -75
5 (ppm)

Figure 2-48: C CP MAS NMR spectra of cellulose-derived HTC carbons prepared at increasing processing

temperature (taken from [27]).

However the °C NMR spectra of cellulose derived HTC carbon, synthesised at different reaction
times, highlight a remarkable difference between the HTC mechanism of glucose and cellulose
(Figure 2-47 c). All carbon samples obtained from cellulose are characterised by the presence of
the central resonance at 6 = 125 — 129 ppm. This feature is present since the early stages of the

reaction contrarily to what was observed for the treatment of glucose as a function of time
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(Figure 2-47 a) at the same temperature. This finding suggests that the hydrothermal
carbonisation of cellulose does not proceed solely through a furanic composed intermediate (i.e.
HMF), as observed in the case of the model monosaccharide (i.e. glucose). The major conversion
mechanism is instead thought to be the direct transformation of the cellulosic substrate into a
final carbonaceous material composed of polyaromatic arene-like networks, presumably
involving reactions that are normally characteristic of the pyrolysis process. During cellulose
pyrolysis, the char formation is attributed to a manifold of reactions leading to cellulose
intramolecular rearrangement and formation of a cellulose-derived polymeric compound, referred
to as intermediate cellulose. This reaction intermediate then converts to aromatic network

[87] [88

structures at extended reaction times. ] This mechanistic speculation is well supported by

the similar >C NMR profiles of cellulose-derived HTC carbon and char obtained from

lignocellulosic biomass pyrolysis. 1 %!

In the case of rye straw-derived HTC carbons, it is evident that the spectra evolution, as a
function of temperature, follows a similar pattern for cellulose except for two major differences
(Figure 2-49). First of all, resonances related to cellulose are still present in the sample
synthesised at T = 200 °C. This observation is in good agreement with SEM and yield analysis,
with the higher temperature-resistance of rye straw to HTC processing, attributed to the presence
of lignin stabilising the cellulose fraction of the biomass. Secondly, the rye straw derived HTC
carbons spectra are characterised by two additional resonances (6 = 56 and 145-148 ppm)
corresponding to the methoxy functional groups (-OCH3) and to aromatic carbons bounded to
such moieties in lignin, as indicated by ?C CP NMR investigations of an alcell lignin sample.
The near complete disappearance of such resonances in HTC carbon synthesised at T = 280 °C,
marks the loss of these functional groups at such processing conditions presumably via

demethanation reactions.
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Figure 2-49: Solid state °C CP NMR spectra of hydrothermal carbon obtained from rye straw at different

temperatures (taken from [27]).

2.4.4 Mechanistic insights on cellulose/biomass conversion into HTC

Overall the results of the previous analysis suggest a different conversion pathway for cellulose,
when HTC processing is performed under mild conditions. At T > 180 °C, rather than the
hydrolysis of the polysaccharide into glucose and its subsequent conversion into a furan rich
HTC carbon, cellulose undergoes a disruption of its fibrous network leading to the formation of
nano/micro sized cellulose fragments, as initially observed via SEM image analysis. These
fragments adopt a spherical shape in order to minimise the contacting interface with the
surrounding water and hence reduce the chances of hydrolysis of the glycosidic bond. At this
point, the cellulosempresent in the bulk is likely to be exposed to a comparatively homogeneous
thermal environment resembling the one of pyrolytic processes. Under these conditions, the
cellulosic substrate undergoes intramolecular condensation, dehydration and decarbonylation
reactions leading to the production of a hydrothermal carbon structurally composed of a more
condensed polyaromatic arene-like carbon domains. " A very limited degree of hydrolysis and

consequential glucose formation most likely takes simultaneously place at the envelopes
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interface, where cellulose is in contact with water. However this reaction route accounts only for

a minor extent of cellulose conversion (Figure 2-50)
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Figure 2-50: Proposed model for cellulose conversion during hydrothermal treatment under mild processing

conditions (180 °C < T <280 °C). (NB: Dotted lines represent minor reaction routes; taken from [27]).

This mechanistic scheme is well supported by the evidence that other non-reducing

carbohydrates, such as starch, contrarily to cellulose, do yield furan-rich HTC carbon. In

particular hydrothermal carbonisation of amylose rich starch (Hylon VII, 70% amylose) is a

pertinent example, since its chemical composition is identical to cellulose. However this

biopolymer is soluble in water when heated at relatively mild temperatures (60-70°C), as

previously explained.
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Figure 2-51: >C CP MAS NMR spectra of amylose (Hylon VII) derived HTC carbons at different processing

temperatures (taken from [92]).

Therefore amylose is more likely than cellulose to hydrolyse under mild hydrothermal treatment.
This hypothesis is confirmed by *C NMR experimental evidences (Figure 2-51) Resonances
corresponding to furan moieties (6= 110 — 118 ppm and & = 151 ppm) characterise the amylose-
derived HTC carbon produced at 180°C. On the other hand increasing the processing temperature
leads to the development of resonances in the region 6 = 125-129 ppm, as observed in glucose-
derived HTC carbon. These findings are indicative of amylose hydrolysis into glucose and

consequential HTC formation, contrarily to what observed for cellulose.

In order to enhance the extent of cellulose hydrolysis to glucose at milder temperature values (i.e.
180 °C), HTC experiments in the presence of strong mineral acids (i.e. H,SO4) were performed
(Figure 2-52). The obtained *C NMR spectra show that at relatively low pH (i.e. 1) cellulose
fully reacts at 180 °C . Nonetheless resonances corresponding to furanic moieties are not the
dominant features of the NMR spectra, as it would be expected at this processing temperature
value. The NMR spectrum for cellulose at pH = 1, shows a well-developed polyaromatic arene-
like carbon resonance with a major shoulder at & = 151 ppm, indicative of oxygenated sp’
hybridised carbon environments. These features also characterise the NMR spectra of glucose-

derived HTC carbon prepared at different pH. As a consequence, these results demonstrate the
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dependence of the chemical structure of HTC carbon upon the initial reaction mixture pH. Strong
acidic solutions lead preferentially to the development of polyaromatic carbon species probably
due to a higher extent of formation of furan degradation products (e.g. levulinic acid) ®*! reacting

via aldol condensation and increasing the degree of conjugation of the carbon framework. !'*!
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Figure 2-52: *C CP MAS NMR spectra of hydrothermal carbon obtained from glucose and cellulose at
different initial pHs (taken from [92]).

The developed model also applies to lignocellulosic biomass. As previously observed, the
hydrothermal carbonisation of rye straw is majorly governed by the reactivity of its cellulosic
fraction, which is shifted to higher temperatures (i.e. T = 240 °C) compared to pure cellulose (i.e.
T =200 °C). Despite this increase, it is interesting to notice how under hydrothermal conditions
the cellulose present in lignocellulosic biomass fully reacts over a lower temperature range than
during pyrolysis. ®¥ A possible explanation for such a difference is the partial hydration of
cellulose chains under HTC processing conditions, which can destabilise the hierarchical

cellulosic structure and cause its disruption in this lower temperature range. The enhanced
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reactivity of crude biomass during HTC is further supported by the loss of lignin methoxy
groups, which under hydrothermal conditions takes place between 240 — 280 °C, while during

pyrolysis it is not observed before 350 °C.

2.5 Conclusions and Perspectives

This chapter presented a comprehensive study of the properties of hydrothermal carbons. Firstly
glucose was used as a model system to understand the properties and the final composition of
HTC materials. Upon hydrothermal carbonisation glucose forms spherically shaped particles.
Their size and homogeneity can be controlled with reaction time, temperature and concentration.
We and others [ have assumed a “La Mer” nucleation model °*! although here there are some
doubts which need to be further clarified in the near future. This could be in principle done

employing “in situ” characterisation techniques to better understand nucleation in HTC.

BC-solid state NMR proved to be one of the most useful techniques to understand the final
chemical structure of HTC materials. All data support the idea that the main structural motif is
the furan ring directly coming from HMF, the dehydration product of glucose. A series of
oxygenated groups and aliphatic functions are interconnected with furans and with a small
fraction of arne-like motifs at 180°C. Further calcination of HTC carbons from glucose lead to an
increase in the aromaticity level and arene function. Other employed charaterisation techniques

(FT-IR, XRD, XPS, etc) nicely confirm such findings.

Overall the detailed *C ssNMR study of the HTC carbon, developed by our group highlights the
high abundance of cross-linked furan units within the carbon framework structure. However, as
confirmed by the complexity of the 2D >C homonuclear spectrum, it also shows a high
heterogeneity of bonding patterns arising from the several reactions (e.g. self-condensation,
substitution aldol condensation, etherification) that 5-HMF may undergo under hydrothermal
conditions. Although some possible reactions have been described in section 2.2.7 at this stage it
is not exactly clear what happens inside the autoclave during the HTC of glucose. Again, it will
be very useful to use “in sifu” techniques such as Mass Spectroscopy combined with Liquid and
Solid State NMR to fully understand the reactions involved in the final chemical structure of

HTC.
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When we compared various HTC materials produced from several water soluble polysaccharides
we realised that the chemical structure is very similar. Slight differences in morphology,
functionality and chemical composition are encountered between hexoses and pentoses. In
addition the more complex is the polysaccharide is, the more difficult is the morphological

control of the resulting HTC material.

Finally we have compared the structure of HTC carbons from glucose with the one of HTC
carbons from cellulose and with a real lignicellulosic biomass, rice straw. The main differences
between HTC carbons derived from cellulose and glucose have been analysed, based on the
effects of HTC temperature and reaction time on the morphology and chemical structure of the
synthesised samples. In the latter case, it was observed that HTC temperature is a powerful tool
that allows tuning the chemical structure of the synthesised material. At relatively low
temperatures (i.e. 180 °C) glucose-derived HTC carbon was majorly composed of highly cross-
linked furan units, as seen in the previous chapter. However increasing the HTC temperature led
to the formation of condensed polyaromatic carbon domains possessing an increasingly
hydrophobic character. In the case of cellulose-derived HTC carbon, the furan rich structure
could not be isolated at any of the investigated processing conditions. The chemical structure of
the synthesised samples was always characterised by a prevalent polyaromatic nature, as
suggested by *C ssNMR experiments. These evidences were indicative of a different HTC
conversion mechanism for cellulose, involving reactions that are commonly observed during
pyrolytic processes. The low water solubility of cellulose was identified as the cause of such
difference, since it hindered the hydrolysis of the glycosidic bond and resultant formation of
glucose. This mechanistic speculation was supported by the evidence that amylose, a glucose
polymer soluble in water at relatively low temperature (i.e. 60-70 °C), did produce furan rich

HTC carbon.

These reactivity patterns observed for cellulose were also reflected in the rye straw-derived HTC
carbon, indicating the main role of the cellulose fraction during the HTC processing of
lignocellulosic biomass. Furthermore, in the case of rye straw, the cellulose conversion to HTC
carbon was observed to shift to a higher temperature range (i.e. 220 - 240 °C) presumably due to

the presence of lignin hindering its disruption. However, its full conversion into a final
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carbonaceous material still took place in a lower temperature range than during pyrolysis (ca.

350°C) providing potential advantages from an energetic point of view.

In addition we have also looked at the porosity of the resulting HTC materials from the
hydrothermal carbonisation of monosaccharides, polysaccharides or lignocellulosic biomass.
Unfortunately independent of the precursor used such materials are literally non-porous. A slight
amount of micropores could be introduced into these materials upon further calcination to higher
temperatures (i.e. 500-1000°C) as determined by CO; adsorption in the detriment of functional
groups. Interestingly, such a low amount of micropores is enough to induce selective adsorption
of CO, over N,. Details regarding this discovery are provided in Chapter 5, with some potential

use in gas separation.

However other possibilities need to be researched to produce porous HTC materials for important
applications. This has been successfully achieved by our group during the past years of intensive
HTC research and the next chapter (chapter 3) is dedicated to this matter, while chapter 5 will

present a huge variety of HTC applications in many very important areas.
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3 Porous Hydrothermal Carbons

3.1 Introduction

Beginning from the use as adsorbents for decolourisation of alcohol, water and sugar or for the
removal of moisture from the architectures in ancient times, porous carbon materials have been
widely used in our society. ''! More recent applications are dedicated to the use in industry as
adsorbents (e.g. activated carbon) for drinking water, wastewater and gas purification or as
catalysts or catalyst supports. *! The well-developed surface area and porosity of such materials
are critical to these application typically enhancing the adsorption capacity/selectivity or catalytic
activity. Porous carbon materials are becoming of increasing interest to the developing
application fields of energy storage '/ (e.g. electrodes for Li ion batteries or supercapacitors), fuel

[7-9]

cells (e.g. novel catalysts or catalyst supports for the oxygen reduction reaction) or

(1121 \which is expected to amount as much as 90-billion-dollar

chromatography technologies,
market in the year 2013 (Figure 3-1). '*) When compared to conventional electrolytic capacitors
or to batteries, carbon-based supercapacitors offer good specific energy (1-10 Wh kg™), as
recently demonstrated, for example, by carbon aerogels with high porosity and surface area (>

50 %, 400 - 1000 m*g™"). [

Functional =)
Carbon Materials

Figure 3-1: Schematic representation of the main application fields of porous carbon materials
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Due to the extreme versatility of carbon materials available (e.g. crystalline, amorphous, bulk,
nanostructured, activated, functionalised), a great deal of literature research has discussed the use
of various electrodes configurations for supercapacitors or secondary batteries (please see for
example reference ). This is a good example of how material porosity directly affects the
electrochemical performance. In order to improve even further the performance of carbon
materials, novel synthetic approaches as well as a developed fundamental understanding of their

properties are strongly desirable from materials chemistry point of view.

In this context, as we have learned in the previous chapters, hydrothermal carbonisation process
(HTC) can be considered as a very interesting, green and versatile technique to produce carbon
materials. !'>"'% However, as they are synthesised directly from biomass or carbohydrates at low
temperatures (130-250°C), they essentially present very limited surface area and pore volumes
(see Chapter 2, analysis of porosity section) therefore inhibiting use in the aforementioned

application fields.

This chapter focuses on the development of synthetic routes to introduce well-defined porosity
into hydrothermal carbons. In the this chapter, various synthetic routes towards porous
hydrothermal carbon materials or composites will be introduced and discussed, focusing on the
synthesis of different pore systems and morphologies directed by the presence of various
structure directing agents (e.g. organic and inorganic templates). Attention will also be applied to
the utilisation of naturally occurring biomcomposites (e.g. crustacean shells) and their use in the
preparation of porous HTC materials. Chemical activation will also be discussed as a possibility

to produce HTC microporous materials.

The presented methods allow tailoring of the final structure via the tools of colloid and polymer

science, leading to selectable material morphology for a wide range of applications.
3.2 Templating - an Opportunity for Pore Morphology Control

In relation to the introduction of porosity into carbon materials, Knox et al. (1986) was one of the
first to synthesise nanoporous carbon materials with a variety of pore structures using the
appropriate nanostructured silica materials as sacrificial templates. ' This procedure reflects the

[17-18

“hard templating (or exo-templating)” approach to structure replication. I Generally, in hard

templating, a carbon precursor (e.g., phenol — formaldehyde resin) infiltrates a sacrificial hard
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template structure and is carbonised within the pores (normally at high temperatures; e.g. >
700 °C). The template is then removed to give the inverse nanostructures of the original inorganic

templates (Figure 3-2 a)

Figure 3-2: Schematic drawing of (A) hard templating and (B) soft templating approach to synthesise porous
and high-surface area materials. For endo (hard) templating, the templating species are occluded in the
forming solid, for exo (soft) templating, a rigid porous solid is infiltrated with the precursor for another solid.
Endo templates as well as exo templates are removed from the composite to yield the porous or high-surface
area materials (adapted with permission from [17]) .

More recently, Zhao et al. and Dai ef al. have independently demonstrated that under the correct
synthesis conditions, the use of a sacrificial inorganic template is not required, demonstrating a
direct route to ordered porous carbon materials via the self-assembly of block copolymers and
suitable aromatic carbon precursors (e.g. phloroglucinol or resorcinol-formaldehyde). (19241 This
method, widely recognised as one of the classical methods to produce inorganic porous materials

by sol-gel chemistry, is called soft templating or endo-templating (Figure 3-2 b).

The hydrothermal process has clear advantages when compared to the classical carbonisation
method (e.g., pyrolysis) since it takes place in the aqueous phase and thus can, in principle, be
easily combined with classical templating procedures. Pure carbohydrates are in this case the
most convenient precursors since they are easily dissolved in water. Additionally, polar
functionalities are present on the materials surface allowing relatively facile further modification
to be performed, which is somewhat difficult in the case of carbon materials with highly
developed aromatic / graphitic character usually obtained from the conventional carbonisation

procedure (e.g. synthesised using a phenol formaldehyde resin precursor). 'Y The surface
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chemistry of the resulting HTC materials can also easily be controlled and in turn carbon
condensation / aromaticity (e.g. by post thermal treatment), offering the opportunity to direct

surface or pore wall chemistry for specific application needs.

3.2.1 Hard Templating in HTC

Following the same principle as the structural replication presented by Knox et al., "
mesoporous hydrothermal carbons have been produced by conducting HTC at 180°C in the
presence of nanostructured sacrificial silica bead templates (LiChrospher™ Si100, average particle

size 10 pm, pore size 10 nm). >

Figure 3-3: Morphologies obtained via HTC of 2-furaldehyde in the presence of silica templates with different
polarities. (A) Macroporous carbon cast obtained in the presence of nonporous silica with a very hydrophobic
surface, (B) mesoporous-shell hollow spheres obtained from mesoporous silica templates with moderate
hydrophobicity, (C) hollow spheres obtained using nonporous silica spheres with moderate hydrophobicity,
and (D) mesoporous hydrothermal carbon replica obtained using a calcined mesoporous silica template.
(taken with permission from 25)

Significantly, it was found that it is important to match the template surface polarity with that of
the carbon precursor. Hydrophobisation of the silica template can be performed via methylation
or thermal treatment. A variety of morphologies are obtained using silica templates with different
polarities and 2-furaldehyde as a carbon source (Figure 3-3). The use of silica templates with a
very hydrophobic surface character leads to the generation of macroporous carbon casts (Figure
3-3 (a)), whereas hollow carbon spheres are produced when using a moderately hydrophobic

surface (Figure 3-3 (b)). Dehydroxylated silica templates filled with 60 wt% 2-furaldehyde
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resulted in mesoporous carbonaceous microspheres (Figure 3-3d) thus demonstrating successful
templating, whereas application of a 30 wt% carbon precursor gave only small carbon spherules
(6 — 10 nm diameter) owing to the lack of interconnectivity between growing particles in the
coating. Furthermore, when rehydroxylated silica was used, demixing occurred due to the
enhanced hydrophilic character of the template surface essentially inhibiting impregnation of the

2-furaldehyde.

Complete impregnation was achieved by controlling the degree of hydrophobicity of the template
and by controlling the concentration of the carbon precursor in an aqueous solution. In addition to
the matching of the surface polarities, it was also illustrated that the carbon nanocoating
procedure operates in a “patchwise” manner, via the generation of stable colloidal intermediates.
For nonporous templates, hollow carbonaceous spheres with a robust carbon coating are observed
(Figure 3-3 (c)). Further investigation was conducted using mesoporous silica beads
LiChrospher® Si300 with the average particle size and pore diameter of 10 pm and 30 nm,
respectively to yield spherically shaped carbonaceous particles. 2% SEM images of the
obtained carbon replica of Si300 reveals that the both particle size (~ 10 um) and the morphology

uniformity were maintained (Figure 3-4 (a) and (b)).

One of the main advantages of the combined HTC - hard templating method is the accessibility
of nanostructured materials possessing useful surface functionalities. By further thermal
treatment under an inert atmosphere of the obtained composites (i.e. 350, 550, 750 °C) followed
by the template removal, carbon spheres with different surface functionalities and pore properties
were obtained. This post-carbonisation treatment had no significant impact on the spherical
material morphology (Figure 3-4 (c) and (d)). Elemental analysis (EA), revealed an increase in
carbon content of the synthesised materials 64 wt% to 81 wt% (350 to 750 °C), thus showing

increasing carbon-rich material character.
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Figure 3-4: SEM micrographs of (A) and (B) an as-synthesised carbon replica (HTC@180°C) and (C) and (D)
a carbon replica after post-carbonisation at 750 °C.
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Figure 3-5: (A) and (B) TEM micrographs of the ordered mesoporous carbon obtained by replication of the
SBA-15 silica template; (C) SAXS patterns of the silica template, corresponding composites and ordered
hydrothermal carbon materials) and (D) FTIR spectra of the ordered carbon replica before and after amino
functionalization (taken with permission from 27)

Similarly to the production of CMK type materials pioneered by Ryoo et al., !'* hexagonally

ordered mesoporous SBA-15 silica has also been used as a sacrificial inorganic template for the

preparation of ordered carbonaceous replicas under hydrothermal conditions. *”) TEM images of

the carbonaceous duplication also demonstrates that the ordered hexagonal pattern is maintained
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in the carbon product (Figure 3-5 (a) and (b)). SAXS analysis of the carbon replica presented
Bragg reflections of (100), (110) and (200), characteristic of the 2D hexagonal arrangement
(Figure 3-5 (c)), further confirming the maintenance of the structural regularity. Using the
functionality generated by the HTC process, relatively simple chemical modification strategies
can employed to further modify the SBA-15 carbon replica pore wall and surface groups. The
introduction of surface amino groups was confirmed by EA (~ 4 mmol N/g) and FTIR
spectroscopy as indicated by bands at 1615 cm™ at 772 cm™ characteristic of amino (-NH,)

groups (Figure 3-5(d)).

Analogous to the structural replication of mesoporous silica, the nanostructure of a macroporous
anodic alumina membrane (AAO) was also achieved via a combined HTC — hard templating
strategy to yield tubular carbons. **! Again, the surface character of the tubular carbonaceous
nanostructure was controlled by employing post-synthesis thermal treatments. TEM images
reveal that the micrometre long tubular carbons possess an open ended structure with smooth
surfaces constituted of a hollow internal diameter of ca. 125 (£ 25) nm and ca. 40 nm thick
carbonaceous tube walls (Figure 3-6), with pore wall thickness observed to marginally decrease

as treatment temperature passed 550 °C (i.e. as the carbon network condenses).

High resolution TEM images of before (Figure 3-6 (e)) and after carbonisation (Figure 3-6 (1)),
revealed the level of local order improved with temperature indicative of increasing aromatic /
pseudo-graphitic character. In addition, the surface area and the pore volume were observed to
increase upon employing higher post carbonisation temperature as was observed in the case of
carbon spheres again due to the development of microporosity (see chapter 6 for details).
Furthermore the useful material chemistry of these tubular structures can be modified with

stimuli responsive polymers for controlled dispersion applications. **
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Figure 3-6: SEM micrographs of (A) as-synthesised tubular carbons and (B) tubular carbons post-carbonised
at 750 °C; TEM micrographs of (C) as-synthesised tubular carbons and (D) tubular carbons post-carbonised
at 750 °C; HRTEM micrographs of (E) as-synthesised tubular carbons and (F) tubular carbons post-
carbonised at 750 °C (taken from 28).

3.2.2 Soft Templating HTC

The use of soft, polymeric templates of defined size and shape (e.g. polymer nanoparticles) can
also be employed in the synthesis of nanostructured HTC materials. My research group, (Titirici
White et al.) have used aqueous dispersions of polystyrene latex nanoparticles (PSL) (e.g., D =
100 nm) as a templates to synthesise functional hollow carbon nanospheres (Figure 3-7 (a)). *”)
Using the hydrothermal conversion of Glucose at 180 °C in the presence of the PSL template,
results in a controllable coating of hydrothermal carbon of the polymer body. Thermal treatment
of the resulting composite, above the decomposition point of PSL (e.g., > 500 °C) results in
formation of hollow carbonaceous nanospheres. Latex nanoparticles of any desired diameter and

narrow size distribution can be readily prepared allowing in principle subtle control of the hollow

carbon nanosphere size over a wide range of diameters.
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Thermal treatment at 1000 °C generate a turbostratic-type carbon layering in the nanospheres
wall with a thickness of ca. 20 nm (Figure 3-7 (b)) suitable for the application as anode materials
in Li" BY Na" BY as well as cathode in Li-S batteries, ' which will be discussed Chapter 5

dedicated to the applications of HTC.

