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1 Introduction  

Science, Climate, Energy, and Carbon 

Science. With the current change in public consensus of western countries concerning more 

sustainable lifestyles and economic efficiency, scientists who carry out fundamental research 

often find themselves faced with criticism. Expectations are increasing to justify the funding of 

research that cannot guarantee, nor has the specific intention to lead in a linear way to 

technological innovations or economic growth. As a consequence, much of fundamental science 

research has been increasingly use-inspired, i.e. with the choice of problems and the conduct of 

research often inspired by societal needs.1 It has been argued that science in the 21st century has 

the highest chances for success, both in terms of public acceptance and financial support, if the 

synergistic potential between basic science institutions and science based industry can be 

activated.2 The underlying topic of this thesis is hydrothermal carbonization (HTC). HTC is 

not a new concept, but was first introduced by Bergius in 1913 who described the 

transformation of cellulose into coal-like materials.3 However, while the Bergius process was 

based on the liquefaction of coal for the production of biofuels, the focus has recently shifted 

towards carbonization of biomass for the production of functional carbonaceous materials.4-7 

HTC is a fascinating field of research, with much about it known but far more to be discovered. 

In simple terms, it is a mimic of natural coalification on a timescale of hours rather than millions 

of years.4, 6, 8 The deconvolution of the complex reaction mechanism, and as a result the ability to 

control the reaction to engineer functional carbon materials with specific properties, is a topic of 

great academic, but also industrial interest. The term “functional carbon” inherently implies 

some sort of function, i.e. applicability of the material. Scientific curiosity aside, HTC does 

indeed carry great potential for future greener technologies, especially in the context of climate 

change mitigation.6 

Climate. Since the industrial revolution over 200 years ago, mankind has depended on fossil 

fuels. Not only are they at the heart of energy generation, but they are also the feedstock for the 

petrochemical industry. Until recently, oil has been cheap and hence the pressure to innovate has 

been minimal. Fossil fuels are non-renewable because they require millions of years to form and 

are depleted at a much faster rate than they can be replenished. This unbalance in the carbon 
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cycle causes large amounts of carbon in the form of greenhouse gases (GHG) such as CO2 and 

methane to accumulate in the earth’s atmosphere. While “global warming” caused by 

anthropogenic emissions may be controversially discussed, one cannot argue against the fact that 

humanity cannot carry on relying on fossil resources indefinitely.9 On one hand, they are limited 

resources and alternatives need to be found to supply entire industries that currently rely on 

fossil fuels in order to maintain our way of life. On the other hand, climate change and the 

associated risks are becoming more urgent issues that need to be addressed.10-12  

Energy. According to the 4th assessment report by the intergovernmental panel on climate 

change (ipcc), the largest contribution of anthropogenic CO2 emissions comes from fossil 

fuels.13 The energy supply contributed 25.9 % to the total anthropogenic GHG emissions in 

2004, which was even higher than the contributions from industry (19.4 %). With the current 

global energy system being dominated by fossil fuels, energy is therefore one of the major issues 

that need to be addressed. The increasing population and simultaneous social and economic 

development implies that the demand for energy and associated products cannot be expected to 

come to a halt in the future, but will become an increasingly large problem. Simply “using less 

energy” is therefore an unrealistic option to mitigate climate change, and one of the great 

challenges of the 21st century will be the development of non-fossil fuel alternatives.9, 14 

Carbon. Carbon, in the form of CO2-releasing fossil fuels, is therefore one of the main 

“culprits” in the context of climate change. Terms such as “carbon footprint”, “carbon cycle” and 

“greenhouse effect” have been coined and are generally associated with negative aspects of carbon. 

However, carbon-based materials in fact have immense potential when it comes to finding 

alternative, greener technologies in the present and future. Their wide availability as well as 

diversity of physicochemical properties, such as chemical and thermal stability, electrical 

conductivity, and the ability to adopt a wide range of morphologies makes them attractive 

candidates for high end applications. Non-fossil-fuel carbon feedstocks such as biomass present 

promising renewable energy sources and building blocks for more advanced applications than 

simple heat and energy generation via combustion. Carbon-based materials find use in almost all 

aspects of life, ranging from basic applications such as water purification15 and fertilizers16 

through to sorption,17, 18 pigments,19 chromatography,20-22 energy storage and conversion,23, 24 as 

well as catalysis.25-27 

For the engineering of nanostructured materials for high end applications, some of the most 

important factors concerning material properties are:  
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 Conductivity (e.g. electronic applications) 