Figure 3-7: (A) TEM images of MPG-C100nm HTC composite material (i.e., before template removal); (B)
MPG-C100nm-550°C demonstrating polystyrene latex template removal; (C) and (D) HRTEM images of
MPG-C100nm-1000°C. (taken from [29])

It is proposed in materials science that enhanced application performance (e.g. catalysis) can be
generated by the synthesis of organised, uniformly sized and shaped material pore texture at
nanoscale, in tandem with controlled pore wall chemistry. As mentioned earlier, Zhao et al. and
Dai et al. have recently demonstrated a soft templating route, a direct route to ordered porous
carbons via organic - organic self-assembly of a block copolymer (e.g. Pluronic® block
copolymers or polystyrene-b-poly(4-vinylpyridine)) and a suitable aromatic carbon precursor
(e.g. phloroglucinol ! or phenol-formaldehyde *'*?). Hydrogen bond interactions play a
significant role in orientating the resulting poly-aromatic network, whilst pore structuring was
conventionally controlled mainly by polymeric template (e.g. via concentration and structure),
copolymer - precursor ratio and pH. The polymeric template can be then removed either by
solvent extraction or heat treatment about its decomposition temperature. Carbons prepared using
such strategies, typically present rather chemically condensed (e.g. graphitic-like) pore walls /
surfaces due to the high temperature syntheses, which inhibit facile post chemical modification
and limits surface hydrophobicity / polarity modification. Therefore, performing the same type of

soft templating process under HTC conditions becomes of great interest. One of the main
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advantage is the fact it offers direct access to ordered porous carbons with useful surface
functionality, whilst it will be a key point and highly challenging to achieve the stable formation
of a polymeric template — precursor assembly under HTC conditions. In this context, it was found
out that the selection of a suitable carbon precursor and HTC temperature can lead to successful

“soft” templating of hydrothermal carbons.

In the first attempt, HTC of D-fructose was performed at 130 °C in the presence of block
copolymer Pluronic® F127 (EO106-PO79-EO 1) to yield a carbonaceous precipitate with ordered

33
nanostructure. [33]

This composite was further heat treated under N, to 550 °C, resulting in template removal
yielding a carbonaceous product (denoted as C-MPG1-micro), composed of 82.6 wt% C, 14.2
wt% O, and 3.2 wt% H, respectively. Here, the use of D-fructose is considered to play a crucial
role in successful templating of supramolecular assembly of block copolymer template since it
undergoes HTC at 130 °C; a significantly lower temperature to that previously reported for other
sugars (e.g. D-glucose; 180 °C). *% Typically, block copolymer micelles are not stable at the high
temperature used for the HTC process. °* Therefore, the use of D-fructose allows access to a
more stable micellar phase and opens the opportunity for soft templating. The complete removal
of block copolymer species from the template — carbon composite was confirmed by
thermogravimetric analysis, representing a significant mass loss regime at ~ 400 °C (i.e. the F127
decomposition) followed by a smaller secondary charring step at ~ 600 °C (i.e. further
condensation / aromatisation of the carbon structure). SEM image analysis of C-MPGI1-micro
indicated a layer-by-layer growth mode yielding relatively uniform cuboctahedron-like particles
in the 1 — 10 um size range. Whilst of a similar size to non-templated HTC material, particles
synthesised via this templating approach present a faceted edge / layered morphology, indicative
of the growing direction of the hydrothermal carbon network by the templating phase as well as
of the formation of near single crystalline particles. TEM image analysis demonstrates the long-
range regularly ordered pore structure (Figure 3-8 (a)), whilst synchrotron small angle X-ray
scattering (SSAXS) analysis of C-MPG1-micro indicates the formation of a near perfect cubic
Im3m symmetry (Figure 3-8 (b)). Moreover, the obtained 2D scattering pattern (Figure 3-8 (b)
insert) is indicative of a single-crystalline nature to this material and presents well resolved peaks
at g-spacing values of 0.51, 0.72 and 0.87 nm"' respectively, corresponding to a d-spacing of 12.3

nm equating to a unit cell parameter of 17.4 nm. The calculated SSAXS unit cell parameter
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agrees well with the presented TEM image, while unusually both SSAXS and TEM indicate the
generation of a very thick pore wall feature for C-MPG1-micro with dimensions of between 7 -

10 nm.
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Figure 3-8: (A) TEM, (B) Synchrotron SAXS pattern (right-up; diffraction pattern) (C) N2 sorption isotherm,
and (D) pore size distribution (QSDFT) of as-synthesised C-MPGI1-micro material (reproduced from
reference [33)).

In order to investigate the pore property of the obtained material, N, sorption analysis was
carried out generating a microporous type I isotherm with a non-reversible nature due to
structural changes in pore wall dimensions during sorption processes (Figure 3-8 (c)). **! Specific
surface area and total pore volume were calculated as 257 m* g and 0.14 cm’g” respectively.
The pore size distribution presents a sharp peak at a diameter of 0.9 nm and a less discrete
broader shoulder centred around 2 nm (Figure 3-8 (d)). By comparison, the F127 / HTC-carbon
composite material presented very limited pore volume and surface area indicating that indeed
pores are opened upon removal of the block copolymer template via acalcination. TEM image
analysis of this composite indicated an F127 micelle diameter of ~ 11 nm and carbon wall
thickness of ~ 7 nm (Figure 3-9 (a)). SAXS analysis of the F127 / HTC-carbon composite
demonstrated a well-resolved pattern with the d-spacing value of the first peak equivalent to 16.8

nm, corresponding to a unit cell parameter of 23.6 nm, which is considerably larger to pore
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dimensions observed after template removal (Figure 3-9 (b)).

A possible formation mechanism was proposed. It is believed that as HTC proceeds via the
dehydration/ polycondensation reactions to generate a polyfuran-like network % (see details in
the solid state NMR sections of chapter 2) the organised block copolymer micellar phase is
essentially “templated”, whereby in the initial steps D-fructose is absorbed via hydrogen bonding
interactions into the hydrophilic PEO moiety of the F127. Here, the resulting polyfuran-like
network is comparatively hydrophobic and therefore the possibility of “templating” of a reversed
phase through a hydrophobic interaction still cannot be discounted. Upon removal of the template
at 550 °C, the resulting pores are smaller than that of before template removal due to structural

shrinkage (e.g. carbon network condensation) or possible partial carbonisation of the block

copolymer.

(A)
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Figure 3-9: (A) TEM micrograph and (B) Synchrotron SAXS pattern of C-MPGI1-micro before template
removal (insert; 2D scattering pattern reproduced with permission from reference [34]).

Importantly, further work revealed that the ordered pore phase dimensions of this C-MPG1-micro
material could be shifted into the mesoporous domain by the addition of a pore swelling agent,
trimethylbenzene (TMB) to the F127 / D-fructose reaction mixture (denoted as C-MPG1-meso).
Thermal template removal at 550 °C generates carbonaceous particles again with faceted ages
similar in morphology to C-MPG1-micro. Close examination of the pore structuring via TEM
image analysis indicated the maintenance of the well-ordered pore structuring upon addition of
the pore swelling agent with a pore diameter and wall thickness of ~5 nm and ~10 nm,
respectively (Figure 3-10 (a)). SSAXS analysis of C-MPG1-meso presented well resolved peaks
at inverse nanometre values of q = 0.47, 0.65, 0.80 and 0.94 nm™' and a further peak at higher q
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values (Fig. 10(b)), indicative of /m3m symmetry and a unit cell of 18.9 nm showing the

increased regular unit. The peak at 0.47 nm™

is accompanied with a small shoulder feature
indicating some structural heterogeneity (e.g. the presence of a mixed phase) as also
demonstrated by the increased polycrystalline nature of this material (2D scattering pattern;

Figure 3-10(b) insert).
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Figure 3-10: (A) TEM, (B) Synchrotron SAXS pattern (right-up; diffraction pattern) (C) N2 sorption
isotherm, and (D) pore size distribution (QSDFT) of as-synthesised C-MPG1-meso material (reproduced from
reference [33])

The transition from a Type I (i.e. for C-MPG1-micro) to a Type IV N, sorption profile for C-
MPG1-meso was observed with associated capillary condensation feature at P/P, ~ 0.45,
indicative of a shift in pore structuring into the mesopore domain (Figure 3-10 (c)).
Consequently, a reduction in surface area (Sger = 116 m’g”) and total pore volume resulted
(Viow = 0.10 cm’g™). The addition of the swelling agent resulted in a bimodal pore size
distribution with a new maximum at 4.0 nm in the mesopore domain and a discrete micropore
peak at 1.0 nm (e.g. from template removal in mesopore walls) (Figure 3-10 (d)).
Correspondingly, mesopore volume was enhanced as a proportion of the total pore volume,
increasing from ~ 20 % in C-MPG1-micro, to ~ 60 % upon addition of TMB, for C-MPG1-meso.
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Mechanistically, the added TMB is believed to interact with hydrophobic PPO moieties, thus
swelling the spatial volume of the hydrophobic region, which in turn results in the observed pore
expansion into the mesopore range as observed in more classical inorganic templating

examples. 7%

It is presumed that carbonaceous crystal growth is determined by the rate of hexose dehydration
(i.e. the generation of hydroxymethyl furfural (HMF)) and subsequent polymerisation reactions.
Relatively slow dehydration and strong hydrogen bonding interactions between HMF and the
PEO segments of the F127 template favour the growth of the templated, almost perfect single

crystalline carbonaceous structures.

3.2.3 Naturally Inspired Systems: The Use of Natural Templates
The organisation of organic and inorganic matter at the nanometer scale is exemplified best by

biological materials systems, and the development of novel materials mimicking or deriving

inspiration from these natural systems is a dominant theme in materials chemistry, with one aim
[39]

to produce material systems the same efficiency and selectivity as those provided by Nature.

Before [H*] Ty After [+]

Figure 3-11: Prawn shell-derived carbons via HTC processing and post thermal treatment at 750 °C; Acetic
Acid [H+] is used to remove the CaCQO3; component (reproduced from reference [42]).

In this regard, biominerals are mostly natural inorganic/organic (e.g. polysaccharide) composites
that perform as structural supports, mineral storage, and protective surfaces. *” Self-assembly of
polysaccharides into organised structures with a cooperative inorganic partner such as CaCOs,
produces lightweight and dimensionally strong natural composites, as demonstrated by the

. 41
exoskeletons of crustaceans and insects, (41]

where the polysaccharide content is sufficiently high
to enable a follow-up conversion chemistry. The inorganic and organic components are often
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organised into nanoporous sized domains, and replication/mimicking of these systems potentially

can lead to the design of novel advanced materials

Our group reported on the hydrothermal carbonisation of crustacean exoskeletons, namely prawn
and lobster shells into nanostructured (nitrogen-doped) porous carbonaceous materials (Figure
3-11). " Marine derived crustacean shells are composed of the nitrogen containing
polysaccharide, chitin (poly-B-(1—4)-N-acetyl-D-glucosamine) and an inorganic component (e.g.
CaCOs). Such high volume industry shell waste represents an inexpensive, accessible source of
nitrogen-containing biomass that does not directly impact the food chain. These exoskeleton
biocomposites represented useful precursor biomasses for the preparation of porous carbons,
whereby the organic component is carbonised in the presence of the (structure donating)
inorganic component CaCOs3, which finally could be removed with the use importantly from a
process point, a weak (waste) Bronsted acid, Acetic Acid (e.g. Vinegar). These acids are to be
compared to the more aggressive reagents usually employed in inorganic template removal in
conventional mesoporous carbon synthesis, for instance HF/NH4F (aq) or caustic NaOH

conditions. !

The use of nitrogen containing polysaccharide-derived biomass is an important aspect, as it
directly allows the preparation of especially useful nitrogen doped carbon materials with
improved performance range (e.g. for electrodes for supercapacitors **! or fuel cells [*1). We will

provide detailed aspects of such improved applications in Chapter 4 and especially Chapter 5.
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Figure 3-12: Lobster shell-derived HTC materials (and thermal treatment at 750°C); (A) N, sorption
isotherm; (B) corresponding NLDFT pore size distribution; (C) SEM image of the macromorphology; (D)
TEM and (E) HRTEM images of the carbon nanostructure (adapted from [46]).

N-doped carbon synthesis from crustacean shells such as for example lobster shells *®! would not
only be beneficial from an economic standpoint, but also allow a simple route to the introduction
of material dopant within carbon structures that would be almost impossible to reproduce
synthetically (Figure 3-12); particularly advantageous in high value end applications. Nitrogen
doping of carbons is for instance known to enhance material electrical conductivity, as the
introduction of the N heteroatom into the graphitic structure contributes further electron carriers
in the conduction band. 7 Further discussion regarding the heteroatom doping of hydrothermal
carbon structures will be developed in Chapter 4, while the use of these materials as electrodes in

super capacitors or heterogeneous catalyst supports will be discussed in Chapter 5.

3.3 Carbon Aerogels

Aerogels are known in a great variety of compositions and are used in a manifold of high - end
applications including chromatography, adsorption, separation, gas storage, detectors, heat
insulation, as supports and ion exchange materials. 1***) Without doubt, silica aerogels are the

most prominent and developed materials in this field, as they have revolutionised high pressure
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liquid chromatography (HPLC), allowing highest resolution and fast separation at the same
time. % Silica however also has some chemical disadvantages, and in 1987, Pekala et al.
described for the first time organic aerogels as an interesting alternative. ! Aerogels are defined
by the /UPAC as non - fluid networks composed of interconnected colloidal particles as the
dispersed phase in a gas which is usually air. Typically an aerogel is formed by supercritical
drying of the wet colloidal gel. Their characteristics include interconnected large diameter
mesopores, low material density (p~0.004 - 0.5 gcm™) and high specific surface area. The
formation of colloidal gels is a “bottom up” synthetic process following the well - established
sol - gel chemistry where colloidal particles form at first and then are aligned and condensed by
thermodynamic forces. °?! Therefore the aerogel synthesis, achieved via the HTC processing of
sugars, is of significant interest, not only from the viewpoint of green chemistry but also with

application potential in mind. !

The exciting new HTC system was further investigated, especially in terms of particle size and
porosity control. The results should be related to the well - known trends in the RF system.
Hierarchically structured but also inexpensive porous organic aerogels are capable of competing
with their inorganic (e.g. silica) counterparts in sorption and insulation applications. °*) The most
common organic aerogels are the aforementioned RF systems. °*! Here the formation of the gel
phase occurs through the catalysed polycondensation of the reactive precursors in water. The
whole gel formation can take several days. A well - developed microstructure is also crucial for
the following drying procedure to achieve the organic aerogels. The solvent has to be removed
from the pores, while the structure has to withstand capillary forces induced by evaporation.
Some investigations on this topic have been summarised by Job et al. ®* So far supercritical

drying is still the most prominent procedure used to minimise the effects of capillary collapse.

Besides being highly porous and lightweight, another advantage of organic aerogels is the
possibility to introduce electric conductivity by converting them into carbon aerogels, thus

[55] 159 and as

accessing electrical / electrochemical applications like batteries, supercapacitors,
conductive supports as cathodes for fuel cell applications. °’! For those applications, it is
important to have additional control over micro- and mesoporosity development. As it is possible
to subtly influence and design material nanoscale structuring by chemical means, such that
carbon aerogels can also be classified as nanostructured carbon. To convert polymers into carbon

aerogels, usually pyrolysis is employed (e.g. T > 500 °C). The carbonisation process leads to a
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loss of oxygen and hydrogen functionalities and therefore more condensed carbon structures. "

Finally, depending on the pyrolysis temperature and the respective precursor chemistry
(“graphitisability”) of the former organic structure, an electrically conductive carbon network is
achieved and can be used for a wide range of applications. A review article on RF - based organic
and carbon aerogels was published by Al - Muhtaseb er al. "™ In the following section four

promising routes to the formation of HTC aerogel materials are introduced and discussed.

3.3.1 Ovalbumin / Glucose-derived HTC Carbogels

Moving away from the use of templates, the introduction of secondary biomass precursors (e.g.
proteins) has been found to have interesting consequences on the porosity, morphology and
texture of the resulting HTC materials. Baccile e al. first reported that throughout the addition of
the glycoprotein, ovalbumin, at variation concentrations, carbonaceous nanoparticles or
continuous nanosponges with high specific surface areas can be efficiently produced. ! Taking
this approach one step further, it was found that under the right HTC processing conditions of
temperature, time, drying technique (e.g. supercritical CO, extraction) and ovalbumin
concentrations, it is possible to synthesis highly functional, low density, nitrogen-doped HTC
monolith materials; termed Carbogels (Figure 3-13) ® Commonly available inexpensive
proteins such as ovalbumin are interesting additives for the HTC process, being H,O soluble,
nitrogen rich and having the potential to act as surface stabilizing / structure directing agents
during the formation of the evolving hydrothermal carbon network. After supercritical drying of
the recovered gel product, a low density monolith product is produced (Figure 3-13). The
material was then characterised by solid state NMR, FT-IR and XPS.

Qualitative bulk *C NMR analysis indicates distinct resonances in the & = 0 — 60 ppm region for
sp° aliphatic “C” and at & = 29.8 and 52.9 ppm for methyl and/or methoxyester groups, °"! whilst
sp” “C” resonances (8 = 90 — 160 ppm) are relatively pronounced, indicative of a strong aromatic
Carbogel character at this low preparation temperature (Figure 3-13(A)). Further resonances at o
= 128.8 and 150.8 ppm relate to all-carbon aromatics and poly(furan)-type networks
respectively. % The intense resonance at & = 172.9 ppm for carboxylate-type groups, and
partially resolved higher resonances for ketones /aldehydes (6 > 200 ppm) are significantly
different to previously reported NMR analyses of hydrothermal carbons. Notably resonances are
relatively sharp and decoupled, indicating a rather mobile (polymeric) nature to material

structure.
153



Chapter 3: Porous Hydrothermal Carbons

Carbogel: T_=180°C
(1) =172.9 ppm
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Figure 3-13: Characterisation of hydrothermal Glucose / albumin Carbogel monolith (photograph) product
by (A) 13C CPMAS NMR; (B) ATR-FTIR; and high resolution XPS analysis of the (C) C 1(s) and (D) N 1(s)

photoelectron envelopes ( adapted with permission from [60])
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FTIR analysis indicates carbonyl/carboxylic features (at 1750-1480 cm ™' (e.g. v(C=0) ~ 1626
cm—1)) mixed with N-containing groups (e.g. amines at 1580 cm ") (Figure 3-13 (B)). **! A band
at 1666 cm ' corresponds to amide C=0 groups whilst a band at ~ 1076 cm™" is assigned to the
C-N bending mode. There are also possible contributions in this region from a variety of
pyridinic / pyridonic and pyrrolic-like structures. ! The band at 1516 cm™' is reflective of
conjugated/condensed O-containing groups (e.g. C=C—O; “Furans”). A broad composite spectral
band in the 900 — 720 cm™' region, assigned to C—H (out-of-plane) bending modes, reflects a

wide range of (N-containing) aromatic groups. ("

High resolution C 1(s) XPS analysis reveals three distinct binding energies of 284.6 eV (C—C/—
CHy; 48.1 % area), 285.9 eV (C—N bond: 35.9 %area) and 287.7 eV (-C=0/—C(O)N- (amide );
15.9 %area) (Figure 3-13 (C)). N 1(s) envelope analysis indicated a high pyrrolic surface
character (400.3 eV; 65.0 % area), contributions from 1°/2° amines (399.5 eV; 24.3 % area) and
pyridinic/quaternary-type motifs (401.5 eV; 10.7 % area) (Figure 3-13 (D)). *Y Both bulk
elemental analysis and surface XPS quantification demonstrate the uniform N incorporation into
both the carbon structure and surface (e.g. N% = 7.5 (elemental (combustion) analysis) / 6.8
(XPS survey scan quantification)), whilst SEM images indicate a continuous interlinked N-doped
fibrous monolithic macromorphology (Figure 3-14 (A) and (B)). The early onset of aromatization
and relative absence of keto-groups was believed to be a consequence of the reaction with protein
(e.g. Maillard reaction), significantly altering the chemical hydrothermal charbonisation cascade.
Details regarding Maillard chemistry and the reactions occurring during the HTC formation of N-

doped carbons will be provided in Chapter 4.
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Figure 3-14: (A) and (B) SEM images of the aerogels; (C) and (D) HRTEM images of aerogels thermally
treated at 750 and 900 °C respectively (reproduced from reference [60])

Using the dried hydrothermal Carbogel, derivatives were prepared using thermal charbonisation
(Tp) in the 350-900 °C range to manipulate surface chemistry (e.g. C or N condensation state)

and demonstrate material flexibility (See Chapter 4 for further discussion relating to heteroatom

doping).

The resulting Carbogels presented Type IV/H3 reversible sorption isotherms, where hysteresis
loops were found to be limited at low T, (e.g. <350 °C), developing through the intermediate T,
range, stabilising to a more classical Type IV/H3 profile with a more open hysteresis, at T, = 900

°C (Figure 3-15).
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Figure 3-15: N, sorption isotherms for the Carbogel-180°C and carbonaceous derivative therefrom prepared
at increasing carbonisation temperature.

Material surface areas irrespective of T, are considerably higher (Sger > 240 ng_l) than those
previously reported values for (non-templated) hydrothermal carbon materials (but lower than
more traditional carbon aerogels), here passing through a maxima at T, = 550 °C as strongly
micropore-bound decomposition products are thermally removed. A reduction in Ve at higher
T, then occurs as the carbon network undergoes further chemical condensation and micropore
closure. Mesoporosity as a proportion of total porosity stabilizes after T, = 550 °C, the result of
network contraction, reaching promising values of Vieso > 0.45 cm3g71. For all materials, broad
pore size distributions were observed with partially defined diameter maxima in the micropore
range (pore diameter ~ 1 nm) and lower mesopore region (pore diameter ~ 3 nm) although
significantly volume contributions are made from all mesopore size domains. High resolution
TEM images of the resulting carbonised materials maintained the continuous highly porous
nature of the Carbogel parent (Figure 3-14 (C) and (D)). Material in all cases presented highly
(meso)porous nanomaterial structuring, with image analysis demonstrating elegantly the unusual
coral-like continuous carbonaceous hierarchical nano-architecture. The hyper-branched network
has walls of disordered graphitic-like sheets of ca. 10—15 nm thickness composed of ~2—3 short

carbon layers stacking locally in no preferential long range (> 100 nm) orientation.

It is proposed that the protein (and associated Maillard products) act as surface stabilising /
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structure directing agent(s) to create a stable heteroatom (N) doped carbon scaffolds possessing
co-continuous flexible porosity, tuneable chemistry and structural size (Figure 3-14). The reaction
of the reducing sugar and free amino groups of the protein is provided to dramatically alter the
HTC cascade reaction, leading to branched Carbogel networks with different morphologies from
previously reported HTC materials. Given the structural similarities with corresponding

monolithic silicas, "

it was speculated that a similar underlying formation mechanism resulted
in the formation of the continuous porous structure. This involves sugar dehydration, carbon
precursors demix from the aqueous phase in a spinodal fashion, which in this case is stopped
from further ripening towards droplets by an early and efficient reaction with the water-based
proteins. As will be discussed in the next chapter (Chapter 4), material chemistry (e.g. nitrogen
bonding motifs) can simply be directed via selection of a post-synthesis thermal treatment

temperature. The applications of these monoliths in catalysis will be discussed later in this thesis

(Chapter 5).

3.3.2 Borax-mediated Formation of HTC Carbogels from Glucose

In the context of appropriate HTC catalysis, borates, (e.g. boric acid and borax) are well - known
for their strong interaction with vicinal - dihydroxy compounds, such as glucose and fructose.
Negatively charged borate - diol and borate - didiol complexes are formed which change the

(651156 We have recently reported on the

reactivity and physical properties of the sugar solutions.
exploitation of this interactions for the synthesis of hydrothermal carbonaceous gels. *”! As an
example, hydrothermal treatment of 20 ml of 30 % glucose solution with 500 mg of borax at
200 °C for 20 h resulted in the formation of dark brown, mechanically stable monoliths (Figure
3-16). The monoliths are composed of aggregated nanometre sized spherical particles, leading to
a colloidal hydrogel. Macro- and mesoporosity can be observed generating a lightweight carbon
material exhibiting hierarchical porosity. After purification by extraction with water and ethanol,

elemental analysis demonstrated a chemical composition similar to conventional HTC (i.e.

~ 64 % C; ~ 5 % H).
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Figure 3-16: Scheme of the hydrothermal reaction of glucose in presence of borax resulting in a black
monolith (reproduced from reference [67]).

Since additionally the yield was clearly improved compared to hydrothermal treatment of pure
glucose under the same reaction conditions, studies of the reaction time were carried out (solid
yield improved from 26 % to 44 %, carbon yield from 42 % to 73 % for the HTC of 20 ml 30 %
glucose solution at 200 °C for 19 h). 20 ml of 30 % aqueous glucose solutions with and without

500 mg borax were heat treated at 200 °C for 1, 2, 3, and 4 hours for comparison (Figure 3-17).

Figure 3-17: Comparison of HTC products from glucose with and without the addition of borax after different
reaction times. Shown are results from 20 ml glucose solutions (30 %) with (cat.) and without (ref.) the
addition of 500 mg of borax for 1, 2, 3 and 4 hours at 200 °C (reproduced from reference [67] )

The accelerated carbonisation by borax, (i.e. higher yields in shorter times with an onset at lower
temperatures), could be explained by catalysis of glucose dehydration. Referring to the reactivity

(681191 one can expect that the interaction of borax with the vicinal diols

of borax with sugars,
leads to negatively charged boron - diol or boron - didiol complexes, enhancing the reactivity in
the dehydration of glucose to HMF. Concurrently to our research Riisager et al. have presented a
study describing the impact of boric acid on the hydrothermal dehydration of glucose, confirming
the proposition that borax does in fact catalyse the dehydration of glucose. [ Further studies
indicates that catalytic activity may arise from the stabilisation of intermediates appearing within

the isomerisation of glucose to fructose mediated by negatively charged boron - diol complexes
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with their results correlating with the lowered activation energy to the corresponding coordinated
intermediate structures. [®*! However, at the conditions used during HTC, the Lobry de Bruyn -
Alberda van Ekstein isomerisation already converts glucose into fructose. () Compared to the
dehydration of fructose, the hydrothermal carbonisation is a rather slow process and therefore

should not be affected by the accelerated isomerisation.

To further investigate the role of borax, a HTC system employing borax and fructose as precursor
was investigated, whereby 20 ml of 30 % aqueous fructose solutions with and without 500 mg
borax were heat treated at 140 °C for 2, 3, and 4 hours for comparison (Figure 3-18). It is clear
that in this case, borax also accelerates the hydrothermal carbonisation of fructose. In addition to
the improved dehydration of glucose, the subsequent carbonisation /resinification reactions

occurring in a later stage are therefore catalysed, as well.

Figure 3-18: Comparison of HTC products from fructose with and without the addition of borax after
different reaction times. Shown are results from 20 ml glucose solutions (30 %) with (cat.) and without (ref.)
the addition of 500 mg of borax for 1, 2, 3 and 4 hours at 140 °C.

Particle aggregation indicates that borax also promotes cross - linking, which is essential for the
gelation process and monolith evolution. It has to be mentioned, that HTC of pure HMF with
borax as additive leads to perfect gels as well. Regarding the mechanism of the catalysis, borates

7] and decarboxylation. " However, these properties at

are known to catalyse esterification
least do not obviously affect the HTC reaction pathways. One characteristic, also in the context of
HTC, is the formation of boron - dioxo complexes (Figure 3-19). It is proposed that borax
coordinates sugars and thereby competes with the aldehyde - protecting acetalisation reaction of

sugars with HMF, eventually promoting aldol condensations of the “free” HMF.
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Figure 3-19: Side reactions (I acetalisation; II borate-diol complexation) within the hydrothermal
carbonisation of sugar (herein simplified as dioles) in the presence of borax (reproduced from reference [67]).

H

Representative of our reported system, four Carbogel examples were synthesised at different
sugar / borax ratios denoted as Carbogels X, where X corresponds to the used amount of borax in
milligrams while the amount of water and glucose was kept the same (20 ml 30 % glucose
solutions). The Carbogels were produced by hydrothermal treatment of the solutions at 180 °C
for 8 hours. Shorter reaction times resulted in the formation of unstable gels or sol - like
suspensions. Under the reported reaction conditions, low density (e.g. p ~ 0.12 g cm™) Carbogels
were produced of ~ 3.1 g mass with a carbon content of ~ 64 % (thus resulting in 80 % carbon

yield with respect to glucose, the volume fraction of pores is @ = 0.94).

SEM and TEM image analysis of the resulting aerogels revealed the presence of very small,
spherical HTC nanoparticles, aggregating to create a gel structure with hierarchical porosity.
(Figure 3-20). With increasing system borax concentration, the microstructure becomes
increasingly finer due to decrease in primary particle size (from A to D in Figure 3-20). The
decreasing particle size with decreasing sugar / borax ratio is in accordance to the structure
control trends in the classical RF system. Both SEM and TEM images reveal the Carbogel
network to be composed of uniform sized, aggregated, spherical nanoparticles generating the
desired hierarchical porous network. It is worth mentioning that the particle size control is not
limited to the sub - 50 nm range. Experiments with less borax and / or longer reaction times lead
to gels with particle size bigger than 100 nm range and therefore very likely cover the whole

possible range underneath classical HTC particle dimensions.
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Figure 3-20: SEM and TEM images of Carbogels - X prepared from different amounts X of borax (in mg),
with the same amount of water and glucose. SEM overview images are presented on the left side, while higher
resolved SEM and TEM images are for each Carbogel indicated as 1 and 2 (reproduced from reference [67]).

Thermal treatment of the dried hydrophilic gels under nitrogen atmosphere at 550 °C and
1000 °C (heating rate = 10 K min™ followed by an isothermal period of 5h) leads to uniform
dimensional shrinkage of the monolith macrostructure with preservation of the overall cylindrical

shape.

As observed via TEM, at higher sugar / borax ratios the local nano- and microstructure in terms
of particle shape and connectivity are also retained upon heating to these carbonisation
temperatures (Figure 3-21). However, aerogels composed of very fine, sub - 10 nm particles do
not completely withstand the carbonisation process and shrink to more condensed systems.
Determination of the particle size via TEM (Figure 3-21Carbogel 750@ 1000 °C) indicates that
also the primary particle size decreases upon carbonisation, in accordance with the mass loss

throughout carbonisation.

In addition, nitrogen sorption measurements were carried out to investigate the porosity of the
as - formed hierarchical carbon structures (Figure 3-22). With increasing sugar / borax ratio, the

aerogels show an increasing gas uptake and a higher specific surface area due to the presence of
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smaller primary nanoparticles. Carbogel - 750 breaks this trend, as the Sger = 209 m*g” is
decreased compared to 233 m’g’ for Carbogel - 500. In accordance with the TEM images
(Figure 3-21), this reflects the collapse of the very fine structure within the freeze drying process,
i.e. 7 nm disordered carbon cannot withstand the capillary forces of a pore of similar size. This is

well known from corresponding, even rigid polymer structures. !/

Carbogel- 100

Figure 3-21: Comparison of TEM images of as - prepared Carbogels - X and the respective post - carbonised
samples at 550 °C and 1000 °C, where X stands for the used amount of borax within the synthesis protocol
(reproduced from reference [67]).

Regarding gas sorption behaviour for the post - carbonised systems, a strong increase of the
specific surface area especially after thermal treatment at 550 °C / N, is observed. High surface
area materials exhibiting ~ 600 m*g" (Carbogel - 250 @ 550 °C) are accessible even without
chemical activation using the relatively simple synthetic route and conditions. The carbonised
Carbogel - 100 and Carbogel - 250 samples show a trend of increasing surface area with
increasing sugar / borax ratio, the result of a reduction in the primary particle size. The high

borax structures are again already too fine to withstand carbonisation completely, resulting in
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partial structure collapse and a marked reduction of the accessible surface and overall porosity.
The interplay of enhancement of surface area and fragility of the architecture is also nicely
reflected in the high temperature data: carbonisation at higher temperatures (i.e. 1000 °C)
produces lower surface area materials, although the primary particle size has been dramatically

decreased.

A more quantitative porosimetry analysis of the so far optimised products, Carbogel - 250 and
the corresponding post - carbonised Carbogels, was performed (Figure 3-22). Only marginal
hysteresis and lack of defined plateau region as relative pressure reaches unity (i.e. p/po ~ 1) of
the sorption profile, reflects the combination of a slit - type micropore structure combined with a
high external surface area due to small, interconnected primary carbon nanoparticles. The
“exploding” sorption capacity at relative pressures near unity reflects the presence of excessive

large diameter mesoporosity and macroporosity, which can be expected from a material with 94

vol. % overall porosity.
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Figure 3-22: Comparison of nitrogen sorption analysis of as - prepared Carbogel - 250 and the respective
products from post - carbonisation at 550 °C and 1000 °C. A) Nitrogen sorption isotherms B) Pore size
distributions (reproduced with permission from reference [70]).

As - prepared Carbogels show in general limited microporosity (Vmiero < 0.10 cm® g™';), which is
very typical for ductile, polymer - like behaviour of the walls. ! Heat treatment at 550 °C
significantly increases this micropore content to about 0.25 cm’g™, which means that the material
now behaves as a rigid carbon scaffold post - carbonised carbon aerogels showing isotherms
(left) and pore size distributions (right). Also the mesopore volume is observed to increase nicely
upon carbonisation at 550 °C (V peso > 0.5 cm’ g'l @ 550 °C), most likely as the result of material

contraction / condensation processes opening up interstitial porosity between the primary
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particles, which was closed ahead by ductile deformation. Interestingly, nitrogen sorption at
Carbogel - 250 @ 1000 °C shows a loss both of micro- and mesoporosity. This means that the
structure rearrangements observed by TEM on a larger scale are also found on the molecular and
low nanometre scale: the whole structure simply sinters due to temperature induced carbon -

carbon rearrangements.

To investigate the applicability in electrochemical applications (i.e. as electrode materials in
various systems), the electrical conductivities of pulverised and pressed Carbogel - 250 before
and after thermal treatment under inert atmosphere was measured. Electrochemical measurements
were carried out with Gamry Reference 600 potentiostate (Gamry Instruments) and Gamry EIS
300 / Physical Electrochemistry software. The electrical conductivity was evaluated applying a
simple resistor - model on potentiostatic impedance spectroscopy at 1 - 1000 Hz using a two
electrode setup. The specific conductivities increase with increasing carbonisation temperature
reaching 290 S m™ at 1000 °C. These values are, considering the high porosity of the materials,
comparably high and absolutely sufficient to support an electrode application. The hierarchical
porosity of the monolithic Carbogels suggest the use of the material as electrodes for fast

processes, were mass transport takes a crucial role.

3.3.3 Carbogels from the Hydrothermal Treatment of Sugar and Phenolic

Compounds

™ shown that the hydrothermal charbonisation of sugars, i.e. xylose or fructose, in the

Ryu et al. !
presence of phenolic compounds can largely enhance the yield of the typical HTC microspheres,
up to 20-fold through the addition of phloroglucinol. In this study, the authors suggest a possible
mechanism where the phenolic compounds act as a cross-linker, via intermolecular condensation
with dehydrated sugars, ie. 5-hydroxymethyl-2-furaldehyde (HMF) or furfural, and/or
hydrothermal carbon nuclei.’¥ The higher reactivity of phloroglucinol, related to its electron
density in 2, 4, 6 ring position, seems to involve a more efficient crosslinking without any
additive," while the use of resorcinol to design hydrothermal carbon materials implies the

LU on the

presence of a suitable catalyst..’””) According to the investigation by Katsoulidis et a
solvothermal polymerisation of phloroglucinol and aldehyde derivatives leading to highly
microporous polymers, electrophilic aromatic substitutions can also be considered as a possible

mechanism pathway. This second route involves the covalent linking of a carbonyl group on
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dehydrated sugar with two phloroglucinol moieties by eliminating a water molecule. "®

Taking this “phenolic-sugar approach” one step further, it has been found that highly porous
carbon aerogels can be obtained from phloroglucinol-monosaccharide mixtures without any
catalyst or additive in hydroalcoholic media.l’” Since monosaccharides can be isolated from the
cellulosic fraction of lignocellulosic biomass and phloroglucinol can be extracted from the bark

of fruit trees, this approach constitutes an interesting renewable synthetic pathway.

As shown in Figure 3-23a, after hydrothermal treatment of fructose and phloroglucinol
monomers at 180°C for 20 h, smooth carbon-based wet gels were produced. After further CO,
supercritical drying, the as-synthesised monolithic brown aerogels (Figure 3-23 b) depict an airy
continuous interlinked macro-morphology made of small aggregated particles (Figure 3-23c).
Transmission electron micrographs display a consistent hyper-branched structure with pores’
diameter up to 100 nm (Figure 3-23d) and walls’ thickness of about 15 nm (Figure 3-23e).
Nitrogen sorption experiments performed on these aerogels depict consistent mixed isotherms
(Figure 3-24). While the first steep rise at low relative pressures (i.e. from 0 to about 0.05) is
characteristic of microporous materials, the gradual increase in sorption volume from 0.1
suggests a multilayer adsorption within the bigger pores. Since the nitrogen sorption curves show
unclear hysteresis, we can assume type IV (H3) / type II mixed isotherms, displaying both
adsorption on open surfaces of macropores and volume filling of smaller mesopores, associated
with the capillary condensation phenomenon. This feature is in good agreement with TEM
observations, highlighting a broad pore size distribution from few nanometers up to 100 nm

(Figure 3-23d-e).

Depending on the synthetic pathway, the carbon-based aerogels present different porous
characteristics (Figure 3-24). Two categories of aerogels were made. The first category are gels
made with a lower amount of phenolic cross-linker and giving poor carbon yields (gels made
from glucose or at a low hydrothermal temperature, 130°C). These aerogels present BET surface
areas lower than 610 m’g” with a microporous contribution around 300 m®.g"'. Nevertheless,
after further thermal treatment under inert atmosphere an increase in the total surface area, mainly

related to a large rise in the microporous contribution was systematically noticed.
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Figure 3-23: Pictures of a gel obtained from a mixture of phloroglucinol and fructose at a molar ratio 2 and
HTC temperature of 180°C, (a) before and (b) after CO2 supercritical drying. (¢) SEM micrograph and (d-e)
TEM micrographs of the corresponding supercritical-dried aerogel (taken with permission from [32]).

The second category corresponds to materials obtained from highly reactive monosaccharide-
phloroglucinol systems (i.e., typically from fructose and xylose made at high hydrothermal
temperature, 180°C). These aerogels exhibited a higher cross-linking level, involving a better
preservation of the micro-mesoporous character of the scaffold after supercritical drying, leading
to higher specific surface areas (up to 1100 mz.g'l), with a surprisingly high microporous
contribution, around 650 m’g™". After further thermal treatment a significant drop of the specific
surface area can be pointed out, suggesting a large modification of the porous framework. Indeed,
the noticeable macroscopic shrinkage of the carbon-based scaffold is also effective at the micro-
and mesoscopic levels. After further pyrolysis, most of the shrunk micropores are probably too
small to be detected by nitrogen sorption. However, the BET and mesoporous surface areas,
about 650 and 150 m’g” respectively, are still noteworthy. These carbogels are attractive as

potential materials for separation, adsorption or heterogeneous catalysis.
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Figure 3-24: (a) Nitrogen sorption isotherms of aerogels obtained from hydrothermal treatment of
phloroglucinol-monosaccharide mixture at a molar ratio 2 and temperature of 180°C from o xylose, m
fructose and o glucose. (b) Nitrogen sorption isotherms of aerogels obtained from hydrothermal treatment of
phloroglucinol-fructose mixture at 180°C with a molar ratio of m 1/2 and A 1/7.

3.3.4 Emulsion-Templated “Carbo-HIPEs” from the Hydrothermal Treatment
of Sugar Derivatives and Phenolic Compounds

When the aimed application of porous carbons involves the immobilization of bulky catalysts,

such as proteins or bacteria, bigger macropores are essential to increase the accessibility of the

supported biocatalysts, while reducing the low diffusion kinetics. This need is largely increased

when the application involves the use of monolithic supports. " A rational pathway to increase

pores’ diameter of monoliths to the micro- or even millimetric scale is to combine the sol-gel

polymerisation with a soft-templating approach, such as air-liquid foaming ")

[80]

or liquid-liquid

emulsification.

Particularly, the use of High Internal Phase Emulsion (HIPE) as a template to design
macroporous polymers has been the center of attention since Barby ez al.'*"! developed the design
of polyHIPEs in the early 1980s, from organic monomers such as styrene and divinylbenzene.
This formulation involving a water-in-oil concentrated emulsion remains, by far, the most
studied. Our research group reported for the first time, polyHIPEs, or more precisely “carbo-
HIPEs” (carbo- for carbonised and HIPE for High Internal Phase Emulsion), were prepared from
biomass-derivative precursors, i.e. furfural and phloroglucinol, using an oil-in-water concentrated
emulsion.®™ These foams represent the first emulsion-templated carbo-HIPEs obtained from

[83]

saccharide derivatives, leaving the beaten path of resorcinol/formaldehyde and
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divinylbenzene-based polymers. ¥ Considering the hydrothermal charbonisation conditions (T
°C > 130°C and relatively high pressures, ~ 10 bars), an oil-in-water direct emulsion cannot be
stable. A pre-polymerisation of the monomers within the continuous phase was necessary before
the hydrothermal treatment, in order to keep the integrity of the liquid-liquid foam. With this aim,
phloroglucinol was used as a cross-linking agent, while iron (III) was employed as a Lewis acid
catalyst, promoting the polycondensation between phenolic and furanic compounds, following a
mechanism similar to the one described previously for the “phenolic-sugar approach”. As shown
in Figure 3-25 a, after a one-step synthesis, HTC macroporous monoliths were obtained. These
materials depict a typical macromorphology made up of aggregated hollow-spheres (Figure 3-25
b), called cells. ™ This macrostructure is directly induced by the polymerisation of the
hydroalcoholic continuous phase of the direct emulsion. These cells, corresponding to the
removed oil droplets, exhibit large diameters from 10 up to 50 um. Furthermore, due to the
interstices left in the continuous phase or by direct contact between two nearby packed oil
droplets, these monolithic foams present narrower macropores, called connecting windows. ¥
This feature has been underlined both by scanning electron microscopy (Figure 3-25c), showing a
highly interconnected macrostructure. Macroscopic pore size distribution obtained by mercury
intrusion porosimetry performed on a carbo-HIPE after a further thermal treatment at 950 °C
displays a main contribution centred at 3 pm, while two weak contributions, centred at 300 nm
and 4 pum, can also be noticed. As a direct consequence of a high connectivity, the carbo-HIPEs
depict a large macroporosity of about 98 %, together with total macroscopic cumulative volume

and surface area respectively up to 18 cm’g” and 300 m’g". (*%
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Figure 3-25: (a) Picture of an as-synthesised carbo-HIPE made at 130°C during 24h, after Soxhlet extraction
and drying at 80 °C. (b-c) Scanning electron micrographs of a carbo-HIPE made at 130°C during 24h and
synthesised with an oil volume fraction of 0.8. The micrograph (c) is an higher magnification of the
micrograph (b). (d) Picture of an as-synthesised carbo-HIPE, after Soxhlet extraction and drying at 80 °C
(top) and of the same monolith after further thermal treatment at 950 °C under nitrogen (bottom). (e-f)
Scanning electron micrographs of a carbo-HIPE after further thermal treatment at 950 °C, synthesised with
an oil volume fraction of 0.8. The micrograph (f) is an higher magnification of the micrograph (e). Pore size
distribution obtained by mercury intrusion porosimetry (g) and transmission electron micrograph (h) of a
carbo-HIPE after further thermal treatment at 950 °C under nitrogen.

Beyond a cellular macrostructure, these carbo-HIPEs depict, after further thermal treatment at
higher temperature, highly micro- and mesoporous frameworks (Figure 3-26). **! While the first
contribution can be attributed to the physical activation induced by charbonisation, the mesopores
contribution is related to the catalytic effect of the iron-based particles toward the graphitisation
of amorphous carbons. ® As shown in Figure 3-25h, at high temperature these metallic
nanoparticles diffuse within the carbonaceous framework, while catalysing graphitisation

preferentially on their surface, leading to hollow graphitic rings. As a direct consequence,
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mesopore volumes up to 0.1 cm’.g”! were determined by the QSDFT theory, and BET surface

areas of about 500 m>.g"' were reached.
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Figure 3-26: Nitrogen sorption isotherms and pore size distribution of carbo-HIPE made at 130°C during 24h,
after Soxhlet extraction and drying at 80 °C (a-b) and of the same foam after further thermal treatment at
950 °C under nitrogen (c-d).

Another important feature related to the macrocellular porous structure of the carbo-HIPE foams
concerns the mechanical properties. To assess these properties, mechanical tests under
compression have been performed (Figure 3-27). The first linear portion of the stress-strain curve
(Figure 25b), from 0 to 5 % strain, corresponds to the elastic portion, from which can be
extracted the Young's modulus, of about 3 MPa. This Young’s modulus is rather low compared
with the ones usually obtained for nonreinforced organic PolyHIPEs, *% from 20 up to 65 MPa,
revealing a low cross-linking level. Then, after reaching the yield strength (0.16 MPa), a non-
linear plastic behaviour was observed, related to permanent deformations of the material. Finally,
a densification of the monolith, typical behaviour of foam, was noticed. Nevertheless, till 60 %

strain, the ductile foam did not collapse and kept its monolithic aspect (Figure 3-27 a) together
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with its macrocellular morphology. However, the first stress-strain cycle induced a noticeable

permanent volume drop of 11 %.
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Figure 3-27: (a) Picture of an as-synthesised carbo-HIPE made at 130°C during 24h, after Soxhlet extraction
and drying at 80 °C. (b-c) Scanning electron micrographs of a carbo-HIPE made at 130°C during 24h and
synthesised with an oil volume fraction of 0.8.

After the immobilisation of a catalytic mixture made of glucose oxidase and redox polymer, these
carbo-HIPE foams were successfully used as bioelectrodes for enzymatic fuel cells through the
electrooxidation of glucose.® These macrocellular foams can be considered as promising
candidates in many applications involving the use of continuous flow process, particularly in the

field of separation science and heterogeneous catalysis. 5% #7]

3.4 Chemically Activated HTC

In the case of monosaccharide derived HTC carbons, the lack of porosity has been elegantly
overcome by using hard\soft-templating strategies or by addition of structural directing agents as

881 Such synthetic routes are effective because of the

described in the previous pages.
homogeneous nature of the pre-HTC aqueous reaction mixture. On the other hand, in the case of
cellulose and more generally of lignocellulosic biomass, the same synthetic approaches are not

that easily feasible because of the insolubility of the cellulosic substrate in water. As a
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consequence, in order to introduce porosity in the lignocellulosic biomass derived HTC carbons,

post-synthesis methods are required.

Activated carbons (ACs) are highly porous carbon materials, exhibiting appreciable apparent
surface area and micropore volume (MPV), which can present a wide variety of pore size
distributions (PSD) and micropore size distributions (MPSD). ! They are solids, which can be
prepared in different forms, such as powders, granules, pellets, fibres, cloths and others. Due to
these features and their special chemical characteristics, they can be used for very different

applications, e.g. liquid and gas phase treatments and energy storage. >

Physical or chemical activation processes are well-known strategies to produce highly porous
carbons from coal-derived precursors and it has been largely described in the literature. *! Their
application to lignocellulosic biomass is widely used, but it is not as effective because of poor
yields and low porosity development, arising from the excessive degradation of the organic
substrate. ! In this regard the HTC treated biomass is characterised by a more “coal-like”
chemical structure, as a consequence it may represent a more suitable precursor for the

production of highly porous activated carbons (ACs).

Sevilla et al. were the first to report on the chemical activation of HTC materials as a way to
generate highly porous materials. They applied the procedure to HTC materials derived from
glucose, starch, cellulose and eucalyptus sawdust achieving large apparent surface areas, up to ~
3000 m?%g, and pore volumes in the 0.6-1.4 cm’/g range. Those materials are further
characterised by narrow micropore size distributions in the supermicropore range (0.7-2 nm).
Tuning of the PSD was achieved through the modification of the activation temperature (600-

850°C) and the amount of KOH used (KOH/HTC weight ratio = 2 or 4). Applications of these

[97] [98]

microporous materials for supercapacitors ), hydrogen storage ") and CO, capture

Our group also prepared nitrogen doped activated carbon from hydrothermal carbons obtained
from nitrogen containing precursors using the KOH procedure. ) However in order to maintain
some of the initial nitrogen into the activated carbon, the activation temperatures were low
(600°C) which led to low surface areas compared with the values normally encountered in
activated carbons (~ 600 m?/g). These materials were successfully used as electrodes in

supercapacitors and this will be in detail described in Chapter 5. '
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Zhang et al prepared activated carbon-based carbon/carbonaceous composites with different
surface functional groups by a hydrothermal carbonisation-deposition method in which
commercial activated carbon was exposed to a gaseous mixture of furfural/water or
furfural/acrylic acid/water at 180 °C to form the carbon/carbonaceous composites. The results
indicate that the surface area and pore volume of the composite can be tailored by tuning the
hydrothermal treatment time. More importantly, different functional groups can be anchored onto
the composites. Thus, composites with surface hydroxyl or carboxylic or amine groups were

prepared. !