 Surface functionality (e.g. adsorption, acid/base catalysis) 

 Chemical inertness (e.g. supports) 

 Surface area (almost all applications) 

Pure carbon materials can fulfill these 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 

properties. The introduction of, e.g. sulfur 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.28-31 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.32-34 Current synthetic procedures for carbon materials most commonly involve high 

temperature heat treatment under inert conditions (pyrolysis),35, 36 chemical vapor deposition34, 37 

or arc discharge techniques.38, 39 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. In 1998, the 12 principles of green chemistry were formulated by Anastas et al.:40  

1. Prevention (of waste) 

2. Atom Economy (maximize the incorporation of all materials used) 

3. Less Hazardous Chemical Syntheses 

4. Designing Safer Chemicals 

5. Safer Solvents and Auxiliaries 

6. Design for Energy Efficiency 

7. Use of Renewable Feedstocks (ideally biowaste) 

8. Reduce Derivatives (e.g. blocking groups, protection/ deprotection) 

9. Catalysis (as opposed to use of stoichiometric reagents) 

10. Design for Degradation 

11. Real-time analysis for Pollution Prevention 

12. Inherently Safer Chemistry for Accident Prevention 
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Returning to the concept of HTC, it is clear that this technique can offer the basis for 

technologies which conform in many ways to the 12 principles of green chemistry. 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.5, 41 Importantly, it allows for the 

removal of carbon from the carbon cycle because biomass (which sequesters CO2 via 

photosynthesis, but would simply be decomposed my microorganism to release CO2) can be 

used as precursor in the formation of useful carbon materials. HTC is therefore a so-called 

“CO2-negative” technique with highly efficient atom economy.6 A crucial point here is that the 

notion of using fast growing crops which compete with food production (either directly or 

indirectly by the occupation of useful farming lands) is not sustainable – instead, the use of 

biological feedstocks should be based on biowaste which would simultaneously help with 

disposal issues.  

So how realistic is it that HTC will play a big part not only in the academic, but also the 

industrial world? HTC derived materials have already shown good potential in applications such 

as heavy-metal absorption, catalysis, anode materials and conductive coating of metals.42, 43 

Nitrogen doping has been achieved by various routes to further improve material performance 

for some of these applications.44-46 While the HTC derived materials may not yet be competitive 

with other carbon based materials such as carbon nanotubes, graphene or fullerenes, it is to be 

emphasized that HTC is scalable due to the simple one pot reaction and readily available 

precursors – something which highly purified CNT or graphene-based materials have yet to 

achieve. 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.44 In terms of scaling up, first prototypes of HTC plants have been 

built, though the current focus lies in the production of, e.g. charcoal, rather than materials for 

high end electronic applications. The most promising aspect and future challenge of HTC is the 

possibility of using waste biomass for the large scale synthesis of useful carbon-based materials 

in applications that are relevant to all aspects of life. 
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The aims of this thesis are to extend the current knowledge of HTC to allow for the controlled 

synthesis of a “palette” of functional carbon-based materials that can be tailored for use in 

various applications. Two main strategies are used: 

1) A “chemical approach”, whereby the HTC mechanism is exploited to allow for the 

incorporation of heteroatoms into the material. Complementing nitrogen, sulfur is 

introduced for the first time as a dopant for hydrothermal carbon. In addition to gaining 

valuable insights into the possible manipulations of the HTC mechanism, these materials 

present high potential candidates for electronic applications.  

2) A “physical approach”, whereby HTC is carried out at elevated temperatures (550 °C 

as opposed to ca. 200 °C). The drastically different reaction conditions give rise to an 

entirely different class of hydrothermal carbon, which consequently are considered for 

different applications, such as filler materials.  

For both approaches, the basic concept will first be shown via the synthesis of carbon 

microspheres, before moving on to more sophisticated nano-architectures (hollow spheres and 

aerogels). Preliminary testing of the nano-architectured materials for various applications 

(electrocatalysts in the oxygen reduction reaction and additives for insulating coatings) will be 

presented to exemplify their potential. A schematic overview is shown in Fig. 1.1. Prior to 

presentation and discussion of results in chapters 3 to 7, chapter 2 will cover some fundamental 

background topics. HTC is introduced in more detail with focus on mechanistic theories and a 

brief introduction to the oxygen reduction reaction in the context of fuel cells is given. 