Carbonaceous monoliths rich in surface sulfonic acid groups were synthesized by one-pot
hydrothermal carbonisation of the mixture of p-toluenesulfonic acid/glucose/resorcinol at 180 °C
and further carbonized and activated to form monolithic carbons with high surface area and large
pore volume. The surface area and pore volume per mass increased with prolonging the
activation time (0-6 h) and the best results on 6-h activated samples were 2337 m%/g and 2.12
cm’/g. These carbonized and activated samples showed better oxidation resistance than one
commercial activated carbon under air. Moreover, the adsorption capacity for dye molecules with
different size on these activated samples was significant higher than that on commercial activated

carbons and a synthetic ordered mesoporous carbon. "]

Roman, Nabais and Titirici have recently investigated the hydrothermal carbonisation of various
lignocellulosic biomass (walnut shell, sunflower stem and olive stone) as a more energy-efficient
tactic as compared with the traditional pyrolysis. The authors discovered that the final yield is
higher and the initial hydrothermal treatment allows a better control over the resulting porosity.
The produced activated carbons show a higher porosity development when activated with carbon
dioxide while the activation with air produced carbon materials with acidic surface

chemistry. '

However, none of these previous works investigate in detail the effect and influence of the
precursor, hydrothermal carbonisation temperature and activation ratio on the porous properties

of the resulting activated carbons.

Our group in collaboration with the group of Dolores Lozano Castello and Diego Cazorla studied
the KOH chemical activation of HTC carbons obtained from glucose, cellulose and a real

lignocellulosic biomass, i.e. rye straw as a function of their chemical structure.
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In the next pages, [ will present a full characterisation of the developed porosity of activated HTC
materials (AC-HTCs) using both N, and CO, adsorption. When N, adsorption was used, two
different models were applied to estimate the pore parameters from the gas sorption isotherms:
The Dubinin-Radushkevich (DR) model "% and the Density Functional Theory (DFT)
model. "' CO, sorption was used to detect only pores whose diameter is less than 1-1.5 nm (i.e.

: 104-105
narrow micropore).! ]

The Dubinin-Radushkevich (DR) model best applies to microporous carbons with a narrow
PSD. %! For such materials it is possible to derive a fair estimate of the micropore volumes. On
the other hand, the results concerning the PSD are generally considered less reliable. '°” For
carbons with broader size distributions, modified versions of the DR equation are necessary, such
as the Dubinin-Astakhov or the Dubinin-Stoeckly. However their use is less widespread, because

it is much more cumbersome.

For the Density Functional Theory (DFT) model two different models are available: Non-Linear
(NLDFT) and Quenched State (QSDFT). The former assumes adsorption taking place on flat,
structureless, graphitic pore walls. The latter instead takes into account surface roughness

[108

effects. 1'% They both yield fairly good estimates of microporous volume and PSD, as confirmed

by Monte Carlo Simulation. However, in the case of ACs, generally the values calculated with

the QSDFT model tend to be more accurate. ['*]

3.4.1 The influence of Hydrothermal Carbonisation Temperature on the

Porosity of Chemically Activated Hydrothermal Carbons
For the purpose of this investigation, HTC carbons derived from glucose, cellulose and rye straw
were synthesised at different HTC temperatures (sample names x-y, x is the initial of the carbon
precursor and y the HTC temperature) and then activated at the same processing conditions
(KOH ratio = 3, activation temperature 750 °C). EA, SEM and N,-CO, gas adsorption were used
to characterise the synthesised ACs. The complete porosity analysis is presented only for the
activation of glucose derived HTC carbons. For cellulose and rye straw only a summary of the
overall results is shown, since their KOH chemical activation follows very similar trends to

glucose.
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The elemental composition of the HTC carbons derived ACs is characterised by very similar

values regardless of the different precursors or HTC synthesis conditions (Table 3-1).

Table 3-1: EA of HTC carbon derived ACs and pyrolysed HTC carbon

Elemental Composition (wt%)

Sample C% H% 0% N%
HTC carbons derived ACs® 85.0-88.0 1.5-2.1 10.1-12.8 0.1-0.4
HTC-A750® 94.0 1.7 42 0.1

On the other hand, compared to HTC carbons pyrolysed at comparable temperatures (HTC-
A750), their oxygen content is higher. This difference can be attributed to the higher degree of
surface oxidation, which is typically observed after KOH chemical activation. Several oxygen-
containing functional groups (e.g. lactone, phenol, quinone) are known to be present on the

surface of ACs.[!!")

SEM was used to investigate the morphology of AC HTCs derived from glucose, cellulose and
rye straw (Figure 3-28). It is evident that for all three precursors the KOH chemical activation
leads to a complete morphological change. The spherical micrometer-sized particles,
characterising both glucose and cellulose derived HTC carbons (Chapter 2) or the rye straw
fibres-like structures (Chapter 2), which are still present after HTC treatment, are not observed
anymore. The AC materials are now composed of macrometer-sized monolithic fragments with
sharp edges. Furthermore higher magnification SEM micrographs (Figure 3-28b,d,f) show a high

level of surface roughness, hinting at the material extensive microporosity.
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Figure 3-28: SEM images of ACs derived from a), b) glucose (G — 240°C), c), d) cellulose (C — 240°C) and e), 1)
rye straw (RS — 240°C) HTC carbons.

In order to fully characterise the porosity of microporous materials, it is recommendable to
employ both CO, and N, gas adsorption and to validate the obtained results by analysing them
with different isotherms models. For this reason, an analysis based on the combination of the

BET, DR and DFT models applied to N, and CO, isotherms is developed in this section.

All the N, isotherms of the ACs, produced from glucose derived HTC carbons, are characterised
by a type I profile (Figure 3-29a). A more attentive analysis reveals that G-240°C has the largest
N, uptake, arising from a higher porosity development than in the cases of G-180°C and G-
280°C. Furthermore, interestingly G-280°C N, isotherm shows a much sharper knee at low
relative pressure than G-180°C and G-240°C. This finding suggests that the pore size distribution
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(PSD) of this former sample is much narrower than for the two latter ones. Therefore, it can be
deduced that G-180°C and G-240°C have a higher tendency to develop larger pores during

chemical activation than G-280°C.

Apart from the total micropore volume applying the DR equation to the N, isotherms (Figure
3-29 b-c-d) can also provide useful information about the ACs PSD. At low (A/b)* values, the
deviation of the experimental results curve (grey full dot line) from the linear fit (continuous red
line) is an estimate of the PSD of the sample. Larger deviations correspond to samples with a
greater pore fraction out of the micropores range (i.e. in the mesopores range). According to this
criterion, G-240°C (Figure 3-29¢) is characterised by the widest PSD and largest fraction of
mesopores. G-180°C (Figure 3-29b) shows a similar trend, although the fraction of mesopores is
certainly smaller since the deviation from the linear fit is less pronounced. Contrarily to these
first two samples, G-280°C (Figure 3-29¢) shows only a negligible deviation from the linear fit
suggesting a minor presence of mesopores in this latter sample. The findings, obtained from the
DR analysis, are in good agreement with the QSDFT-PSD (Figure 3-29¢). The amount of
mesopores present in the G-280°C sample, as already mentioned, is negligible. G-180°C and G-
240°C are instead characterised by a large fraction of mesopores, with the latter sample exhibiting

the highest amount.

In order to assess the pore volume and the PSD of the narrow microporosity region characterising
G-180°C, G-240°C and G-280°C, CO, adsorption was used, since N, sorption is not as effective
in probing this pore range. It is evident from the measured CO, isotherms (Figure 3-30a), that G-
280°C has the largest gas uptake followed by G-240°C and then G-180°C. This trend differs from
the one observed in N, sorption and it suggests that G-280°C generates prevalently micropores
(majorly narrow micropores) with a narrower PSD. On the other hand, G-180°C and especially
G-240°C have the tendency to generate ACs with a broader PSD. This speculation is also
confirmed by the NLDFT PSDs, derived from the CO, isotherms (Figure 3-30b). Even in the
lower micropore range (pore width < 1.0 nm), the PSD of G-280°C is shifted towards smaller
pore widths than in the case of G-180°C and G-240°C. All the values pore characteristics are to
be found in Table 3-2.
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Figure 3-29: a) N, adsorption isotherms, b), c), d) application of DR equation to N, adsorption isotherms and
¢) N, adsorption QSDFT PSD of ACs (G-180°C, G-240°C, G-280°C)

Table 3-2: Calculated surface area (S) and pore volume (V) using different models (subscript) on either N2 or
CO, isotherms for G-180°C, G-240°C, G-280°C

()

Sample SN2-BET () Vazex @ Viepr @m¥o  V corniorr em¥ VY co2-pR (em'lg)
G-180 1859 0.94 0.69 0.34 0.31
G-240 2264 1.21 0.84 0.40 0.35
G-280 1610 0.73 0.66 0.41 0.41
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Figure 3-30: a) CO, (273 K) isotherms and b) NLDFT PSD of ACs (G-180°C, G-240°C, G-280°C)

Using the previously discussed models, the key parameters defining the porosity of the ACs (i.e.

surface area and pore volume) can be calculated (Figure 3-31).

Vcoaneprr and Veoo-pr (Veoz-pr 1s used for the analysis) can be considered as an approximate
estimate of narrow micropore volume. Vyopr and Viopx (Vaoex is calculated from the
experimental isotherm) are respectively approximate estimates of the micropore volume and the

total pore volume, accessible to N, at the measured conditions.

Combining the different pore volume values and the PSDs, obtained by applying the NLDFT and
QSDFT models respectively to CO, and N, isotherms it is possible to obtain a results overview

effectively summarising the findings that were highlighted previously.

G-240°C is the sample characterised by the highest porosity development, since it shows the
largest total pore volume and surface area (Table 3-2). At the same time, it has the widest PSD, as
indicated by the large difference between its total pore volume (i.e. Vn.gx) and narrow
micropore volume (i.e Vcoo.pr) values. The PSD of G-180°C follows very similar trends to the
one of G-240°C. However the extent of porosity development for the former sample is smaller, as
indicated by its lower total pore volume and surface area. G-280°C is the case when KOH
chemical activation is the least effective. This sample shows the lowest pore volume and surface
area. Furthermore, its PSD is much narrower than in the other two samples and is characterised

by a very low mesopore fraction, as indicated by the negligible difference between its total pore
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volume (Vnz-gx) and micropore volume (i.e. Vnz.pr) values (= 0.05 cm’/ Q).
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Figure 3-31: Calculated surface area (S) and pore volume (V) using different models (subscript) on either N,
or CO, isotherms for G-180°C, G-240°C, G-280°C

Using the same analysis framework, the effects of KOH chemical activation on cellulose and rye
straw derived HTC carbons can be effectively analysed and compared to the glucose case (Figure
3-32 Figure 3-33 and Figure 3-34). The porosity analysis for the chemical activation of cellulose
derived HTC carbons (C-200, C240 and C-280) show very similar trends to the ones observed for
glucose. The highest porosity development is observed for the sample synthesised at 240°C (C-
240), as indicated by its highest surface area and total pore volume values (Table 3-3).

Table 3-3: Calculated surface area (S) and pore volume (V) using different models (subscript) on either N2 or
CO2 isotherms for C-200, C-240, C-280, RS-240 and RS 280

(a)

Sample SN2-BET (mg) VN2Ex em'ig) Vnzpr @) VcozNLpFT (m)  V cO2-DR (emg)
C-200 1827 0.95 0.71 0.39 0.37
C-240 2334 1.26 0.84 0.40 0.38
C-280 1082 0.50 0.45 0.33 0.34
RS-240 2361 1.11 0.93 0.44 0.42
RS-280 1930 0.95 0.82 0.44 0.42
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C-200 and C-240 show very similar PSDs, characterised by a significant mesopore fraction

(Figure 3-32). On the other hand, the sample synthesised at 280°C (C-280) shows the lowest

surface area and total pore volume, indicating a lower extent of activation. Furthermore, its

mesopore volume fraction is practically negligible, as it was also observed for G-280. Its PSD is

mostly characterised by narrow micropores.
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Figure 3-32: Calculated surface area (S) and pore volume (V) using different models (subscript) on either N2
or CO2 isotherms for C-200, C-240, C-280, RS-240 and RS 280
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Figure 3-33: a) CO, NLDFT pore size distribution and b) N, adsorption QSDFT pore size distribution of C-

200°C, C-240°C and C-280°C ACs.
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In the case of rye straw derived HTC carbons (RS-240, RS 280), KOH chemical activation also
generates high surface area and total pore volume ACs (Figure 3-32 Table 3-3). Once again, the
sample synthesised at 240°C is characterised by the highest porosity development. However, this
time it can be noticed that the development of mesoporosity is less than for glucose and cellulose
(Figure 3-34). Furthermore, as indicated by its relatively high surface area and total pore volume,
the sample synthesised at 280°C does not exhibit such a reduced extent of activation as for the
other two carbon precursors. These dissimilarities can be explained by taking into account the
more heterogeneous composition and structure of rye straw (i.e. lignin presence and fibrous

structure), which may still mildly affect the activation process, regardless of the HTC pre-

treatment.
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Figure 3-34: a) CO, NLDFT pore size distribution and b) N, adsorption QSDFT pore size distribution of RS -
240°C and RS - 280°C ACs.

Overall, this analysis highlights that the HTC temperature extensively affects the porosity of the
derived ACs. HTC carbons, synthesised at higher temperatures (e.g. 280°C), generate ACs with a
lower porosity development and narrower PSDs, whilst the ones, produced at 180-240°C, upon
KOH activation, develop a greater porosity characterised by a greater mesopores fraction. These
trends can be explained by taking into account the dependence of the chemical structure of HTC
carbons upon the synthesis temperature. ') More severe HTC processing conditions (i.e. higher
temperatures) generate HTC carbons with a higher degree of aromatisation, resulting into

enhanced chemical stability and structural order. As observed for the hydroxide activation of

183



Chapter 3: Porous Hydrothermal Carbons

several coals, both features are detrimental to the reactivity of the carbon substrate, leading to a

reduced porosity developmen

3.4.2 The Effect of KOH: HTC Carbon Ratio on the Porosity of Chemically

¢ 121

Activated Hydrothermal Carbons

In this section ACs, produced via KOH activation of rye straw derived HTC carbons (synthesized
at 240°C) at different KOH : Carbon Precursor ratio ( KOH ratio = 2:1, 3:1 and 4:1, activation

temperature 750°C), are investigated. This parameter (i.e. KOH ratio) is one of the main variables

determining the key features of the ACs porous structure (i.e. surface area, total pore volume and

micropore volume). As a consequence, it can be employed as a term of comparison to determine

the effectiveness of HTC temperature as an additional process variable.
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Figure 3-35: a) N, adsorption isotherms, b), c), d) application of DR equation to N, adsorption isotherms and
e) N2 adsorption QSDFT PSD of ACs (RS-2:1, RS-3:1, RS-4:1).
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The characterisation of the synthesised ACs (i.e. RS-2:1, RS-3:1, RS-4:1) follows the same
structure employed in the previous section. Firstly N, adsorption was used to characterise the
upper micropore and mesopore range (Figure 3-35). A Type I profile describes all the measured
N2 isotherms (Figure 3-35a). Increasing KOH ratio leads to higher gas uptakes and to a broader
PSD, as indicated by the progressive enlargement of the isotherms knee at low relative pressures.
This last finding is also confirmed by applying the DR and QSDFT models to the N, isotherms.
In the former case, larger deviations of the experimental results from the linear fit are observed
for RS-3:1 and RS-4:1(Figure 3-35 b-c-d), indicating a greater fraction of pore volume out of the
micropore region. In the latter case, the PSDs highlight how the fraction of mesopore becomes
more prominent for high KOH ratio values. From this analysis, it is also evident that increasing
the KOH ratio value from 2:1 to 3:1 affects the ACs porosity to a larger extent than a further
increase from 3:1 to 4:1, whose effect on the PSD is relatively negligible ( Table 3-4).

Table 3-4. Calculated surface area (S) and pore volume (V) using different models (subscript) on either N, or

CO, isotherms for RS-2:1, RS-3:1, RS-4:1

Sample SN2-BET (mg) Vazix em’e™  Vappr @V corniprr em¥a Vo2 ')
RS-2:1 1665 0.77 0.68 0.40 0.39
RS-3:1 2361 1.11 0.93 0.44 0.45
RS-4:1 2481 1.21 1.01 0.50 0.49

CO, gas adsorption was used to probe the narrow microporosity of the synthesised ACs (Figure
3-36). RS-4:1 shows the largest gas uptake, while RS-2:1 and RS-3:1 approximately achieve the
same value (Figure 3-36a). However, the isotherms overlap in the lower relative pressure region
(<0.010) is a clear evidence of a different PSD also in the narrow micropore range. RS-2:1 has a
higher uptake at lower relative pressure, suggesting a higher fraction of very small narrow
micropores (< 0.5 nm). RS-3:1 and RS-4:1 isotherms, instead, have broader profiles indicating a
shift of the PSD towards larger pore widths. These observations are also confirmed by the
obtained NLDFT PSDs (Figure 3-36 b). RS-3:1 and RS-4:1 have very similar PSD with a higher
pore fraction in the range 0.5-0.9 nm. On the other hand, RS-2:1 PSD has a major shoulder at

pore width values < 0.5 nm.
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Figure 3-36: a) CO, (273 K) isotherms and b) NLDFT PSD of ACs (RS-2:1, RS-3:1, RS-4:1)

As shown in the previous section, the calculated surface area and pore volume values can be used
to effectively summarise the main results, obtained from the porosity characterisation of RS-2:1,
RS-3:1 and RS-4:1 (Table 3-4). The existence of a general trend characterising the porosity
development of the three ACs is glaring. Low KOH ratio values (2:1) produce a lower extent of
activation and favour the formation of microporous ACs with a narrow PSD, as suggested by the
reduced difference between its total pore volume (i.e. Vnz.gx) and narrow micropore volume (i.e
Vcoapr) values. Using higher amounts of KOH leads to higher porosity development, as
indicated by larger surface area and total pore volume values. However, their increase is partially
the result of pore widening, since the PSD for RS-3:1 and RS-4:1 is clearly more shifted towards
the supermicropore and mesopore ranges. These observations are in agreement with the trends
generally observed during KOH activation of fossil fuels-derived carbonaceous substrates (e.g.

94a, 113]

pitch),! confirming the similar reactivity of HTC carbons during chemical activation and

their resultant high suitability as ACs precursors.
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Figure 3-37: Calculated surface area (S) and pore volume (V) using different models (subscript) on either N,
or CO, isotherms for RS-2:1, RS-3:1, RS-4:1

The most interesting outcome of this analysis is provided by the comparison between the results
obtained from this section and the previous one (Figure 3-37). The effects of HTC temperature on
the key parameters, defining the ACs porosity (i.e. surface area, pore volume and PSD), are
comparable in magnitude to the ones observed for samples obtained at different KOH ratios. As a
consequence, varying the temperature the HTC carbons are synthesised at, allows a degree of
control on the ACs’ porosity comparable to one of the main variables of the KOH activation
process. It is thus obvious that HTC temperature is a key parameter, whose importance should not
be underestimated when it comes to tuning the porous structure of HTC carbons derived ACs for

specific applications.

3.5 Summary and Outlook
In this chapter, I have evaluated the recent main research directions related to the introduction of

porosity to the HTC-based carbons.

The combined HTC — templating technique has been revealed to be a useful technique for our
group to get an access to functional nanostructured carbon materials. From these presented
examples, we have learned that this combined HTC —templating strategy allows simultaneous
control of materials morphology, surface character and pore properties, widening, thus, the

possible applications fields of promising porous HTC materials. Furthermore, the flexibility of
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the presented approach allows access to a wide range of functional materials with surface

functionality / chemistry tuneable via selection of post carbonisation treatment temperature.

Carbon beads and ordered mesoporous carbons were produced through the combined HTC — hard
templating technique using the corresponding silica sacrificial templates. In a very similar
manner, tubular carbons could be synthesised using the macroporous anodic alumina membrane
template. The presented materials are suitable for various applications such as heterogeneous
catalysis, separation/adsorption, or electrochemistry (more details in Chapter 5). Here, the
possibility of controlling the surface chemistry from oxygenated functionality rich character
towards increased aromatic / pseudo graphitic character via post carbonisation step provided the
added advantage. As such these highly flexible materials can be very interesting candidates as
separation media allowing the separation of non-polar analytes but also polar analytes (e.g.
neutral sugars, sugar alcohols). Furthermore, introduction of other important chemical moieties

using the existing oxygenated surface functional groups will be of great interest.

When HTC is combined with the soft templating technique, a direct access to functional ordered
micro / meso porous materials was possible via a direct “templating” of block copolymer micellar
templates. The cooperative self-assembly of block copolymer species and D-fructose (e.g.,
biomass-derived carbon source) occurring in an aqueous phase at 130°C is considered responsible
for the stable formation of the ordered block copolymer — carbon composite. Importantly, pore
size could be shifted into mesopore region simply through the addition of organic pore swelling
agent. Further studies on the formation mechanism (e.g. via in-situ SAXS/SANS studies or *C-
NMR study of the reaction solution) and the corresponding synthesis optimisation are desirable
for this highly interesting soft templating system. Such information would then allow us to
ultimately manipulate the formed ordered phases opening access to materials with enhanced
porous features (e.g. increased pore size and pore volume), necessary for successful real world
application. Regularly ordered pore structuring confers particular properties such as controlled
linear electronic conduction pathways and fast charge-discharge properties or could facilitate fast

encapsulation and release of drug molecules.

The use of bioresources (e.g. crustacean shells) were also introduced as potentially HTC material
sources, whereby the naturally occurring bioinorganic/organic composites were converted to

extremely promising, highly textured, hierarchically porous nitrogen doped carbon networks.
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Furthermore we have eluded to the first step towards the true transfer of traditional sol-gel
principles typically used in inorganic materials preparation to this new rapidly developing area of
HTC allow in principle access to a whole new range of nanostructured functional carbonaceous
material platforms. In this sense the previous limitations in many applications (i.e. a lack of
developed porosity in HTC material) has been overcome and it is expected that associated
improvements in catalytic efficient and adsorption capacity will be markedly improved as a

result.

Furthermore, in the last section we have also discussed four different pathways for the successful
preparation of HTC monoliths with tuneable morphologies, pore properties and chemistries
which seem to lend themselves directly to applications in flash and analytical chromatography
and the immerging catalytic and separation challenges associated with the 21% century

Biorefinery concept.

Finally, we could also show that that HTC carbons are excellent precursors for the synthesis of
ACs via KOH chemical activation. Regardless of the parent biomass (i.e. glucose, cellulose or
rye straw), highly microporous ACs could be generated. The HTC temperature was found to be
an extremely influential parameter affecting the porosity development and PSDs of the ACs to
the same extent as the KOH ratio (i.e. one of the main KOH activation process variables). The
use of higher HTC temperatures (i.e. 280 °C) led to lower porosity development, but to a
narrower PSD mostly composed of micropores. On the other hand, KOH chemical activation of
HTC carbons, synthesised at lower temperatures (i.e. 180 - 240°C), produced ACs with higher

total pore volume and broader PSDs, characterised by a significant mesopores fraction.

Further improvements of the synthesised ACs performance could certainly be achieved by
optimising the activation and HTC synthesis parameters, in such a way as to tailor their PSDs to
the adsorbate. Furthermore, additional testing of the synthesised ACs would also be required, in
such a way as to assess their performance under a larger range of operating conditions and to

quantify other crucial parameters for their effective application (e.g. packing density).

If porous sustainable HTC materials can be utilised successfully as separation or catalytic devices
in this new chemical production concept then this would represent a step forward towards a
complete, holistic, synergistic Biorefinery and in principle a near closed CO; loop in chemical

manufacture.
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4 Functionalisation of Hydrothermal Carbons

4.1 Introduction

In the previous chapter I have disclosed several possibilities to introduce porosity into HTC
materials as a prerequisite to almost all applications that will be described in the next chapter.
Besides high surface area and a well-defined porous structure, another requirement carbon

materials must fulfil is functionality.

This is perhaps one of the biggest advantage of HTC materials compared with other
nanostructured forms of carbon: straightforward functionalisation. The low carbonisation
temperatures allow on one hand “in situ” parallel processes to occur (i.e. chemical reactions,
nanoparticles formation) and, one the other hand, the production of carbon materials rich in polar
functional groups. Such oxygenated groups can be further transformed into other chemical

functionalities or facilitate hybridisation with various inorganic moieties.

In this chapter I will first discuss various possibilities for functionalising HTC materials with
heteroatoms or other chemical groups using either “in situ” or “post functionalisation” processes.
In the second part, I will give an overview on the production of various HTC-inorganic
nanocomposites from my own research groups as well as the available literature. Coating

technologies, one step processes or post-synthetic treatments will be described.

Finally I will also discuss the use of HTC materials themselves as sacrificial templates for the

production of various inorganic porous structures.