Fig. 1.1 Schematic overview of this thesis 
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2 Fundamentals 

2.1 Hydrothermal Carbonization (HTC) 

2.1.1 Introduction 

The concept of hydrothermal carbonization (HTC) was initially introduced by Friedrich Bergius 

in 1913.3 He described the hydrothermal transformation of cellulose into coal like materials and 

developed the Bergius process in which coal is liquefied to yield biofuels. He was awarded the 

Nobel Prize in chemistry in 1931 together with Carl Bosch, in recognition of their contributions 

to the invention and development of chemical high-pressure methods. Nowadays the focus of 

HTC has shifted somewhat from the production of biofuels to the carbonization of biomass to 

yield functional carbonaceous and carbon materials.6, 47, 48 The term carbonaceous is used here to 

describe a material with high carbon content (ca. 60 wt %) but additionally contains other 

elements, usually hydrogen and oxygen, whereas the term carbon is used to describe materials 

that consist mainly of carbon (> 90 wt %).  

In simple terms, HTC is a mimic of natural coalification on a timescale of hours and days, rather 

than millions of years. The process has the advantage of being very simple to carry out and also 

being rather insensitive to small deviations in concentration, temperature or reaction time. A 

carbon precursor is placed in a sealed container, the so-called autoclave, using water as an 

environmentally benign solvent. This also eliminates the need for energy-consuming drying of 

the precursor which is a great disadvantage for processes such as pyrolysis of biomass. The 

autoclave can then be heated to the desired temperature (above 100 °C, generally 

Fig. 2.1 A schematic representation of the HTC process of biomass. 
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180 °C-200 °C) where pressure due to evaporation of liquid water is built up. This pressure is 

self-generated and not externally applied. From a thermodynamic point of view, HTC is an 

exothermic process and once enough energy has been applied to initiate the process, the reaction 

may in principle proceed autogenously.41 After ca. 16 – 18 h of reaction time the HTC process 

yields a carbonaceous solid which upon electron microscopic analysis is found to comprise 

nano- to micrometer sized spherical particles (Fig. 2.1).  

The majority of reports use glucose as a model precursor for biomass, since it is the most 

abundant biomass derived sugar. Glucose will also be employed throughout this thesis. HTC of 

crude biomass has been less studied due to the higher complexity of the system. Some reports 

include HTC of prawn shells,44 rice grains,49 oak leaves and orange peels.50 Interestingly, Titirici et 

al. were able to show that the final product morphology and composition of hexoses is not 

substantially different from that of polysaccharides (starch, amylopectin) which gives the study 

of model compounds a broader validity concerning crude biomass.51 

2.1.2 The HTC mechanism of pure carbohydrate precursors 

In one of the first reports on hydrothermal carbon obtained from glucose, Sun et al. proposed a 

mechanism comprising the polymerization of glucose followed by further carbonization to yield 

solid spheres with a carbonized core and a hydrophilic surface.53 Later, the efforts of Antonietti, 

Titirici and Baccile et al. brought further insight into the HTC mechanism.51, 52, 54, 55 They were 

able to show that the hydrothermal treatment of glucose essentially involves three main steps: 

 
Fig. 2.2 schematic of the isomerization of glucose to fructose and subsequent dehydration to 
HMF/ formation of LA and FA. Adopted from reference 52 
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dehydration, polymerization and finally carbonization/aromatization. More specifically, the so-

called Lobry de Bruyn – Alberda van Ekenstein transformation (LBAE) initially results in the 

isomerization of glucose to fructose. Under hydrothermal conditions, the equilibrium lies on the 

side of fructose.56, 57 Subsequently fructose is dehydrated to hydroxymethylfurfural (HMF) 

which is regarded as the main reactive intermediate in HTC (Fig. 2.2). Other products such as 

organic acids and aldehydes (levulinic acid, formic acid, glyceraldehyde, etc.) and phenols may 

also be formed (e.g. via retro aldol reactions). They presumably feed into the HTC process by 

being physisorbed onto or incorporated into the carbon framework via aldol reactions, but also 

by lowering the overall pH which in turn enhances the autocatalytic effect during HTC.8, 58 For 

simplicity, the reactivity of HMF will be discussed as a representative of hydrothermal carbon 

forming intermediates. HMF is a highly reactive intermediate and may be involved in a variety of 

possible reactions taking place at the HMF ring substituents or the ring itself. A detailed 

discussion of furan chemistry and HMF reactivity has been recently provided in the dissertation 

of Tim Fellinger from the Antonietti group and will hence only be briefly summarized here.52 

Instead, the focus in this thesis is placed on Maillard chemistry and chemistry allowing the 

incorporation of nitrogen and sulfur species into hydrothermal carbon (chapters 3 to 4). 

2.1.2.1 Reactions involving the HMF furanic ring substituents 

The aldehyde of HMF can react with α-ketones or aldehydes via aldol addition or condensation 

(Fig. 2.3 I). Alternatively, acetalization can take place in the presence of alcohols (forming hemi 

acetals) or vicinal diols, e.g. from glucose moieties (Fig. 2.3 II). Acetalization results in a reversal 

 

Fig. 2.3 possible reaction pathways of substituents on the HMF furanic ring. Adopted from 
reference 52 
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of the electron withdrawing effect of the aldehyde on the furan ring, i.e. it acts as an electron 

donating group (EDG), activating the ring for reactions such as electrophilic aromatic 

substitution (EAS).  

The hydroxyl substituent can undergo simple nucleophilic substitution via an SN1 or SN2 

mechanism (Fig. 2.3 III). HTC conditions are mildly acidic so the protonated hydroxyl should 

be a good leaving group. Also, if the furan ring is rendered electron rich (via acetalization of the 

aldehyde), the primary carbocation resulting from loss of the hydroxyl group can be stabilized. A 

special type of nucleophilic substitution is etherification where the nucleophile is an alcohol 

(Fig. 2.3 IV). 

2.1.2.2 Reactions involving the HMF furanic ring 

Furans are known to participate in electrophilic aromatic substitution (preferentially at the 2 and 

5 positions), cycloaddition and electrophilic addition. The high electronegativity of oxygen 

decreases the aromaticity of the ring compared to benzene, thiophene or pyrrol (see later).59 

Generally, electron withdrawing groups (EWG) as substituents will deactivate the ring with 

respect to electrophilic aromatic substitution whereas EDGs will activate it.  

In the case of HMF the aldehyde acts as EWG so EAS is unlikely, also because the preferential 2 

and 5 positions on the furan ring are blocked. Instead, nucleophilic addition can occur (Fig. 

2.4 I). The addition of water and subsequent ring opening leads to the formation of levulinic 

 
Fig. 2.4 possible reaction pathways of the HMF furanic ring. Adopted from reference 52 
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acid and formic acid in hydrothermolysis, forming reactive diketones (Fig. 2.4 II). These 

diketones can in turn undergo aldol and other reactions. HMF can also participate in Diels Alder 

reactions, whereby the diene can originate completely from within the ring (Fig. 2.4 III) or in 

combination with the aldehyde substituent, provided it rotates into a syn configuration with the 

ring double bond (Fig. 2.4 IV).  

2.1.2.3 A furan-based structure for hydrothermal carbon 

Overall it is clear that a single definite answer to the “HTC mechanism” cannot be provided. In 

addition to the manifold of possible reactions that even a single precursor such as glucose can 

give rise to, factors such as concentration, pH, temperature and reaction time will influence the 

overall system. Titirici et al. were able to show that irrespective of the type of precursor used 

(hexose monosaccharides or polysaccharides), the final hydrothermal carbon exhibited similar 

spherical morphologies and chemical structures in terms of atom percentages and functionalities. 