4.2 “In situ” Chemical Functionalisation of HTC Materials

For the development of nanostructured materials for high end applications, some of the most

important factors concerning material properties are:

. Conductivity (e.g. electronic applications)
. Surface functionality (e.g. adsorption, acid/base catalysis)
. Surface area (virtually all applications)
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4.2.1 Heteroatom Doping

Pure carbon materials can fulfil the above mentinoned criteria to a certain extent, but to broaden
the range of possible applications, heteroatom modification (i.e. “doping”) is a useful tool to tune
material s properties. The introduction of, e.g. sulfur, boron or nitrogen into a carbon material can
result in improved electrical conductivity, material stability and catalytic performance due to an
increased number of active sites.'! Remarkable progress has been made in recent years regarding
the use of such carbon-based materials, and it can be expected that this trend will continue in the
future.””! Current synthetic procedures for carbon materials most commonly involve high

temperature heat treatment under inert conditions (pyrolysis),”*) chemical vapor deposition™® * or

arc discharge techniques.”!

Besides being very energy consuming, these techniques also often require the use of harmful
precursors which are in turn produced from fossil fuels. It is therefore a point of great interest to
not only focus on the sustainability of the final application (e.g. electric vehicles, hydrogen fuel
cells, solar cells, etc.) but equally on the sustainability of the entire process, i.e. from choosing
the precursor, the synthesis conditions through to the final application. Hydrothermal
carbonisation can offer the basis for such technologies. The advantages of HTC are the possibility
of using cheap, readily available starting materials in a simple, low cost synthesis which requires
only water as solvent.[”? Also, the abundance of heteroatoms in natural molecules such as amino
acids and proteins allows for the synthesis of doped carbon materials in one step directly from

biowaste, e.g. HTC of prawn shells.!”!

4.2.1.1 Nitrogen

As it will be described in detail in the next chapter nitrogen doped carbon materials are currently
applied in several timely technological fields, especially renewable energy. Thus, the
electrochemical performance of carbons can be further enhanced by nitrogen doping providing
supercapacitance (in supercapacitors), inherent catalytic activity in fuel cells as well as extra Li-
storage sites. Lithium ion batteries anodes employing N doped graphene demonstrate capacities
as high as 1043 and 1549 mAh/g respectively. **) It was proposed that the nitrogen atom could
drastically alter the electronic performance, offer more active sites and enhance the interaction
between the carbon structure formed and lithium, thus it is expected to improve the kinetics of

lithium diffusion and transfer, benefic for electrochemical performance. ['*!!
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The N-functionalities of (micro) porous carbons are valuable for supercapacitors applications as
they are able to undergo redox reactions with the electrolyte and thus increase their capacity. °*
2l In addition N-doped carbons showed intrinsic properties as metal free catalysts in oxygen
reduction reaction at the cathodic site of a fuel cell. '*! DFT calculations suggest that a possible
explanation would be the high electronegativity of the nitrogen atom which then can polarise the

C-N bond resulting in a reduced energy barrier of the adjacent carbon atom towards ORR. ['¥

The synthesis of nitrogen doped carbons has been achieved via a variety of pathways, such as

[15] 1151 and also more direct approaches

0]

post treatment of carbon with ammonia, amines or urea

using acetonitrile, ' pyrrole, ' polyacetonitrile, " or polyaniline ** as starting products. In
the context of availability and sustainability, nature offers various nitrogen containing precursors
such as amino acids, peptides/glycopeptides, proteins, and aminated/amidated saccharides and
polysaccharides. (e.g. glucosamine, N-Acetyl glucosamine). It has been repeatedly reported that

these bio-monomers and —polymers can give rise to sustainable, nitrogen doped carbon materials.

The first report on nitrogen doped hydrothermal carbon was published in 2009 by our group
(Titirici, White ef al.). We used prawn shell waste as precursor in hydrothermal carbonisation.*"
Prawn shells are natural hybrid composite materials formed from chitin (a polysaccharide
containing N-acetyl glucosamine units) and calcium carbonate. Hydrothermal carbonisation of
chitin results in a formation of nitrogen containing carbonaceous material around the inorganic
scaffold (see Figure 3-11 and 3-12 Chapter 3). Following HTC treatment, the scaffold was
removed by washing with acid, leaving behind a porous, nitrogen doped material (as discussed in
chapter 3). The nitrogen content of their material was 5.8 wt % according to elemental analysis

and XPS revealed the presence of various nitrogen species (pyridinic, pyrrolic, and quartenary as

seen in Figure 4-1).
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Peak Assignment:

1. 398.2 eV (Pyridinic (N-6))

2. 400.1 eV (Pyrrolic (N-5))

3. 401.7 eV (Quartenary N (N-Q))

T P

i
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Figure 4-1: High resolution XPS spectra of the N 1(s) photoelectron region for acid washed N-doped carbon
material (NB: peaks assigned using charge correction;taken with permission from ')

In 2010, we (Baccile, Titirici et al.) reported on the hydrothermal treatment of glucose in the

221 We showed that the nitrogen contained in the protein

presence of the glycoprotein ovalbumin.
was incorporated into the final hydrothermal carbon framework while the presence of the protein
also had an effect on the material morphology. Nitrogen contents of up to 8.2 wt % could be
obtained. The carbon material consisted of smaller particles than when pure glucose was used as
a precursor, presumably due to a surface stabilising effect of the protein in the hydrothermal
reaction mixture. Through further investigations, we published later the formation of nitrogen
doped organic aerogels (i.e. interconnected small particles arranged in a 3-dimensional porous

structure) obtained by addition of ovalbumin to glucose (see Figure 3.14 Chapter 3).1%*!

Other examples from our research group include the use of glucosamine or chitosan directly as

241 as well as the addition of glycine to the hydrothermal

carbon and nitrogen precursors,
treatment of glucose.'””! Interestingly, the nitrogen content from pure N-containing precursors
(i.e. using only glucosamine or chitosan) ranged from 6.5 wt % to 9.4 wt % (depending on the
temperature used) which is similar to the approximately 8.5 wt % obtained my mixing 0.4 g of

glycine with 1 g of glucose.
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Zhang et al prepared nitrogen doped carbons from sucurose in the presence of amonia ! while
Liu et al produced nitrogen doped fluorescent nanoparticles upon the hydrothermal carbonisation

of grass.[27]

Overall it seems to be the case that the level of nitrogen doping via the aforementioned methods
is limited but at the same time it is possible to achieve relatively high doping levels by using only
small amounts of nitrogen source together with a readily available carbon source such as glucose.
This is an advantage of HTC over other methods such as simple pyrolysis because it allows for
more efficient use of heteroatom-containing precursors. During hydrothermal treatment at mild
temperatures stable (aromatic) nitrogen species are formed which then remain in the
carbonaceous scaffold during further pyrolysis at higher temperatures. How does the nitrogen
incorporation during HTC take place? This question is under debate, however, it is generally

accepted that Maillard chemistry plays a crucial role in the process.? 2> 28!

& ’
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R-N p. W
— R
HO R HO o
OH OH OH
HO HO HO
W OH ( OH “OH IV
OH OH OH
R
= Aminoketose
VI J I
Diels-Alder R" -H*
_ R =]
o HO R N HN
O-\ F HN NH W, \
' / 4
HO HO HO—( HO—4
OH OH Hz OH OH
HO HO HO i HO 1]
OH ( “OH ( ‘OH ( “OH
OH OH OH OH
D-glucose glycosylamine Schiff base
< H,0
1 11 Y &
R
o] N
3 )
2 H,0 O:< e HO—(
HMF ~—-—— HO-/ vy HO
\"'OH - RNH: OH
( {
OH OH
v

Figure 4-2: Some examples in the Maillard reaction (taken from **'),
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The Maillard reaction is not one specific reaction but rather refers to a group of reactions
occurring between reducing sugars and amino acids. In the process, hundreds of different
compounds can be created which can themselves react further in various ways. It is therefore
impossible to provide a definite mechanistic pathway for the formation of N-doped HTC
materials derived from saccharides and various nitrogen containing dopant molecules.”” Some of
the relevant steps in the Maillard reaction cascades are briefly presented here in order to
demonstrate some of the ways in which heteroatoms can be incorporated into hydrothermal

carbon from glucose or other reducing sugars.

The process starts with the nucleophilic attack of an amine (e.g. in amino acids) on the aldehyde
of the sugar to produce glycosylamines (Figure 4-2 I), which subsequently loses water to give a
Schiff base (Figure 4-2 II). The a-hydroxy aldehyde motif allows for the rearrangement of the
Schiff bases to aminoketoses or so-called Amadori compounds (Figure 4-2 III and IV). B!
Compound III can form a-dicarbonyl species (Figure 4-2V) which could go through successive
dehydration to form hydroxymethylfurfural (HMF, the main reactive intermediate in HTC as was

explained in the previous chapter).

We conducted C and "N solid state NMR studies of hydrothermal carbon obtained from
glucose and glycine and showed that the free amine groups in glycine are mostly converted into
aromatic (modified pyrazines, pyranones and pyrroles) binding motifs. We pointed out that these
aromatic structures are most likely formed as a consequence of degradation reactions such as the
Strecker degradation.*>*?! Network-forming Maillard reactions on the other hand are responsible

for the formation of cyclic amines and other non-aromatic nitrogen species.(Figure 4-3).1%"]

Glycine Hydrothermal 13C, 15N Solid State NMR
Treatment

HzN/\é'/OH\.

Figure 4-3 ssNMR studies carried out on nitrogen doped carbons from glucose and glycine revealed the
presence of various aromatic nitrogen species in the hydrothermal carbon (taken from ref '),
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In the majority of cases, the introduction of a dopant into hydrothermal carbon has a large effect
on the product morphology. If pure glucose is treated hydrothermally at 180 °C, the resulting
material morphology comprises spherical particles with a diameter of about 200 nm.”* When a
co-monomer such as an amino acid is added to this recipe, the particle size as well as size
distribution usually increases.” This change in particle size can be understood by considering
how nucleation takes place in HTC and how the presence of additional reactants can affect the
nucleation process. The LaMer model is widely cited in colloid chemistry to explain the
formation of monodisperse particles from supersaturated solutions.*® Briefly, it involves the
increase in concentration of a dissolved species until a critical point is reached; at which rapid
nucleation (“burst nucleation”) occurs. A growth phase follows, during which the remaining
monomer in solution diffuses to the nuclei formed in the seeding stage. The first nucleation stage
can be described as homogeneous nucleation whereas the growth phase is basically
heterogeneous nucleation, because monomers add onto pre-existing nuclei.””) Once the first
species has formed nuclei via homogeneous nucleation, the next species may preferentially
nucleate heterogeneously and therefore determine the final number of particles and their size. The
difference in solubility of formed intermediates in water and the changing solvent properties of
water itself as it is heated to 180 °C results in variations in the critical concentrations needed to
drive nucleation. The more complex the reaction mixture, the more different products are formed
at different points in time.”® Having additional co-monomers such as amino acids in the
hydrothermal reaction mixture is therefore expected to result in an increased particle size and
overall size distribution. However, when HTC is carried out with pure nitrogen containing
precursors such as glucosamine or chitosan, smaller particle sizes than those from pure glucose

24a

have been observed (Figure 4-4).2**! This may be due to the fast rates at which Maillard reactions

occur, resulting in early nucleation and hence smaller final particle size.
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Figure 4-4 — Scanning (a)—(c) and transmission (d)—(f) electron micrographs of the nitrogen-doped carbons obtained
upon hydrothermal carbonisation of (a) and (d) chitosan (HC-CH); (b) and (e) glucosamine (HC-GA) (c) and (f)
glucose (HC-G).[24a]

In some cases the addition of a co-monomer may give rise to smaller particles than obtained from
pure glucose via some surface stabilizing effect. One example is the previously mentioned HTC
of glucose in the presence of albumin, but also HTC of glucose in the presence of ethylene
diamine (EDA) which dramatically alters the product morphology as shown in Figure 4-5.12% %
31 To study the formation mechanism of the unique net-cross structure of N-doped carbons, Sun
and co-workers performed a series of control experiments. Firstly, to determine the effect of
reactant concentration on structure, EDA amounts were tuned from 0.2 mL, 0.5 mL, 1.0 mL up to
2.0 mL with a fixed glucose concentration of 1M at 180° C for 8 h (Figure 4-5). The
morphologies of the carbon materials changed significantly with increasing EDA amount. Only
spherical materials particles were obtained when the EDA amount was less than 0.2 mL (Figure
4-5a). The product after addition of 0.5 mL EDA seemed to be composed of many aggregated
spheres with an average diameter of 80 nm (b), obviously smaller than the previous sample.

When the EDA amounts were more than 1 mL (Figure 4-5 ¢ and d), the carbonaceous materials

were completely converted into a similar mesoporous structure, in
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which the links between carbon spheres became clearer. The results confirmed that under mild
conditions, the addition of EDA depressed the size of these spherical units and promoted their

links to form a net-cross structure.

Figure 4-5 TEM images of NC prepared in different ratios of glucose/EDA: (a) 1 M/0.2 mL, (b) 1 M/0.5 mL,
(¢) 1 M/1 mL, (d) 1 M/2 mL (taken from [39]).

The as-synthesised hydrothermal carbons are generally non-conductive because of their low
temperature synthesis. In order to render these materials electrically conducting, they may be
further treated in a pyrolysis step at sufficiently high temperatures (usually 750 °C and above).
This heat treatment results in further dehydration, decarboxylation of the carbonaceous material
as well as further condensation and aromatisation (see chapter 2, section 2.2.4 and 2.3.7). The
presence of in situ dopants can significantly influence the electrical conductivity of the material.
The applications of N doped carbon will be largely discussed in chapter 5. Here I will only give a

few examples of how N doped materials can be used for some very specific application.

In 2010 our group showed that nitrogen doped carbons obtained via HTC (using glucosamine or
chitosan as carbon precursor) have a higher electrical conductivity than undoped hydrothermal
materials.?**! In order to achieve electrical conductivity we used a pyrolysis step at 750 °C after

the HTC at 180 °C. A sample obtained from pure glucose exhibit a specific electrical conductivity
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of around 80 Sm™ while both N-doped carbon materials from chitosan or glucosamine exhibited

higher values of over 100 Sm’.

The first report on a specific application, namely as supercapacitor materials, appeared later that
same year."”¥ Details are given in Chapter 5. Another example of specific applications is the
formation of a nanolatex system consisting of nitrogen doped (glucosamine-derived)

241 Film formation of the

hydrothermal carbon spheres dispersed in an ionic liquid polymer.!
nanolatex gave rise to cohesive films with high electrical conductivity (when pyrolised carbons

were used) and promising thermal insulation properties.

Another example where N doped carbons proved their superior properties is provided by Liu et
al. They loaded Pt nanoparticles onto nitrogen doped mesoporous carbon materials obtained
from glucose and ethylenediamine as described previously (see Figure 4-5 however annealed at a
comparatively low temperature of 400 °C). Their material was used to catalyse p-nitrophenol
reduction by NaBH,4 and compared to supports without nitrogen doping as well as doped and
undoped supports without Pt nanoparticles (Figure 4-6).*) The material doped with nitrogen
showed significantly higher conversion than the undoped material or the supports without

platinum nanoparticles.
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Figure 4-6 Conversions of p-nitrophenol obtained with HTC, Pt/HTC, N-doped HTC (B) and Pt/N-foed HTC
catalysts (catalyst: 5 mg, p-nitrophenol: 0.15 mM, NaBH4: 47 mM, room temperature and atmospheric
pressure taken from ")

The better catalytic performance of Pt@N-doped HTC was mainly attributed to a uniform
dispersion of active sites of Pt NPs on the surface of the mesoporous carbons, as revealed by the
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TEM analysis. It was clearly observed that Pt NPs loaded on N-doped carbon were smaller and
exhibited a quite discrete dispersion while the ones on non-doped HTC tended to agglomerate.
From the size distributions of Pt N-doped HTC it was confirmed that they were more uniform,
with a smaller average diameter of 4.6 nm compared with those deposited on non-doped HTC
(6.7 nm). The reason why N-doping could help Pt NPs assemble uniformly on the carbon surface
seemed to be explained by the interactions between the empty orbital of a Pt atom and the free
electron pair of an N atom,which could limit the mobility of the Pt NPs and prevent them from

agglomerating.

4.2.1.2 Sulfur

Complementing nitrogen as a dopant, sulfur is receiving increasing attention in current carbon
materials research. In contrast to nitrogen which is often used to alter electronic properties of the
carbon material, sulfur has been used more for the alteration of physical properties (i.e. to induce
structural defects or increase interlayer spacing of graphitic lattices) and for applications where
its easily polarisable lone pairs (and thus chemical reactivity) are of importance. Sulfur doped
carbon materials have, for example, shown beneficial effects on the selective adsorption of waste

[40]

metalst*”! and the desulfurylation of crude oil.*"! The synthesis of these sulfur doped materials

generally involves the pyrolysis of sulfur containing, polymer based carbons,!**** but also arc

159) Yang et al.

vaporization in the presence of sulfur containing compounds such as thiophenes.
reported on the synthesis of sulfur doped graphene with enhanced electrocatalytic properties in
the ORR, prepared by annealing graphene oxide and benzyl disulfide under argon at high
temperatures (600 to 1050 °C).1** Choi et al. synthesised heteroatom doped carbon materials by
the pyrolysis of amino acid/metal chloride composites. They were able to show that materials
containing both nitrogen and sulfur increased the material’s ORR activity in acidic media,
relative to undoped or purely nitrogen doped carbons.*™ Tsubota e al. prepared sulfur and

3] Their material

nitrogen dual doped carbons via the pyrolysis of thiourea and formaldehyde.
exhibited superior performance as supercapacitor electrodes than commercial activated carbons.
The combined incorporation of nitrogen and sulfur may therefore also yield interesting

properties.

In the context of HTC, analogous experiments to the aforementioned N-doped systems have been
carried out by our group (Wohlgemuth et al)). We used small molecules (cysteine, thienyl-

cysteine) as co-monomers in the HTC of glucose.*” Considering that both cysteine (Cys) and
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thienyl-cysteine (TCys are amino acids, incorporation of Cys and TCys is thought to involve the
Maillard reaction pathway). However, both molecules contain an additional nucleophile (thiol or
thienyl moiety to the free amine). Because sulfur nucleophiles cannot undergo classical Maillard
reaction cascades (they cannot form Schiff bases), alternative reactions must take place. We could
show that in the case of sulfur, the heteroatom binding state in the final hydrothermal carbon may
be controlled during HTC. If an aliphatic sulfur source like Cys is used as an additive, nitrogen
and sulfur dual doped carbon materials with aliphatic (thio-ether or thiol) sulfur binding motifs
are obtained (after HTC at 180 °C). Note that HMF also contains an a,f-unsaturated aldehyde
motif, allowing Michael addition to take place, representing one way of forming thio-ethers.** In
contrast, the use of aromatic sulfur precursors such as TCys results in nitrogen and sulfur dual
doped materials with aromatic (thiophene) binding motifs. This was confirmed by XPS analysis

(Figure 4-7).°"!

In another example, we synthesised sulfur (and nitrogen) doped carbon aerogels using thiophene
carboxaldehyde as sulfur source.!') Again, the thiophene motif was retained in the as-synthesised
hydrothermal carbons, implying that these types of monomers are incorporated either via an
electrophilic aromatic substitution or chemistry involving the aldehyde. However, detailed

mechanistic investigations are still required.
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Figure 4-7 Deconvoluted S2p photoelectron envelopes for hydrothermal carbon obtained from glucose and
Cys or glucose and TCys after HTC at 180 °C. The green, red and blue dashed lines correspond to aliphatic
(thiol, thio ether), aromatic (thiophene) and oxidized (sulfone, sulfonic acid, sulfoxide) sulfur species,
respectively.
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We have shown that sulfur and nitrogen dual doped carbon spheres exhibited higher electrical
conductivity than undoped carbon materials after pyrolysis at 900 °C.*%) It is however unclear
whether this effect comes from the sulfur or the nitrogen dopant. The presence of sulfur atoms in
the carbon scaffold was shown to increase the graphitic interlayer spacing due to the large size of
the sulfur atom. However, we were unable to test the materials for specific applications due to the

low surface area of the carbon microspheres.

In one later report on sulfur/nitrogen dual doped carbon aerogels we could show that the presence
of sulfur in addition to nitrogen greatly improves the electrocatalytic performance towards
oxygen reduction of the pyrolised (900 °C) materials in both acidic and alkaline media ( see
Chapter 5/electrocatalysis).!'® This was postulated to be due to a synergistic effect between
nitrogen (which activated oxygen dissociation) and sulfur (which aids proton transport), although

detailed mechanistic investigations are still required.

4.2.1.3 Boron

Boron is another important highly desired dopant in carbon materials and B doped materials
proved to have also very important applications in H, storage due to the modification of energy
landscape of adsorbing surfaces and strong surface heterogeneity. **' Boron doping is also
considered to be one of the very few promising candidates for chemical protection of C/C
composite materials against oxidation. ! This was thoroughly studied by Radovic, Thrower at al
in ref 7). In addition recently boron doped carbons also proved to have superior electrochemical
properties. [**) As in the case of other heteroatom doped carbons born doping was mainly

achieved in carbon nanotubes and recently graphene, using high temperatures procedures. **!

Up to now there is no hydrothermal process to produce boron doped carbon materials from
biomass precursors. However, there are a few manuscripts on the fabrication of 2D ordered
mesoporous carbons (OMCs) via a one-pot organic-organic aqueous self-assembly approach,
using resorcinol (R) and formaldehyde (F) as the carbon precursor and triblock copolymer

Pluronic F127 as the mesoporous structural template.

Zhang et al used boric acid and/or phosphoric acid, where the F127 soft-template underwent a
self-assembly process under a strong acidic condition to form a polymer with ordered
mesostructure, which was then carbonised at 800°C in a nitrogen atmosphere to form B-

incorporated, P-incorporated, or B, P-coincorporated OMCs. Such resulting heteroatom-
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incorporated OMCs exhibited superior electrochemical performances to non-incorporated

counterparts when used as electrodes of supercapacitors. °%

In a very recent work Su together with the previous authors showed that the capacitance of such
materials can be increased up to 177 F/g. This is assumed to be due to the fact that B and P
elements were introduced in the form of oxygen-containing groups and may interact mutually as

the hydrothermal temperature is increased.

4.2.2 “In situ” Functionalisation with Organic Monomers

Along with the Maillard chemistry, non-Maillard reactions are also thought to simultaneously
take place in hydrothermal environment. Hydroxymethyl furfural (HMF) and other furanic
intermediates produced during HTC process (see chapter 2 for more details) are considered to
play a major role in non-Maillard pathway to form nitrogen doped HTC carbons. One of the
possible pathways for nitrogen incorporation is via Diels Alder (DA) cycloaddition. Imines
(Figure 4-2 II) formed through Maillard chemistry could most likely go through imino-DA
reactions with reactive dienes found in furans resulting in a formation of heterocycles (Figure
4-2 VI).°’!] The reactivity of furans towards dienophiles were confirmed upon addition of vinyl

monomers such as acrylic acid (AA) and vinyl imidazole (VI).P?!

Our group determined that the addition of AA and VI resulted in hydrothermal carbons rich in
carboxylate groups or doped with up to 8.2 wt% nitrogen (in the form of imidazoles),
respectively. Solid state carbon NMR studies of acrylic acid functionalised hydrothermal carbons
revealed the decreased content in sp” carbons (and increased signal from sp’ region) from
modified carbons compared to the standard un-functionalised HTC carbon. Furthermore, the
signals from the furanic become smaller whereas increases in aromatic peaks are observed as

more acrylic acid is added to the reaction mixture (Figure 4-8).
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Figure 4-8: C solid-state NMR of acrylic acid functionalised carbonaceous materials. Top: no acrylic acid
added, middle: 10 wt% acrylic acid added as a dopant, bottom: 1 wt% acrylic acid added as a dopant (taken
from 1*2*)

In this case, the function of the added small molecules can be transferred over to the final in situ
functionalised HTC material. In another words, HTC material becomes the solid support for the

added molecule, where its functionalities are presented on its surface.

As seen with free carboxylates, the carboxylate rich HTC materials exhibited metal chelating
characteristic with high capacities of 351.4 mg/g for Pb(II) and 88.8mg/g for Cd(I) which is
demonstrates the material’s high potential for water purification applications *** ( see more

details in Chapter 5/ adsorption 5.7.1)

Zeta potential and FTIR experiments of the resulting imidazole-functionalised carbonaceous
materials demonstrated the presence of unaltered imidazole groups. To further prove their
existence on the HTC carbon surface, these materials were successfully used as catalysts for
various transesterification, Knoevenagel and Aldol reactions. To improve performance, the
imidazole surface groups were converted to imidazolium groups by alkylation using butyl

bromide (sample name HC-10Bu2ImBr, Figure 4-9).
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Figure 4-9: Reactions catalysed by imidazole-functionalised hydrothermal carbon (HC-10Bu2ImBr): (A)
Diels—Alder, (B) Knoevenagel and Aldol condensation, (C) transesterification.**"!

Overall, it is clear that in situ functionalization of carbon materials via HTC can greatly influence
the final material’s physicochemical properties. /n situ doping has the great advantage of being
simple to carry out, usually requiring only a one pot reaction and if needed a post pyrolysis step.
This approach will alter the bulk material properties, although certain variations (e.g. in the type
of heteroatom species present) between batches are to be expected since the method allows for

very little chemical control.

For a more controlled modification of hydrothermal carbons, post-modification for the
introduction of heteroatoms may be a more appropriate approach. These post-modified carbons

will be discussed in the next section.

4.3 Chemical Post-Modification of Carbonaceous Materials

The potential downside with the in situ functionalisation method is the HTC condition itself
(>180 °C, water as a solvent, pressure), where structures of many conventional small molecules
could be altered. In this regard, post-modification of the pre-formed HTC material compared to
in situ functionalisation could offer a milder and controlled functionalisation process. Another

difference between the in situ-, and the post-modification approach is that while in situ approach
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results in the introduction of additives throughout the bulk material, post-modification allows
only for the surface to be modified. Regardless, along with the in sifu functionalisation, post-
modification of HTC materials has potentials to allow for further control over the synthesis of

HTC carbons with desired properties.

Typical materials produced from HTC present polar oxygenated surface groups such as hydroxyl
groups, ketones, and carboxylic acids, which can also act as a handle for the surface modification
of HTC carbons. Another major characteristic of a HTC carbon (discussed in detail in chapter 2),
lies in the abundance of furans."**! Post-pyrolysis of the HTC carbon leads to decreased content
in the polar functional groups as well as the furanic structure, rearranging to more condensed
arene structure ( see chapter 2, section 2.3.7). The presence/absence of the polar functional
groups as well as the furanic/arene core depends on the pyrolysis temperature. In this regard, the
functionalisation strategy may alter, based on the preparation condition of the HTC carbon.
Herein, a short list of post-modification of HTC carbons as well as alternative potential post-

modification strategies will be introduced and discussed.

4.3.1 Nucleophilic Substitutions

Our group achieved the etherification of HTC by addition of 3-chloropropyl amine to ordered
hydrothermal carbons (OHC) prepared at 180°C Figure 4-10a.°)  The modification was
confirmed from elemental analysis (~ 4.5 N%), FT-IR, and TGA. Furthermore, while amino-
modified OHC exhibited positive zeta potential in acidic media, the unmodified OHC was found
to have a negative zeta potential even in the acidic media, further supporting the success of the
substitution. Chemical modification was found to have little influence of the structure of the
OHC, as observed from SAXS patterns and N, adsorption isotherms.

As an alternative strategy to modify the surface hydroxyl groups, our group had also silylated the
hydroxyl groups of the carbon hollow sphere prepared at 550°C using (3-aminopropyl)
triethoxysilane (APTES) Figure 4-10 b)."" FT-IR of the APTES functionalised carbon hollow
sphere showed the appearance of symmetric N-H and C-H stretching vibration bands in the 3000-
2800 cm’ region confirming the successful introduction of surface amino groups. The
introduction of the amine was also confirmed by elemental analysis (4.1 N%) as well as the pH

sensitive water dispersion behaviour.
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Figure 4-10:a) Amination of carbonaceous sphere using 3-chloropropylamine; b) Modification of hollow
spheres with APTES (taken from[53]).

Surface amino groups of APTES modified HTC carbons have been further used as a handle for
subsequent surface functionalisation. Amidation of N-hydroxysuccinimide-activated poly(N-
isopropylacrylamide)(pNIPAM, ~30 kDa) has been carried out to prepare polymer grafted

carbons.!

Based on the results found from elemental analysis, surface grafting density of
pNIPAM on the HTC carbon surface was determined to be 1.9 mg/m”. The thermoresponsive
behavior of pNIPAM grafted carbons was tested by cycling the temperature of the carbon-
aqueous dispersion between 15 — 40°C. Clear differences in dispersion behavior were observed
temperatures below and above the LCST of pNIPAM as shown in Figure 4-11. Such stimuli-
responsive carbon capsules with porous walls have a great potential to be used as drug delivery
platforms where the release could be triggered by temperature change. In this respect we need to
mention that the lowest critical solution temperature where the polymer is changing its properties
from hydrophilic to hydrophobic (from expanded to coiled structure respectively) could be

modulated to body temperature. In the future other stimuli responses could be added to such

carbon structures such as for example light and pH.

Figure 4-11. (A) HCT and (B) HCT-PNiPAAm (0.3 wt%) in water at 23 °C and (C) HCT and (D) HCT-
PNiPAAm (0.3 wt%) in water at 40 °C.
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4.3.2 Cycloadditions
Despite the popularity of Diels-Alder (DA) cycloaddition mediated functionalisation of carbon

[56] 571 and fullerene,

materials such as CNT,"™ graphene, the application of DA for the preparation
of surface modified carbonaceous material has yet to be fully explored. To our knowledge, the
first example for the DA addition mediated surface modification of preformed carbonaceous
materials was carried out by Kaper et al.”™” In this study, five types of carbon/carbonaceous
materials were modified using potential dienophiles as shown in Figure 4-12. The addition was
confirmed along with the decreased surface area, pore volume, and pore size of the carbon

material.

Figure 4-12: Suggested reaction scheme for the functionalisation of carbonaceous materials by a Diels—Alder
reaction.

Urakami et al. has also attempted to surface functionalise HTC carbon spheres using

101 HTC material prepared at 180°C and carbon spheres post-pyrolyzed at 550°C were

dieophiles.
modified using maleimide (MI), tetracyanoethylene (TCNE), and 4,5-dicyano-1,3-dithiol-2-one
(DCDTO). DCDTO-functionalised HTC samples were then hydrolysed in an attempt to obtain
thiol-functionalised HTC@180 and @550 (Figure 4-13a). As shown in Figure 4-13b, FTIR
showed the disappearance of the dithiocarbonyl band at 1730 cm™ upon acid-catalysed
alcoholysis.  SEM images showed no apparent morphological differences between the

unfunctionalised-, DCDTO functionalised-, and the hydrolysed-HTC samples. To prove the
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accessibility of surface bound thiols, polyethylene glycol (PEG480) acrylate and anthracene

acrylate were successfully attached onto carbon surface via conjugate addition.

a)
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Figure 4-13: a) Proposed reaction scheme of the alcoholysis and the subsequent conjugate addition b) FTIR if
before (A) and after (B) the acid catalysed alcoholysis c¢) Fluorescent image of anthracene-
functionalised HTC@180 (taken from '*’!),

4.3.3 Other approaches

Macia-Agullo et al. has prepared sulfonated HTC microspheres by treating the HTC material
prepared from glucose/225°C with concentrated H,SO,4 for 15 hours at 150°C.1*"! Despite the
harsh reaction condition, sulfonation process did not alter the spherical morphology, particle size,
no the surface area of the HTC material. The sulfur content was determined by elemental analysis
(< 2%) and S2p peak from XPS spectrum corresponded to that of an oxidized sulfur. The
sulfonated HTC material was applied as a solid acid catalyst for esterification of oleic acid for the
production of biofuels and exhibited higher catalytic activity than commercial solid acids, such as

Amberlyst-15 (See Chapter 5/ heterogenous catalysis).

Shoujian Li and coworkers reported that a large number of oxygen-containing functional groups

(OFGs) could be additionally created on the surface of HTC material by simple thermal treatment
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at low temperature (i.e. 300°C) under air.[”

Furthermore, surface character (e.g. polarity) and
functional group type can be tuned by employing simple post-carbonisation under an inert
atmosphere. By heat treatment at T = 350°C, —OH groups disappear and the surface groups such
as “—C=0" and —C(O)OH become more dominant. Additional treatment at T = 500°C eliminates
some “‘carbonyl” features, while most of the carboxylic groups remain. Further treatment at
higher temperatures (i.e. T > 550°C) eliminates the majority of the residual oxygenated groups

and converts the carbon structure into a turbostratic-like disordered carbon structure with an

increasingly more classical aromatic character and hydrophobic properties.

4.3.4 Perspectives for HTC Chemical Post-Modification

Compared to other carbon materials such as carbon nanotubes, fullerene, graphene/graphene
oxides, and porous carbon materials (i.e. CMK-series), the post-modification strategy of HTC
materials are still under developed. One of the unique characters of the HTC material is that the
surface presented functional groups can be greatly influence depending on the preparation
approaches from more hydrophilic (-OH, -COOH)/furanic character to hydrophobic/condensed
arene-like characters. The change in the surface chemistry of the HTC materials also implies that

the post-modification strategies must be adjusted to the HTC material of interest.

As indicated in previous sections, the abundance of furans within the HTC structure makes an
attractive target for further modifications. Traditionally speaking, furans and furan-related
molecules have been heavily investigated due to their significance as an important intermediate in
the conversion from biomass to various chemicals as well as their presence in numerous bioactive
natural products. The importance of furans has caused chemists to investigate the synthesis and
various functionalisation methods of furans. In this regard, the accumulated knowledge of
classical furan chemistry should be exploited towards new functionalisation strategy of the HTC
material. As an example, furans are known to be functionalised using electrophiles and go
through transformations such as acylation, alkylation, halogenation, nitration, and condensations.

Furthermore, furans can go through metallations and further cross-coupling reactions. [ (4

In addition to furan chemistry, other chemical modification strategies incorporating oxygenated
polar functional group should be further investigated as well. Other than etherification and
silylation, surface present hydroxyl groups may also be used to react with electrophilic carbonyls

(activated esters, isocyanates). Carbonyl groups on the HTC surface may also be utilised as a
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handle to introduce heteroatoms through imine formation, conjugate addition, as well as

introduction of sulfur atoms via the use of Lawesson’s reagent.

For the modification of the HTC material with more condensed arene structure, functionalisation
knowledge from other established carbon materials (fullerene, CNT, graphene, graphene oxide,
and various porous carbon materials) could be used as an example.!®”! Other than the [4+2], other
cycloadditions such as 1,3-dipolar cycloaddition or [2+1] carbene, nitrene chemistry may be
adopted.[° %) Swager and co-workers have recently showed that other pericyclic reactions such
as claisen rearrangements could be applied for the functionalisation of graphene oxides.[®”
Electrophilic aromatic substitution such as Friedel-Crafts arylation or aryl diazonium chemistry

[68]

has also been a utilized as a modification strategy. Other oft used modification approaches

include, halogenation and addition of carbon radicals.[*”]

One of the platform modification strategies has been the oxidation of carbon materials.
Classically, carboxylic acid has been introduced to these materials via the use of strong acids
such as HNO3/H,SO, or in basic condition such as ammonium peroxide/hydrogen peroxide.l’”
More recently, milder alternative oxidation conditions have been investigated.[m The carboxylic
groups are often activated the further modified to esters and amides. Carbon materials can also be
altered through ozonolysis, where reductive or oxidative work-up could be applied to the

[72]

molozonide intermediate to form various oxygenated functional groups. Epoxidation is

another attractive modification approach for carbon materials,'”*! due to its facile installation and

the possibility for the subsequent nucleophilic ring-opening for further modification./’"

4.4 Coating HTC onto Preformed Nanostructures

For the HTC process, another important and convenient advantage is that it can be used to
rationally form the carbonaceous shell on the surface of pre-formed nanostructures. The coating
process can be easily controlled and the HTC carbonaceous shell can form on the surface of most
nanostructures, such as inorganic, organic, and polymeric nanostructures. However, this strongly

depends on the surface properties of these nanostructures.

Such carbonaceous shells not only protect the respective nanostructures, but also bring new
chemical or physical properties. Such resulting nanocomposites showed important applications in
many fields, such as catalysis, fuel cells, drug delivery, and bio-imaging. (see next chapter for

more details).
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A particularly interesting example is the synthesis of uniform Te@carbonaceous composite
nanocables using the HTC process in combination with ultralong Te nanowires with diameters of
several nanometers described by Shu-Hong Yu and co-workers. Te nanowires can subsequently
act as sacrificial templates and glucose as the starting reagent (Figure 4-14a-b)..’”) Te nanowires
could not only restrain the usual homogeneous nucleation of carbonaceous spheres (see Chapter
2, section 2.2.1) but also promote the heterogeneous deposition of carbonaceous shell on the
backbone of Te nanowires. The diameter of the final nanocables could be easily adjusted by
changing the hydrothermal carbonisation time, or the ratio of the tellurium and glucose. The same
authors also synthesised silica/carbon-encapsulated core shell spheres using the HTC process
with silica spheres as the template and glucose as carbon precursor.’® The carbonaceous shell
could protect the nanostructures, after some additional heat treatment and graphitisation process,

improving thus the physical properties of the newly resulting nanocomposites.

Carbon-coated Fe;O4 nanospindles could be synthesised by the HTC process and the subsequent
heat treatment by the same researchers (Figure 4-14-5¢).””! These composites could be used as a
superior anode material for lithium-ion batteries with high coulombic efficiency in the first cycle,
high reversible capacity, enhanced cycling performance, and high rate capability compared with
bare hematite spindles and commercial magnetite particles. The improved performance was
mainly attributed to the uniform and continuous carbon coating layers, which increased the
electronic conductivity, forming and stabilising uniform and thin solid electrolyte interphase film

on the surface.

Similarly, our group produced carbon-coated Si nanocomposites, coating a thin HTC layer on the
surface of commercially available Si nanoparticles followed by additional heat treatment. Such
composites displayed a significant improved lithium-storage performance because of the
generation of a passivated layer of SiOx and carbon (Figure 4-14 e-f)-details in chapter 5, section

5.2.1.1.2.78

Carbonaceous shell has been used as a powerful tool for the smart design of complex
nanocomposites. One example is the synthesis of the coaxial SnO,@carbon hollow nanospheres
produced by removing silica from the original SiO,@SnO,@carbon structures.’””) The as-
synthesised nanocomposites performed as high-energy anode materials for the lithium-ion battery

with exceptionally good life cycles (100) and good rate capability.
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Similarly, complex nanostructures of tin-nanoparticles encapsulated in elastic hollow carbon
spheres (TNHCs) have been successfully synthesised by Zhang et al (Figure 4-14 g-h).*” SiO,
spheres were used as the core for the deposition of SnO; shell via the hydrolysis of Na,SnOs.
After etching the core of SiO, by sodium hydroxide solution, SnO, hollow spheres were coated
with a carbonaceous shell via the HTC process. After additional heat treatment at 700°C for 4 h
under N, atmosphere, complex TNHCs hybrid materials were synthesised. Such hybrid materials
were promising anodes for high-performance lithium-ion batteries with high specific capacity,

high volume capacity and good cycle performance.

Figure 4-14: (a-b) SEM and TEM images of Te@carbonaceous composite nanocables. "' (c) TEM images of
carbon-coated Fe; O, nanospindles. 771 (d) TEM images of carbon-decorated FePt nanoparticles.[su (e-f) TEM
images of carbon-coated Si nanocomposites. ™ (g-h) SEM and TEM images of tin-nanoparticles
encapsulated in elastic hollow carbon spheres. 180)
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4.5 Post-Synthetic Decoration of HTC with Inorganic Nanostructures

As mentioned in the introduction, the important advantage of the HTC carbonaceous materials is
their rich surface functional groups, such as hydroxyl and carboxyl groups. These surface
functional groups have shown remarkable reactivity and the capability of decorating the pre-
formed materials with various functions. Based on the redox reaction, they could in situ reduce
and stabilize noble-metal ions forming very fine noble metal nanostructures, such as Ag, Au, Pt,
and Pd." The whole process is “green” without using other reducing agents or stabilising
surfactants or polymers. The obtained noble metal nanostructures not only have uniform sizes,
but also clean surfaces, which is beneficial for the further modification with biomolecules or

drugs.[®!

Figure 4-15 TEM images of noble metal nanoparticles loaded on the surfaces of carbonaceous nanofibers. (a-
b) Pd nanoparticles with an average diameter of 6 nm; (c-d) Pt nanoparticles with an average diameter of 7
nm; and (e-f) Au nanoparticles ranging from 7 to 15 nm in diameter. '**"!

Another example is the so-called “golden fleece” nanocomposites from Shu Hong Yu's group.
They are uniform carbonaceous nanofibers loaded with noble-metal nanoparticles. A different
diameter and distribution was noticed for different noble metals (Figure 4-15).[82b] The

carbonaceous nanofibers produced using the HTC process have rich surface functional groups
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that can “in situ” reduce the noble-metal ions into noble-metal nanoparticles, such as Pd, Pt, and
Au. These nanocomposites have shown high permeation and stability, high surface areas, and
enhanced chemical reactivity, which makes them ideal candidates for use in heterogeneous

catalysis.

Carbonaceous nanospheres, synthesised by the HTC process, have successfully demonstrated
their surface reactivity by loading silver and palladium nanoparticles on their surfaces without

using other reducing and stabilising agents.[**

Another concept making use of the reactivity of the HTC materials is the self-assembly process,
based on the electrostatic attraction of surface charge. Nanoparticles with different surface charge
can be easily self-assembled on the surface of the carbonaceous materials. For example, citrate-
stabilized gold nanoparticles have been assembled on the surface of carbonaceous spheres to
fabricate a core-shell hybrid material.®** The resulting nanocomposites have shown satisfactory
chemical stability and good biocompatibility, and are expected to be promising templates for

bimolecular immobilisation and biosensor fabrication.

4.6 One-Step HTC Synthetic Method

When noble metal ions were first added into the HTC process of carbohydrates or organic
monomers, novel carbonaceous-encapsulated core-shell nanocomposties could be successfully
produced by one-step HTC process.*” The diameter, the length and the thickness of the
carbonaceous shell could be nicely controlled. The advantages of this one step HTC process
include: (I) the carbonisation process, the reduction and nucleation-growth of noble metal ions
could proceed simultaneously; (II) the noble metal ions could catalyse the carbonisation process
while carbon reagents or intermediates could effectively reduce the noble metal ions; (III) this
one-step HTC process could produce novel and valuable nanocomposites in a large scale batch

and high quality.

One example is represented by the one-step HTC synthesis of silver-carbonaceous nanocables
(Figure 4-16).1**! These nanocables, with lengths up to 10 um and diameters of 200-500 nm, have
pentagonal-shaped silver nanowires as cores and tend to branch or fuse with each other. A
possible mechanism for their formation has been proposed as following: Firstly, the silver ions

are reduced by starch, forming silver nanostructures entrapped in a starch-gel matrix.
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Aggregation of these matrixes could enhance the carbonisation process of starch. A partially
hollow structure will be formed and the silver nanoparticles will move to this hollow interior and
fuse with the already existing ones via an oriented attachment mechanism. Continuation of these
steps could lead to the growth of the elongated silver nanostructures and carbonaceous shells
forming the final complex structures. The as-synthesised individual silver-carbonaceous
nanocables have shown excellent conductivity, which makes them ideal materials for constructive

interconnects in nanodevices.
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Figure 4-16 (A) Schematic formation mechanism of the silver-carbonaceous nanocables. (B-C) SEM and TEM
images of silver-carbonaceous nanocables. *°!
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A series of interesting publication regarding the poly(vinyl alcohol) (PVA) assisted synthesis of
coaxial nanocables has gained much attention in the HTC technology.[86] First, flexible
silver@cross-linked PVA coaxial nanocables have been produced. (Figure 4-17-8a-c).** These
nanocables, normally with a diameter of 0.7-4 um and length up to 100 um, are comprised of a
smooth core about 150-200 nm in diameter and the surrounding sheath about 0.5-1 pum in

thickness. These nanocables can pack in a parallel fashion forming bundle structure. A synergistic
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soft-hard template mechanism has been proposed. The synergistic effects of both the stabilization
of PVA and the binding interaction of cross-linked PVA with the silver nanowires are responsible
for the formation of cables and bundles. Further, some glucose-based saccharide, including
glucose, B-cyclodextrin, starch, and maltose, can take part in this PVA-assisted synthesis process,

forming flexible silver@carbon-rich composite submicrocables (Figure 4-17 d-1).1860

This PVA-assisted synthesis process can be extended to the synthesis of Cu@cross-linked PVA
coaxial microcables.* 4 Unique necklace-like Cu@cross-linked PVA coaxial microcables
with strict wire-bead forms have been successfully synthesised (Figure 4-17 g-i).%°) The
necklace-like microcables have the length of several hundreds of micrometers to millimeters and
diameter in the range from several to twenty micrometers. The synergistic soft-hard template
mechanism could explain the formation process of these cable-like structures. Further,

Cu@carbonaceous submicrocables can be synthesised in the presence of some glucose-based
[86¢]

saccharide, including glucose, B-cyclodextrin, starch, and maltose.

I

N
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Figure 4-17 (a-c) SEM and TEM images of flexible silver@cross-linked PVA coaxial nanocables.** (d-fy SEM
and TEM images of flexible silver@carbon-rich composite submicrocables.*® (g-i) SEM and TEM images of
unique necklace-like Cu@cross-linked PVA coaxial microcables with strict wire-bead. %!
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Figure 4-18 (a-b) SEM and TEM iamges of monodisperse silver/phenol formaldehyde resin core-shell
nanospheres. Reproduced with permission from ®”. (c-d) SEM and TEM images of mesoporous SnO,
microspheres with nanoparticles assembly. !

Core-shell nanoparticles can be synthesised directly by the one-step HTC process.”™” *! For
example, biocompatible and green luminescent monodisperse silver/phenol formaldehyde resin
core-shell nanospheres have been successfully produced by the one-step HTC process (Figure
4-18 a-b).*”) These nanospheres have some interesting architectures including centric, eccentric,
and coenocyte core-shell spheres with the diameter of 180-1000 nm, which can be used

potentially as in vivo bioimaging agents.

Pd@C core-shell nanoparticles has also been successfully synthesised in our group by the one-
step HTC process. ¥ They have shown selectively catalytic capability for the batch partial

hydrogenation of hydroxyl aromatic derivatives ( see chapter 5-section 5.3.1).

One-step HTC process can synthesise carbonaceous nanocomposites with more complex

(88991 Eor instance, core-shell Pt@C nanoparticles can embed in

structures and specific properties.
the porous channels of mesoporous silica (SBA-15) by the one-step HTC process.””! After high
temperature carbonisation and removal of SBA-15, the final complex nanocomposites have
shown high catalytic capability for methanol-tolerant oxygen electroreduction in direct methanol
fuel cell. Furthermore using the one-step HTC process hollow core-shell mesospheres with

aggregated crystalline SnO, nanoparticles "

and mesoporous SnO; microspheres with
nanoparticles assembly have been synthesised (Figure 4-18 c-d). **) Both of these SnO,

nanocomposites have showed high capability of lithium ion storage.
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As an alternative to the post-coating technologies reported in section 4.4, an one-step synthesis
for the production of a LiFePO4 mesocrystal coated with a thin layer of carbon or N-doped
carbon has been directly produce by simply adding glucose/glucoseamine as a carbon to the
solvothermal synthetic procedure . There was no difference in the morphology or crystalline
structure with or without the addition of the carbon precursor. However the composite made in
the presence of the carbon precursor showed an increased conductivity and an enhanced

performance when utilised as a cathode in Li ion batteries (details in section 5.2.1.1.4).

4.7 HTC as Sacrificial Templates for Inorganic Porous Materials

The as-synthesised carbonaceous nano- or micromaterials have been used as sacrificed templates
for the synthesis of hollow and complex nanostructures, which have shown important potential

applications in catalysis, sensing, chemical biological separation, and lithium ion batteries.[***

This methodology was firstly developed our group and is schematically represented in Figure
4-19. ™1 The advantages of this carbonaceous sacrificed template method include: (I) well-
controlled heat treatment method could easily remove/graphitise the carbonaceous materials
depending on the atmosphere under which is conducted ( O, / N») (II) a series of metal or bimetal
oxide hollow structures have been produced, (III) this sacrificed template method is an economic
and facile technique and can produce complex metal oxide hollow structures in large scale and
high quality. The general synthetic process was based on the negative charge of carbonaceous

93941 First, metal ions were adsorbed from solution to the surface

materials (Figure 4-19 a-c).!
layer of carbonaceous materials. Then heat treatment process followed by the controlled removal

of the carbonaceous core or shell was accomplished via calcination.

This carbonaceous sacrificed template method has been since its discovery widely used to
synthesize metal or dimetal oxide hollow spheres, such as Ga,03,* %1 GaN, P w04, sic o7
ZnO,[98] Mn-doped ZnO,[99] SnOz,“OO] NiO,[lm] COO,[94a] InzOg,[loz] TiO,, %! SiOz,[76] CuO,”*
MgO.”?! Ce0,, Mn0,," Mn;0,,°* ALO;P* 7r0,,1'%! Cr,05,°* layered double
hydroxide (LDH),"*! Y,05:Eu,!"" La,05,%* ¥,05,°* Lu,0;,* MFe,04 (M = Zn, Co, Ni,
and Cd),[*" Fe,03,"" and Bi, WO,.!"".

Size and structures of these hollow spheres can be well controlled by the templates. These metal

oxide hollow spheres have shown high potential applications in gas sensitivity or catalysis.
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Further, metal oxide hollow nanofibres or nanotubes have been successfully synthesised using

carbonaceous nanofibres as sacrificed templates (Figure 4-19 d-e). [65% 1%

MOy
hollow sphere

200 nm
—

Figure 4-19 (a) Schematic formation mechanism of the metal oxide hollow spheres by using carbonaceous
spheres as templates. (b-c) SEM and TEM images of the SnO, hollow nanospheres.”*"' (d-e¢) SEM and TEM
images of TiO, nanotubes. "'"(f) TEM image of Ag@C core—shell microspheres. (g-h) TEM and SEM images
of jingle-bell-shaped hollow structured nanomaterials. """

More complex nanocomposites can be synthesised by this carbonaceous sacrificed template
route.""" 1" For example, a series of jingle-bell-shaped hollow structured nanomaterials marked
as Ag@wMFe,04 (M = Ni, Co, Mg, Zn), consisting of ferrite hollow shells and silver nanoparticle
cores, has been successfully produced by this sacrificed templating method (Figure 4-19 f-h).!''!
The synthesis process included firstly coating the Ag nanoparticle core with a glucose-derived
carbonaceous layer via the HTC process, directly adsorbing metal cations Fe*" and M*" on the

surface of the carbonaceous layers, and finally calcinating the sample to remove the middle
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carbonaceous shell and transform the metal ions into pure phase ferrites. These nanocomposites

have shown multifunctional properties, including magnetic, optical, and antibacterial properties.

e)

Pt@C nanocables Casting

T

2 JaaEd. ub

Calcinate
Air, 400 °C

~_ 200 nm

Figure 4-20: Schematic formation process of the free-standing Pt nanowire membrane by using carbonaceous
sacrificed template method. Reproduced with permission from ",

These nanocomposites have shown multifunctional properties, including magnetic, optical, and
antibacterial properties. Further, using a quite similar procedure, Fe;O4@TiO, core-shell
microspheres were synthesised, which has shown the highly specific capture ability of
phosphopeptides for the application of direct matrix-assisted laser desorption ionisation time-of-

flight (MALDI-TOF) mass spectrometry analysis.!''?!

Interestingly, this carbonaceous sacrificed template method can be applied for the synthesis of
two-dimensional free-standing macroscopic membranes with high porosity, good flexibility, large
area per unit volume, and an interconnected open pore structure. For instance, a free-standing Pt
nanowire membrane has been prepared via this multistep sacrificed template method (Figure

4-20)."%) First, Te nanowires were used as template for the synthesis of well-defined
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Te@carbonaceous nanocables via the hydrothermal carbonisation process. Second, These Te@C
nanocables were transformed into Pt@C nanocables with the galvanic replacement reaction.
Third, These Pt@C nanocables could be assembled into a two-dimensional free-standing
membrane by a simple casting process. Finally, after calcination of the Pt@C membrane at high
temperature, the free-standing Pt nanowire membrane was formed. SEM and TEM images have
shown that the Pt nanowire membrane was composed of very fine wire-like nanostructures with
lengths of several tens of micrometers and these Pt nanowires interconnected with each other to
form a highly porous nanowire network structure. This unique porous network structures could
greatly facilitate electron transport and gas diffusion. The Pt nanowire membrane was a good
electrocatalyst for the oxygen reduction reaction and has higher catalytic activity and stability

than commercial Pt/C and Pt black catalysts.

4.8 Conclusion and Outlook

In this chapter I have discussed different strategies for the functionalisation of HTC materials.
The first part dealt with chemical functionalisation using either “in situ” or “post modification
treatments”. For the “in sifu” functionalisation, an important role is played by the heteroatom
doped materials. The advantage of the HTC process is the mild carbonisation temperatures which
allow chemical reactions between the precursor and the dopant species. Thus, a high amount of
dopants can be introduced and maintained even at high post-processing temperatures. Mainly
nitrogen has been used as a dopant in HTC via Maillard reactions conferring interesting new
properties such as increased electronic conductivity or intrinsic catalytic activity. Sulfur and

boron are expected to complement nitrogen in HTC materials in the near future.

In addition to heteroatom doping, other chemical functions can be also introduced by various co-
reagents such as for example organic monomers. Here cycloaddition reactions between the

furanic ring of HTC and the organic monomer are thought to play the most important role.

Besides the “in situ” chemical functionalisation, post modification is another elegant strategy to
introduce various functions into HTC materials making use of either oxigentated surface or the

furanic-arene aromatic character.

In the second part of this chapter I presented a palette of HTC nanocomposites derived from
biomass, carbohydrates, and organic molecules. We have learned that some promising strategies

have been designed for the synthesis of these materials, which I have briefly presented here while
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leading the interested reader to the corresponding reference. Carbonaceous nanocomposites with
combined and improved properties have been synthesised by the three main methods, which
include coating of preformed nanostructures, decorating the pre-formed HTC materials with
inorganic nanostructures and direct synthesis by one-step method. Furthermore, carbonaceous
materials can act as good sacrificed templates or support shells for the production of hollow and

complex nanostructures, as well as the free-standing membranes.

Importantly, the as-synthesised carbonaceous nanomaterials and nanocomposites via the HTC
process, have already demonstrated their significant values in many practical application fields,
such as environment, catalytic, energy, and biological applications which we have pointed out
while describing various synthetic approaches. However, more emphasis on the multitude of

applications of the HTC material will be presented in detail in Chapter 5.

Although carbonaceous nanomaterials and nanocomposites via the HTC process has achieved so
far excellent success in both synthesis and applications, there are still many challenges and
questions that should be faced and solved. Further exploration will facilitate the rational design of
a variety of carbonaceous nanomaterials and nanocomposites with hierarchical porosity,

interesting functionalities, and significant practical values.
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5 Applications of Hydrothermal Carbons

5.1 Introduction

Starting with the discovery of fullerenes ' and carbon nanotubes ! the material science
related to valuable carbon materials has become a hot area, motivated by its potential
applications. ! Many synthetic methods, such as high-voltage-arc electricity, laser ablation or
hydrothermal carbonisation have been reported for the preparation of amorphous, porous or

crystalline carbons with different size, shape and chemical compositions.

During the last years, carbon materials retain great development because of their numerous
applications in energy storage and conversion, adsorption, catalysis and many other fields of
current interest. There is no wonder that a number of novel nanostructured carbon materials
have been processed later, many of them from molecular level using bottom-up strategies. To
date, it has been possible to create materials with well-defined nanostructures, morphologies

and tuneable surfaces. [

We already know from the previous chapters that the HTC technique is a sustainable and
flexible alternative to synthesise carbon materials. It uses low cost precursors, water as a
carbonisation media and lower temperatures in comparison with other carbonisation methods
enabling thus the presence of polar surface groups which can be modulated by additional heat

treatment.

Chapter 3 showed how it is possible to introduce tailored porosities into these types of
materials and change their morphologies while Chapter 4 how HTC materials can be
combined with inorganics resulting in hybrid materials with novel properties as well be

modified with various functionalities and heteroatoms.

It can thus be foreseen that HTC materials are suitable for a wide range of important
applications from adsorption and catalysis to energy storage and generation. Indeed, the most
appealing feature of HTC is the fact that it represents an easy, green and kg-scalable process,
allowing the production of various carbon and hybrid nanostructures with practical
applications on a price base which is comparatively lower then corresponding petrochemical
processes. Even though relatively in their infancy, HTC materials have already found
numerous applications including soil enrichment (not discussed in this thesis but see

5 . . . .
references ), catalysis, water purification, energy and gas storage, sensors and bio-
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applications. In this chapter, examples where HTC materials have proved to be not only
sustainable, but to possess extraordinary properties which in some cases surpass those of
current “ golden standards” will be introduced and discussed. I will give some examples
describing the application of carbonaceous materials made using the HTC process in the
previously mentioned fields such as catalysis, energy storage, adsorption, medicine and

SeNnsors.

5.2 Energy Storage

Climate change and the decreasing availability of fossil fuels require society to move towards
sustainable and renewable resources. As a result, we are observing an increase in renewable
energy production from sun and wind, as well as the development of electric vehicles with
low CO, emissions. As the sun does not shine during the night, wind does not blow on
demand and we all expect to drive our car with a few hours of autonomy, energy storage

systems are starting to play a larger role in our lives.

Therefore, in response to the needs of modern society and emerging ecological concerns, it is
now essential that new, low-cost and environmentally friendly energy conversion and storage
systems are found. This is why over the past few years, the number of publications and
research groups working in the field of “sustainable materials for energy storage” applications
was “exploding”. The performance of these energy storage devices depends initially on the
properties of the materials they are made off. Innovative materials chemistry lies at the heart
of the advances that have already been made in energy conversion and storage, for example
the introduction of the rechargeable lithium battery, development of supercapacitors and the

emerging new and high energy density technologies such as Li-S and Li-air batteries.

Further breakthroughs in materials, not incremental changes, hold the key to new generations
of energy storage and conversion devices. Additionally, it is strongly desired that these

materials should be easy to make, cheap and if possible base on renewable resources.

Figure 5-1 shows a schematic representation on how such high-performance green materials
such as for example hydrothermal carbons should have specific characteristics and be
designed for performing specific tasks, either as electrode materials for lithium-ion batteries
and supercapacitors, catalysts for oxygen reduction reaction in fuel cells or host materials for

hydrogen storage.
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Figure 5-1: Schematic representation of renewable energy generation, storage and utilisation using
modern electrochemical devices based on “green” carbon materials

Within this section I will provide a brief overview on the use of HTC materials for such
energy storage related applications when used as electrodes in rechargeable batteries or
supercpacitors.

5.2.1 Electrodes in Rechargeable Batteries

Rechargeable batteries are made up of one or more electrochemical cells and are also known
as secondary cells because the electrochemical reactions are electrically reversible. Several
different combinations are currently commercially used including: lead-acid, nikel cadmium
(NiCd), ! nikel metal hydride (NiMH), 7 lithium ion (Li-ion) * and lithium ion polymer.
Many other are under development: thin film lithium, [81] [10] Li-S, (th Na-S, [12] Mg-ion, [13]
[14]

Li-air and others. Although such rechargeable batteries have a higher initial cost, their

main advantage is that they can be recharged cheaply and used many times.

Rechargeable batteries are used today for automobile starters, portable consumer devices,
light vehicles (electric bicycles, golf carts, motorised wheelchairs) and uninterruptable power

supplies. The emerging applications are in hybrid electrical vehicles and electrical vehicles.
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Grid energy storage applications use rechargeable batteries for load levelling, where they
store electric energy for use during peak load periods, and for renewable energy uses such as

storing power generated from photovoltaic arrays during the day, to be used at night.

Due to all these very important current and foreseen applications there is a lot of research
dedicated to the improvement of these devices. The main driving forces are the reduction of
the cost and weight while increasing their lifetime and power. As previously mentioned there
are many types of rechargeable batteries under development, a number of them holding
progress in electrode materials, electrolytes and engineering. Describing all of them in detail

is out of the scope of this chapter and details can be found in the literature. ['*! 3

I will focus here on three main technologies, one already commercially available (Li-ion
batteries LIBs) and two under development (Na-ion batteries NIBs) and Li-S batteries while
describing the progress made in the use of HTC materials and composites as electrodes for

these very important devices.

5.2.1.1 HTC as Electrodes in Li -Ion Batteries (LIBs)
Rechargeable lithium batteries have reformed the portable electronic industry. This is due to
their superior energy density (they can store 2-3 times more energy per unit weight and

volume in comparison with conventional rechargeable batteries).

LIBs are lithium ion devices comprising a graphite negative electrode (anode), a non-aqueous
liquid electrolyte and a positive electrode (cathode) of a spinel type oxide LiMO, (where M =
Co and sometimes Mn and Ni). On charging, lithium ions are desintercalated from the layered
Li MO, intercalation host, pass across the electrolyte and intercalated between the graphite
layers in the anode. Discharge reverses the process (Figure 5-2). The electrons of course pass

around the external circuit

Graphite Li* conducting electrolyte  LiCoOg

Figure 5-2: Schematic representation of a lithium-ion battery. Negative electrode (graphite), positive
electrode (LiC0Q,), separated by a non-aqueous liquid electrolyte (taken with permission from [8b]).
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5.2.1.1.1 Anodes based on Intercalation /Desintercalation

The storage of one Li atom between every six carbon atoms is only valid for graphite. This
LiC, stoichiometry permits to graphite a storage capacity of 372 mAhg™, a value lower that it
can be obtained with other materials as we will see later. However, this low storage capacity
results in only a small volumetric change of about 10% and allows for a life of at least 500
cycles depending on the current rate used. The anode reaction based on intercalation and
desintercalation is:

yC +«Li+e=Li,Cy
(Equation 5-1)

Disordered carbons (the so called hard carbons) can easily exceed this theoretical value
reported for graphite. This phenomenon is still hard to explain by classical graphite
intercalation science and new mechanisms are under development. A more detailed discussion
about the possible Li storage in carbon nanostructures can be found in 'Y The main problem
associate with carbon materials is that the values for higher capacities are obtained when the
potential is close to OV vs Li/Li", which is not safe, especially for high power applications

such as for example electrical vehicles.

There are a multitude of manuscripts on the use of pure carbon materials as negative
electrodes in Li ion batteries as well as some very good reviews summarising all these

8c, 17]

findings. ! 321 1 will only limit here to the use of hydrothermal carbons for such

applications.

The first study using HTC as a negative electrode in Li-ion batteries was performed by Huang
et al. "™ The authors demonstrated that the reversible lithium insertion/extraction capacity of
this kind of material is much higher than the theoretical capacity of graphitised carbonaceous
materials. However these materials had relatively high surface area and a high number of

micropores which are known not to be beneficial for Li storage. ']

Therefore our group (Titirici, White) in collaboration with Kun Tang from MPI Stuttgart
limited the thickness of the carbon shell to only few nm, producing HTC hollow spheres. 2
The electrochemical behaviour of the hollow carbon nanospheres was characterised by cyclic
voltammetry (CV) at a scan rate of 0.1 mVs™ (Figure 5-3a). The voltamogram showed two

cathodic peaks at 1.3 and 0.8 V that appear only in the first cycle. It is reasonable to assume
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that the peak at higher potential is due to the reaction of Li with surface functional groups
located at the carbon surface whereas the peak at 0.8V is related to the formation of solid
electrolyte interface (SEI). This is a typical problem associated with carbon materials related
to the decomposition of the electrolyte onto the electrode surface and trapping some Li inside.
This contributes to the large irreversible capacity of the first discharge process. The
phenomenon was further confirmed by the galvanostatic discharge charge results (Figure

5-3b).
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Figure 5-3: a) Cyclic voltametry of hollow carbon spheres. The graph shows the first two cycles between 3
and 0 V at a scan rate of 0.1 mVs'.b) Galvanostatic discharge/charge curves of hollow carbon
nanospheres at a rate of 1C. c¢) Cycle performance of hollow carbon nanospheres cycled at a rate of 1C. d)
Rate performance of hollow carbon nanospheres (taken with permission from [21]).

Two plateaus at 1.4 and 0.8 V are observed in the first discharge curve corresponding to the
additional peaks in the CV curves. A large irreversible capacity of 700 mAh/g was found over
the first cycle as expected. From the presented results, it is obvious that both electrolyte
decomposition on the electrode/electrolyte surface and irreversible lithium insertion into
potentially unique positions, such as cavities or sites in the vicinity of residual hydrogen

atoms in the carbon material, cause the large irreversible capacity as reported earlier for such
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kind of materials. ** The reversible capacity at 1C rate for the hollow carbon nanospheres
could reach up to 370 mAh/g, which is slightly higher than graphite (Figure 5-3c). While
previous reports suggest that non-graphitic carbons show a continuous and progressive decay
in capacity during cycling, here the investigated hollow spheres presented excellent cycling
performance at 1C rate. After 200 discarge/charge cycles, a reversible capacity as high as 310
mAh/g was retained, while the coulombic efficiency approached almost 100%. However, the
real advantage of such hollow carbon spheres besides the high cyclability is the outstanding
rate capabilities (Figure 5-3d). A specific charge capacity of 200 mAh/g is reached at 5C and
when the current density is increased from 1C to 20C the capacity retention can approach
50%. Even at a high rate of 50 C (18.6 A/g), a capacity of 100 mAh/g is still maintained. This
value is much higher than traditional graphite electrodes (almost negligible at such a high
rate). We should also mention that the rate performance is much higher than that of a similar
carbon but as full sphere, indicating that indeed the hollow nanosphere morphology plays a

vital role for the excellent electrochemical performance. 2

A similar excellent performance was also confirmed by Xia et al who prepared one
dimensional hierarchical porous hydrothermal carbon fibers from alginic acid fibers. ! The
carbon fibers consist of a 3D network of nano-sized carbon network with excellent rate

capability and capacity retention compared with commercial graphite.

Another material in which Li can be inserted is TiO,. ****! Regardless of various polymorphs
of TiO, (rutile, anatase, brookite) the insertion reaction of Li-ion into TiO, can be expressed

as:

TiO, + xLi" +xe” = Li, TiO; (Equation 5-2)

In this redox reaction, the insertion of positively charged Li " is balanced with an uptake of

electrons to compensate Ti ™ cations in the Ti ¥ sublatice, which usually results in a sequential

phase transformation occurring in original TiO, as a function of Li" content. [***]

The theoretically calculated capacity of TiO, is 330 mAh/g, which is a little lower than of
graphite. * However the volume change of TiO, is less than 4% as Li ion inserted into TiO,
electrodes This affords TiO, an outstanding structure stability after Li-ion insertion and thus

extremely long cycling life as electrodes in LIBs.
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Safety is another crucial concern in LIBs. However the working potential for most high-
capacity materials including graphite in in the region of 0-0.5 V (versus Li/Li"). In such a low
operation voltage region, the electrolyte is prone to decompose and form the SEI on the anode
surface, as we could observe in the example shown in Figure 5-3. Concurrently with the
electrolyte decomposition, gases are released and build up pressure in the cell. This situation
will endanger the safety of the battery system as gases accumulate with increasing cycling
time. Another advantage of TiO; in this respect is that it operates at a higher voltage (1.5-1.8
V versus Li/Li") and generates less energy than other anode materials. The formation of SEI
on its surface is thus avoided at such a high potential which greatly improves the overall
safety of the battery. In addition another great advantage is that TiO, is cheap. The
disadvantage is that like for any inorganic material, TiO, is not electrically conductive (~ 1 x
10 2 S m™) resulting in low energy/power densities. Its conductivity can be improved by

combining it with carbon in small amounts.

Thus, carbon coated TiO, nanotubes were prepared by a simple one-step hydrothermal
method with the addition of glucose in the starting powder. A thin carbon coating was
obtained on the nanotube surface which effectively suppressed the aggregation of TiO;
nanotubes during post calcination. This action resulted in better ionic and electronic kinetics
when applied to Li ion batteries. Consequently carbon-coated TiO, nanotubes delivered a
remarkable lithium-ion intercalation/desintercalation performance with reversible capacities

of 286 and 150 mAh/g at 250 and 750 mAh/g respectively. *)

In the TiO, family, spinel-type lithium titanates have also attracted great interest as anode
materials in LIBs. This is due to their unique characteristics such as: (1) zero strain during
charging and discharging; (2) excellent cycle reversibility; (3) fast Li" insertion-desinsertion
and (4) high litigation voltage plateau at 1.55 V vs Li/Li" which avoids the formation of

metallic lithium and therefore improved the safety of the battery.

Carbon coating of fine LisTisO;, was carried out by HTC followed by carbonisation at

800°C. The materials behave excellent when applied as anodes in LIBs with excellent rate

performance. **

5.2.1.1.2 Anodes based on Alloying Reactions

Some metals and semiconductors can react with Li forming alloys according to Li\M,

82 291 The reaction is partially reversible and involves a
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large number of atoms per formula unit. The specific volumetric and gravimetric capacities
exceed those of graphite. For example Li 44Sn has a gravimetric capacity of 993 mAh/g
versus 372 mAh/g for graphite. The corresponding values for Liss Si are 4200 mAh/g.
Because of their high theoretical capacities many efforts have been made to apply such
materials as anodes in LIBs. ¥’ However, such alloying reactions are normally associated
with severe volume changes during Li insertion/ desinsertion leading to a very fast decay in
capacity with cycling. Another associated problem, as for theTiO, is the low conductivity of

such materials.

In order to overcome such problems our group successfully coated “in sifu” commercially
available silicon nanoparticles with a thin layer (25%wt-10 nm) of HTC material via the

conversion of D-glucose (Figure 5-4a). P"

a)

SI@SIO./C, with VC
SI@SI0/C, without VC
Nano-Si, with VC
Mane-Si, without VC
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Figure 5-4: a) HRTEM of the Si@SiOx/C composite showing the crystalline silicon in the middle coated
with a thin amorphous layer of SiOx and carbon; b) Cycling and rate performance of pure Si
nanoparticles and Si@SiOx/C nanocomposite electrodes cycled in VC-free and VC containing electrolytes
(LiPF¢ in EC/DMC solutions (solid symbols: charge; empty symbols: discharge). ¢) SEM micrograph of
SnO, microspheres made out of aggregated nanoparticles. d) variation in discharge/charge capacity
versus cycle number for the mesoporous SnO, sample cycled at current densities of 1 and 2 A/g (taken
with permission from ')
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During the hydrothermal treatment a thin layer of SiOy was also formed on the particles
surface. The resulting Si@SiO4/C composite was further carbonised to increase its
conductivity. The resulting material showed a markedly improved cyclability compared with
the pure Si (Figure 5-4b). Especially when working in the presence of vinylene carbonate
additive (VC) in the electrolyte, an excellent cycling performance was achieved. The
reversible capacity was as high as 1100 mAh/g at a current density of 150 mA/g, with no
further decay in capacity, even after 60 cycles.

Pre-formed SnO, nanoparticles were incorporated inside HTC spheres derived from the
conversion of D-glucose also by our research group. The resulting composites were
carbonised and utilised as electrodes in Li ion batteries. The carbon could be subsequently
removed resulting in mesoporous SnO, microparticles (Figure 5-4 ¢). Here, HTC acts as an
assembly medium of the initial nanoparticles into mesoporous SnO; nanosphers leading to a

better packing density and superior Li insertion properties (Figure 5-4d). !

The reaction of SnO, with Li takes place according to the following reaction %

SnO, +4Li — Sn + 2Li,0 (Equation 5-3)
Sn + xLi < Li,Sn. (Equation 5-4)

The maximum theoretical capacity of the SnO;, anode is 781 mAh/g by this mechanism. The

irreversible initial capacity loss is due to the formation of amorphous Li,O matrix.

Cao et al have also reported on the preparation of multilayered nanocrystalline SnO, hollow
spheres via a chemically induced self-assembly approach performed under hydrothermal
conditions. **! First, a multilayered, spherical SnO,-HTC composite is produced through a
condensation-polymerisation and carbonisation of sucurose accompanied by hydrolysis of
SnCly during the hydrothermal reaction. After the removal of the carbon hollow SnO, spheres
were obtained with good electrochemical performance when applied as anode materials in

LIBs.

Wau et al reported on the synthesis of carbon-coated SnO; nanotubes through a simple glucose
hydrothermal and subsequent carbonisation approach using Sn nanorods as sacrificial
templates. The as-synthesised SnO,-C nanotubes have been applied as anodes in LIBs and

exhibited improved cyclic performance compared to pure SnO, nanotubes. The hollow
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nanostructure, together with the carbon matrix which has good buffering effect and high

electronic conductivity, can be responsible for the improved cyclic performance. ¥

In a similar fashion with coating the silicon nanoparticles, Li et al synthesised SnO;@carbon
core-shell nanochains (SCNCs) by carbonisation of a SnO,(@ carbonaceous polysaccharide
(CPS) precursor at a relatively low temperature. The strategy results in the carbonisation of
CPS whilst avoiding the carboreduction of SnO, at 700°C. It has been shown that moderate
carbon content contributed to the 1D growth of SCNCs. The thickness of the carbon shell
could be easily manipulated by varying the hydrothermal treatment time. Such unique
nanochain architecture could afford a very high lithium storage capacity as well as a desirable
cycling performance. More than 760 mAh/g of reversible capacity was achieved at a current
density of 300 mA/g and above 85% retention could be obtained after 100 charge-discharge
cycles. TEM analysis of electrochemically-cycled electrodes indicated that the structural
integrity of the SnO,@carbon core-shell nanostructure was retained during the
electrochemical cycling, contributing to the good cycling performance demonstrated by the

robust carbon shell. !

[36

Following a procedure initially described by our group %, Archer and co-workers used the

glucose mediated hydrothermal method for a gram-scale synthesis of nearly monodisperse

7] Glucose was playing here a dual role: 1. the facilitation of

hybrid SnO;, nanoparticles.
rapid precipitation of polycrystalline SnO, nanocolloids and 2. the creation of a uniform
carbon coating on the SnO;, cores. The thickness of the coated layer could be easily
manipulated by the variation of the glucose concentration in the synthesis medium. The
resulting SnO, colloids coated with carbon exhibited significantly enhanced cycling
performance for lithium storage. By reduction with H, the authors demonstrated a simple
route to carbon-coated Sn nanospheres. Li storage properties of the later materials are also
reported in the manuscript suggesting that the large irreversible losses in these materials are

caused not only by the initial irreversible reduction of SnO, as generally perceived in the

field, but also by the formation of SEI. 7

5.2.1.1.3 Anodes based on Conversion Reactions
Another possibility to increase the capacity of an anode in LIBs are the so called “conversion
reactions” as firstly reported by Poizot in 2000. **! Li can thus be stored reversibly in a

transition metal oxide through a heterogenous conversion reaction according to:
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M,X, + (b = n)Li< aM +bLi,X (Equation 5-5)

Where: M = transition metal, X = anion, and » = formal oxidation state of X.

Later, reversible Li storage was also observed in transition metal fluorides, sulfides,

391 1491 1t has been also shown that a small nanoparticle size it is

[8b]

phosphides and nitrides !

beneficial for such conversion reactions.

Taking in consideration these arguments and with additional benefits from the conductive
carbon phase, many carbon-metal oxides and nitrides have been prepared as successful
electrodes in Li ion batteries. We will again only mention here the ones prepared using the

hydrothermal carbonisation of inorganic precursors and carbohydrates.

Tu et al prepared a spherical NiO-C composite by dispersing NiO in glucose solution and
subsequent carbonisation under hydrothermal conditions at 180°C. Electrochemical tests
showed that the NiO-C composite exhibited higher initial coulombic efficiency (66.6%) then
the pure NiO (56.4%) and better cycling performance. The improvement of these properties
was attributed to the carbon as it can reduce the specific surface area and enhance the

conductivity. [*!

Co-Fe layered double hydroxide nanowall arrays have been grown directly from a flexible
alloy substrate by a facile hydrothermal method in the presence of glucose. After annealing
treatment in argon atmosphere, carbon coated Co-Fe mixed oxide nanowalls arrays were
further investigated as anode materials for LIBs. They exhibited improved electrical
conductivity and superior electrochemical performance in terms of specific capacity and
cyclability as compared to a carbon-free sample and a sample made by a previous carbon-

coating method. [**

Co,2Sn04@C core-shell nanostructures were prepared through a simple glucose hydrothermal
and subsequent carbonisation approach. The as-synthesised Co0,SnO4@C core-shell
nanostructures have been applied as anodes for Li-ion batteries with improved cycling

performance compared to the pure materials. [**

5.2.1.1.4 Positive Electrodes (Cathodes)
Besides negative electrodes in Li-ion batteries, the development of improved cathode

materials is recognised as even more challenging. **! Although transition metal oxides (with
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the golden standard being LiCoO;-see Figure 5-2) are commonly used as energy storage
materials in today’s modern portable devices, concerns over safety and cost have prompted
research into other new positive electrode materials for lithium ion batteries. Several new
compounds have been explored as possible alternatives, including those obtained by
introducing large polyanions of the form (XO4) ¥ (X= S, P, Si, As, Mo, W) into the lattice.
An inductive effect from (PO4) > and (SO4)* ions raises redox energies compared to those in
oxides and stabilises the structure. **! The presence of polyanion (XO4) ¥ with strong X-O
covalent bonds increases the potential as a result of the strong polarization of oxygen ion
toward the X cation, which lowers the covalency of the M-O bond. Research shows that most
of the lithium metal phosphate and sulphate compounds containing FeOg octahedra as the
redox center, have potentials in the range of 2.8-3.5 V versus Li/Li*. ! Another advantage of
using Fe based compounds is that, in addition to being naturally abundant and inexpensive,

they are less toxic then other transitional metal compounds.

The focus of the LIBs community further intensified on this class of compounds with
Pahadi’s report on the electrochemical properties of LiFePO4 (LFP). *71 LFP satisfies many
of the criteria for an electrode material in a Li-ion battery: it can reversibly intercalate Li at a
high voltage (3.5V) and has a gravimetric capacity of 170 mAh/g, which gives a cell a high
energy density. LFP is stable against overcharge or discharge and is compatible with most
electrolyte systems. 1**) LFP is also environmentally friendly, for it is found in nature as the

mineral triphylite and is made from abundant elements, reducing its production costs.

Some drawbacks associated with LFP are its low electronic conductivity (1x 10° S/cm at
room temperature) which limits its electrochemical performance as the electrons cannot easily

transport through the material. LFP becomes conductive in the presence of small amounts of

[49]

carbon " as well as when doped with various cathions forming compounds of the type Li;.

M*"\FePOy4 ( z > 2) with exceptional conductivities when sintered at 800°C-due to charge

compensation ( 10 times higher than pure LFP). %
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Figure 5-5: a) and b) SEM microgrpahs of the LFP@C mesocrystals; c¢) charge-discharge capacity versus
cycle number plot for the pristine LFP. d) charge-discharge capacity versus cycle number plot for the
LFP@C showing superior performance (adapted with permission from 51y,

Our group synthesised in one step a hierarchical mesocrystal of LFP coated with a thin layer
of nitrogen doped carbon (Figure 5-5a, b). Due to an increased conductivity of the nitrogen

doped carbon the coated material exhibited a superior performance compared with the pure
LFP (Figure 5-5 ¢, d). "

Paranthaman et al modified the surface of rod-like LiFePO, with a conductive nitrogen-
doped carbon layer using hydrothermal processing followed by post-annealing in the presence
of an ionic liquid. The conductive surface modified rod-like LiFePO4 exhibited good capacity
retention and high rate capability as the nitrogen-doped carbon layer improved conductivity

and prevented aggregation of the rods during cycling. %

Similar to phospholivines, the ortosilicates (Li,MSiO4, where M= Fe but also Mn and Co)
have been employed recently as alternative cathodes in LIBs. Their main advantages are cell
safety, the possibility of extraction of more than one Li" ion per unit formula, high theoretical
capacity (333 mAh/g). °*) Moreover, the orthosilicate group material render excellent thermal
stability offered through strong Si-O bonding. However, they have the same disadvantage

suffered similarly by their related olivine phosphates, very poor electronic conductivity.
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Exploiting the advantages of hydrothermal synthesis, Aravindan et al prepared in one step
carbon coated Li,MnSiO4 with a flower-like morphology similar the one of LFP in Figure
5-5 a, b and good electrochemical performance (100 mAh/g). °* The improvement of the
electronic conductivity due to the carbon coating was validated through electrochemical

impedance spectroscopy.

Since Sony announced the first version of commercialized LIB in 1991, LIB has rapidly
penetrated into everyday life. In this subchapter I have tried to show the main research
directions taken for improving the performance of the electrode materials in LIBs with focus
on the HTC technology. Li-ion technology relies on a rich and versatile chemistry leading to
wide range of attractive electrode materials for both positive (LiCoO,, LiMn;04, LiFePOy)
and negative electrodes (C, Sn, Si, etc.). Much progress has been achieved in this filed and the

HTC materials proved to be successful candidates for this task.

5.2.1.2 HTC as Electrodes in Na-Ion Batteries (NIBs)

There has been recent concern that the amount of the Li resources that are buried in the earth
would not be sufficient to satisfy the increased demands on LIB. P While there is ample
evidence that this is no cause for immediate worry, the very large market share of electric

vehicles can put a strain on Li production capability. ©°°

Sodium (Na) is located below Li in the periodic table and they share similar chemical
properties in many aspects. The fundamental principles of the NIB and LIB are identical; the
chemical potential difference of the alkali-ion (Li or Na) between two electrodes (anode and
cathode) creates a voltage on the cell. In charge and discharge the alkali ions shuttle back and
forth between the two electrodes. There are several reasons to investigate Na-ion batteries.
Recent computational studies by Ceder et al. ") on voltage, stability and diffusion barrier of
Na-ion and Li-ion materials indicate that Na-ion systems can be competitive with Li-ion
systems. In any case, Na-ion batteries would be interesting for very low cost systems for grid
storage, which could make renewable energy a primary source of energy rather than just a

supplemental one.

As battery applications extend to large-scale storage such as electric buses or stationary
storage connected to renewable energy production, high energy density becomes less critical.
Moreover, the abundance and low cost of Na in the earth can become an advantage when a

large amount of alkali is demanded for large-scale applications, though at this point, the cost
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of Li is not a large contribution to the cost of LIBs. But most importantly, there may be
significant unexplored opportunity in Na-based systems. Na-intercalation chemistry has been
explored considerably less than Li-intercalation, and early evidence seems to indicate that
structures that do not function well as Li-intercalation compounds may work well with Na.

Hence, there may be opportunity to find novel electrode materials for NIB. 58]

Many materials have been proposed in the literature as possible cathodes for Na-ion batteries,
whereas only some carbon-based anodes have been pointed out for this storage technology.
The best candidates to be cathodic materials in a Na-ion battery are phosphate based
materials, because of their thermal stability and higher voltage due to the inductive effect. I
We can mention olivine NaFePO4, with the highest theoretical specific capacity, NaVPOA4F,
Na;3V,(PO4),F3, NaFePO4F and Na3;V,(PO4);. These phosphates require conductive
coating and nanostructured morphology in order to improve their electrochemical

performance. [

The development of negative electrodes is however more challenging. Graphite, the standard
anode material in current lithium-ion batteries, seems not suited for a sodium based system, as
Na hardly forms staged intercalation compounds with graphite. °" The situation is different
when amorphous carbons are used as intercalation media and it is suggested that the storage
mechanisms for Na and Li are similar, although the capacity is smaller in the case of

2] Thus, several types of non-graphitic carbon materials have been tested and

[63] [64]

sodium.
capacities between 100 and 300 mAh g under differing conditions were found.
Although these capacities are promising, the cells were only cycled for a few times and, more
importantly, could be only obtained at extremely low currents (typically C-rates between C/70
and C/80) or at elevated temperatures( > 60 ° C), which indicates very slow kinetics for the
sodium storage process Thus alternative carbon materials are needed in order to achieve

satisfying performance at room temperature and at higher currents.

A recent and very important manuscript in the field, describes clear improvements with faster
kinetics and higher capacity by introducing nanoporosity and a hierarchical pore system into
the carbon anode. High capacities can be achieved at room temperature at high currents (e.g.
C-rate of C/5, i.e. 15 times faster than C/75), while also exhibiting long cycling stability. The
outstanding performance of the templated carbon is illustrated by comparing with several

commercially available porous carbon materials and non-porous graphite as reference.
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This is a great progress in the field , however still a great deal of research needs to be
dedicated to the production and improvement of carbon materials and carbon composites for
Na ion batteries and more and more reports are being published in the literature on this

topic. [66] [67] [68]

As Na" can be inserted in disordered amorphous carbons, HTC materials should also be

considered as a class of suitable candidates as anodes for NIBs. In this respect, our group have
[69]

applied HTC hollow spheres as a negative electrode in NIB.
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Figure 5-6: a) TEM image and (b) HR-TEM image of hollow carbon nanospheres, (¢) Cycle performance
of hollow carbon nanospheres, (d) Impedance spectra of hollow carbon nanospheres electrode after 10 th ,
30 th, 50 th, and 80 th cycle. The inset is the enlarged spectra (taken with permission from'®).

The materials have been prepared as previously described for LIBs by coating latex
nanoparticles with glucose followed by hydrothermal carbonisation and further calcination to
remove the latex and increase the conductivity of carbon (Figure 5-6a,b). *” The cycling
stability during sodium insertion/extraction in the hollow carbon nanospheres was

investigated at a current density of 50 mAg ' for the first ten cycles and then 100 mAg ~' for
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subsequent cycles (Figure 5-6¢). It is thought that the observed capacity loss over the initial
cycling steps stems from SEI film stabilisation and irreversible sodium ion insertion. After
100 cycles, a reversible capacity of ~ 160 mAhg ~ ' is stably maintained. The coulombic
efficiency approaches ~ 94% after several cycles, whilst the observed irreversible capacity
during each cycle is attributed to the incomplete stabilisation of SEI for the presented sodium
battery system. The electrochemical impedance spectra of the hollow carbon nanospheres
electrode was measured (Figure 5-6 d). The Nyquist plots consist of a depressed semicircle in
the high- and middle-frequency regions and a straight line in the low-frequency region. The
semicircle can be attributed to the SEI film and contact resistance at high frequencies and a
charge-transfer process in the middle-frequency, while the linear increase in the low-
frequency range may reflect Warburg impedance associated with sodium ion diffusion in the
carbon electrode. [’ The rate performance of these materials was also excellent and clearly
superior to non-porous hydrothermal carbon spheres obtained from glucose without the latex

templates proving the important role played by the hollow sphere morphology. [**!

5.2.1.3 HTC Cathodes for Li-S Batteries

LIBs have transformed portable electronics and will play a key role in the electrification of
transport. However, the highest energy storage possible for Li-ion batteries is insufficient for
the long-term needs of society, for example, extended-range electric vehicles. To go beyond
the horizon of Li-ion batteries is a formidable challenge; there are few options and one of

them is Li-S batteries. /" ']

Under intense examination for well over two decades, the cell in its simplest configuration
consists of sulphur as the positive electrode and lithium as the negative electrode V' Li-S cells
operates on a principle very different from the Li ion battery described above. The redox
couple, described by the reversible reaction lies near 2.2 V with respect to Li*/Li’, a potential

about 2/3 of that exhibited by conventional positive electrodes. !

Sg + 16Li = 8Li,S (Equation
5-6)

However, this is compensated by the very high theoretical capacity afforded by the non-
topotactic “assimilation” process, of 1675mAh g'. Thus, compared with intercalation

batteries, Li-S cells have the opportunity to provide a significantly higher energy density (a
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product of capacity and voltage). Values can approach 2500Wh kg™ or 2800Wh 1" on a
weight or volume basis respectively, assuming complete reaction to Li,S. Despite its
considerable advantages, the Li-S cell is plagued with problems that have slowed down its

widespread practical realisation.

One of the problems in Li-S batteries is sulfur’s low electrical conductivity. Another problem
is the fact that the polysulfides, which are generated at the cathode during charging, are
soluble into most of the utilised electrolytes and thus migrate to the anode where they react
with the lithium electrode to form lower-order polysulfides which are then transported back to
the sulfur cathode and regenerate the higher form of polysulfides. M9 Such a polysulfide
“shuttle” process decrease the utilisation of the overall active material mass during discharge,

triggers current leakage, poor cycleability and reduced columbic efficiency of the battery. 'l

Some significant progress in overcoming these two very important challenges associated with
Li-S batteries commence after the pioneer work of Nazar at al. "* They have demonstrated
for the first time that those cathodes based on nanostructured sulphur/mesoporous carbon
materials can overcome these challenges to a large degree, and the Li-S cell can exhibit stable,
high, reversible capacities (up to 1320mAh g"') with good rate properties and cycling
efficiency. The proof-of-concept studies are based on CMK-3, the most well-known member

of the mesoporous carbon family obtained from replication of SBA 15 silica. [’

The melt is imbibed into the channels by capillary forces, whereupon it solidifies and shrinks
to form sulphur nanofibres that are in intimate contact with the conductive carbon walls. Such
an intimate contact of the insulating sulphur and discharge-product sulphides with the
retaining conductive carbon framework at nanoscale dimensions affords excellent
accessibility of the active material. The carbon framework not only acts as an electronic
conduit to the active mass encapsulated within, but also serves as a mini electrochemical
reaction chamber. The entrapment ensures that a more complete redox process takes place,
and results in enhanced utilisation of the active sulphur material. This is vital to the success of
all conversion reactions to ensure full reversibility of the back-reaction. Following this report,
the topic related to the development of novel cathodes for Li-S cells based on nanostructured
carbon/sulfur composites flourished and more and more research interest is dedicated to

improving the performance of Li-S cells. !!* 7]
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Among these carbon materials, hydrothermal carbons just started to find their role. The first
HTC materials tested as cathodes in Li-S batteries following sulfur infiltration were the
carbon hollow spheres previously applied by our group as electrodes in Li " and Na *”!
storage. This time they were prepared using silica templates instead of latex (Figure 5-7a, b).

7] The first two were hollow spheres

Three different HTC-S composites were compared.
(HS) however prepared using two different infiltration techniques for sulfur: melt diffusion
and simple physical mix. The third tested material was a non-porous HTC infiltrated with
sulfur by simple physical mixing. As shown in Figure 5-7c, stable cycling properties could be
obtained when using the nanostructured HS. This indicates that the highly porous shells of HS

acts as an absorbent for soluble polysulfides, especially since a very small amount of silica

remains from the template. Small amounts of silica within the carbon matrix proved beneficial
78]

for polysulfide adsorption. [
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Figure 5-7: Micrographs obtained by transmission electron microscopy of (a-b) Carbon-based hollow
spheres obtained after hydrothermal treatment at 180 °C in presence of glucose, pyrolysis at 950 °C and
silica removal, 950-CarbHS-G. Red arrows highlight the presence of residual silica within the carbon
hollow spheres. ¢) Cycling performances at 1C for various electrodes using hydrothermal carbons. The
cycling stability of the HS HTC-S composite made by melt diffusion method is indicated by circles. The
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cycling performance of the simple mixture of HS HTC-S is indicated by squares, while the one associated
with the mixture of HTC non-hollow microspheres and S is indicated by triangles. d) Rate performance
for HS-HTC -S composite prepared by melt diffusion. The specific capacity was calculated based on the
mass of sulphur.

The higher specific capacity obtained via the melt diffusion method reveals the formation of a
better conductive contact in the HS/S composite compared to the physical mixture of HS and
S. The results obtained for non-hollow microspheres underlined two benefits related to the use
of HS in Li-S cells : (i) the nanosized spheres improve the specific capacity by ensuring the
formation of a conductive network in the cathode made by a composite consisting of carbon
spheres, sulfur and binders. If we compare the specific capacity at the Ist cycle of the
mixtures made by HS and non-hollow microspheres, the hollow spheres showed a capacity of
more than 800 mAh.g' while it remained at only 300 mAh.g' for non-hollow HTC
microspheres; (ii) while the capacity decreased rapidly for the non-hollow microspheres, the
HS/S composite, which displayed a discharge capacity of 1000 mAh.g ' at the 1st cycle,
maintained a discharge capacity of 600 mAhg ' at the 50th cycle. The drop in specific
capacity during the first few cycles can be explained by the formation of S layers on the
surface of HS due to the strong affinity of sulfur for carbon. This result reveals that the unique
nanostructure of the hollow nanospheres is the essence of the high-performance

electrochemical properties.

Finally, the rate capability of the HS/S composite cathode was investigated and a remarkably
high specific power was observed. The HS/S composite cathode showed an initial discharge
capacity of 1000 mAh.gfl, 700 mAh.gfl, and 400 mAh.g:1 at 1C, 2.5C, and 5C, respectively.
Even at a very high current density of 10C (=16.75 A.g "), our cathode showed a discharge
capacity of 170 mAh.g™'. If we assume that a full Li-S cell using HS contains 25 wt% of Li,S,
this full cell will provide a specific energy of 460 Wh.kg ' and a specific power of 5000
Wkgfl_

5.2.2 Electrodes in Supercapacitors

Electrochemical capacitors, usually called also supercapacitors, are of great interest as high
power electrochemical energy storage devices as they combine high power density with long
cycle life and wide operational temperature range, properties that are currently unattainable in
Li-ion batteries. However, the energy density achieved by commercial products (about 5

Wh/kg) limits their use to few seconds of charge/discharge, hampering their utilisation in
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energy harvesting applications. Therefore, efforts are focused now on increasing the energy

density of supercapacitors.

Based on the charge storage mechanism, electrochemical capacitors can be divided in: 1)
electrochemical double layer capacitors, where the energy storage is based on the electrostatic
adsorption of electrolyte ions on the surface area of electrically conductive porous electrodes
and ii) pseudo-capacitors, where the energy is stored through redox reactions at the
electrode/electrolyte interface. ") Porous carbon materials are the main candidate for
supercapacitors in terms of cost, availability, large surface area, versatility with regards to
porosity development and surface chemistry, good conductivity and a lack of negative
environmental impact. They behave mainly as electrochemical double layer capacitors, with
their large surface area providing high capacitance values. Nevertheless, many carbons
possess surface functional groups (i.e. activated carbons). This gives rise to an additional
pseudo-capacitance contribution. Thus, nitrogen and oxygen functionalities are known to take
part in faradaic redox reactions, increasing the capacitance values and thus the energy density

(801 (811 1820 I83) Ay additional advantage of oxygen and/or nitrogen

of the supercapacitors.
functionalities is better wettability of the electrodes and in the case of nitrogen, also improved
electronic conductivity.Taking into account these considerations, the common methods for
increasing the capacitance of carbon electrodes focus on the preparation of high-surface-area

carbons with appropriate pore size and surface functionalities.

As described before in the thesis, HTC carbons are oxygen-rich by nature, with the oxygen
content being tuned through the operating conditions (temperature, time, precursor and

(841 851 361 1y addition, by selecting appropriately the initial carbon precursor,

concentration).
operating conditions or additional additives, other functionalities can be introduced in the

final carbonaceous materials.

As described in Chapter 4, our group produced nitrogen-rich carbon materials by carrying the

871 or by using nitrogen containing carbohydrates

HTC process in the presence of ovalbumin
as carbon precursors. *! Unfortunately, as mentioned in Chapters 2 section 2.3.8 HTC
materials generally possess almost no open porosity and their heat-treatment at elevated
temperatures can only lead to moderate increase in surface area, which hampers their

application in surface area sensitive applications, such as supercapacitors. However, this
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limitation has been circumvented recently by the chemical activation of HTC carbons, as

described in Chapter 3 section 3.4.

Wei, Sevilla et al. were the first to analyse the supercapacitor performance in organic
electrolyte (1 M TEABF, in acetonitrile) of HTC cellulose (C), starch (S) and sawdust (W)
activated at 700 and 800°C with a KOH/sample weight ratio = 4 ! Those carbon materials
possessed BET surface areas in the ~2100-3000 m?/g and pore volumes up to ~ 1.4 cm’/g,
with a relatively narrow pore size distribution in the supermicropore range with virtually no
pores > 3 nm. The performance of those materials was spectacular, recording the highest
capacitance ever reported for porous carbons in a symmetric two-electrode configuration
using such electrolyte, i.e. 236 F/g (100 F/em’) at 1 mV/s (Figure 5-8 a). It exceeded the
specific capacitance of commercial activated carbons optimized for EDLC applications, such
as YP-17D, by 100 %. The samples were capable of retaining 64 to 85% of the capacitance
when the current density was increased from 0.6 to 20 A/g (Figure 5-8 b). The samples
activated at the highest temperature (800°C), which were the ones with the largest volume of
small mesopores in the range 2 - 3 nm, showed better capacitance retention at high sweep
rates in the CV measurements or higher current densities in the charging/discharging tests
(Figure 5-8 b). The small reduction-oxidation (redox) peaks visible in the CV at ~0 and 2 V at
the slowest sweep rate (Figure 5-8 a) are believed to originate from oxygen-containing
functional groups remaining in the carbon samples. Such peaks completely disappear at the
rate of 10 mV/s, suggesting relatively slow redox reaction kinetics. This may further suggest
that the pure EDLC capacitance (without pseudocapacitance contribution) in these materials
exceeds 193 F/g. This combination of very high specific and volumetric capacitance and good
rate capability of the hydrothermally synthesised porous carbons is unmatched by state-of-the
art activated carbons, carbon nanotubes, carbon onions and graphene. Taking into account
these results, the study of their capacitance behaviour in aqueous and/or ionic liquids, where

pseudocapacitance effects due to oxygen functionalities are larger, is highly desirable.
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Figure 5-8: Electrochemical characterization of activated carbons derived from hydrothermally
synthesised carbon materials in 1 M TEABF4 solution in acetonitrile at room temperature: a) cyclic
voltammograms (CV) of the activated carbon obtained from sawdust at 800°C with KOH/sample =4 (AC-
W800) and b) capacitance retention with current density in comparison with that of commercially
available YP-17D activated carbon (extracted from ref. [89] with permission).

Wang et al. have also applied chemical activation to hydrothermal carbons, in this case using
phosphoric acid as activating agent and rice husk as carbon precursor. % The authors varied
the activation temperature between 300 and 700°C a