They also showed that pentose sugars (e.g. xylose) exhibit slightly different chemical structures 

than hexoses, like higher aromaticity.51 Because glucose, a hexose, is used throughout this thesis, 

 

Fig. 2.5 A possible structure of hydrothermal carbon as a result of dehydration, polymerization 
and aromatization reactions. Adopted from reference 52 
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pentoses will not be further discussed. Solid state 13C nuclear magnetic resonance (13C ssNMR) 

and Fourier-transform infrared spectroscopy (FT-IR) studies indicate that hydrothermal carbon 

comprises a large fraction of furanic units in addition to abundant carbonyl functionalities such 

as carboxylic acids and ketones. It has been pointed out that even though the range of possible 

reactions is diverse, it is very likely that all saccharides pass through a HMF (for hexoses) or 

furfural (for pentoses) forming stage prior to carbonization.51 Resinification schemes as have 

been reported for furfural and furfuryl alcohol are also likely to play a role in hydrothermal 

carbon formation. Gandini et al. have attributed the color formation of branched furfuryl alcohol 

polymers to the formation of extensive conjugated domains. The proposed mechanism involves 

hydride abstraction at the methylene bridges of oligo(furfuryl alcohol) units, leading to 

conjugated linear polymer chains. They also pointed out that branching only occurs after some 

degree of conjugation has been reached in the linear species which then react via Diels Alder 

reactions to form branched polymers.60 A possible structure for hydrothermal carbon is shown 

in Fig. 2.5. 

In summary, a set of dehydration, polymerization (i.e. condensation and addition) as well as 

aromatization reactions are responsible for hydrothermal carbon formation. Which reactions are 

dominant depends on the reaction conditions and precursors used and may affect yield, 

morphology and chemical composition of the final product. In some cases, the product 

morphology and composition is insensitive to the precursor used but in others, manipulation of 

the HTC mechanism can lead to drastically different results. 

2.1.3 The HTC mechanism in the presence of heteroatom-

containing additives 

In this thesis, doping of glucose-derived hydrothermal carbon is carried out by the addition of 

heteroatom containing molecules such as amino acids and proteins. The reactions between 

reducing sugars like glucose and amino acids/proteins are a matter of thorough investigation in 

food chemistry because they are a cause of non-enzymatic browning during cooking.61, 62 These 

so-called Maillard reactions give rise to the formation of many flavor compounds and also play a 

major role in the incorporation of heteroatoms during HTC.44, 63-65 
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2.1.3.1 Maillard chemistry 

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 

(flavor) compounds can be created which can then break down to form more compounds etc. It 

is therefore impossible to provide a definite mechanistic pathway.61 Here, some of the relevant 

steps in the Maillard reaction cascades are presented in order to demonstrate some of the ways 

in which heteroatoms can be incorporated into hydrothermal carbon from glucose or other 

reducing sugars.  

 
Fig. 2.6 Some examples in the Maillard reaction 
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The process starts with nucleophilic attack of the amine in amino acids on the aldehyde of the 

sugar, producing glycosylamines (Fig. 2.6 I) which subsequently lose a water molecule to give a 

Schiff base (an imine, Fig. 2.6 II). The α-hydroxy aldehyde motif allows for the rearrangement 

of the Schiff bases to aminoketoses or so-called Amadori compounds (Fig. 2.6 III and IV).66 

Compound III can form α-dicarbonyl species (Fig. 2.6 V) which in turn may lose two water 

molecules to form HMF but also undergo Strecker degradation (see later).67, 68 Note that 

throughout the Maillard reactions, imino- Diels Alder reactions could occur because Schiff bases 

are well-known dienophiles in the formation of nitrogen-containing heterocycles (Fig. 2.6 VI).69 

Without going into further detail it should be clear that the above reactions can explain the 

incorporation of nitrogen which is bound aliphatically or in non-aromatic heterocycles. It has 

however been shown that nitrogen doped hydrothermal carbon is more aromatic than 

hydrothermal carbon obtained from pure glucose,46 and that in addition to aliphatic nitrogen 

groups, aromatic heterocycles such as pyrazines, pyrroles and pyridine are present.65 Baccile et al. 

used 13C and 15N solid state NMR studies of hydrothermal carbon obtained from glucose and 

glycine to show that the free amine groups in glycine are mostly converted into aromatic binding 

motifs. They pointed out that these aromatic structures are most likely formed as a consequence 

of degradation reactions.65 

As mentioned before aminoketoses can be transformed into α-dicarbonyls.62, 67 Upon reaction 

with an amino acid a Schiff base is formed (Fig. 2.7 I). In this configuration Strecker 

 
Fig. 2.7 An example of the Strecker degradation 
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degradation may occur which results in splitting of the imine to give the so-called Strecker-

aldehyde (Fig. 2.7 II) and an α-aminoketone (Fig. 2.7 III).62 Note that the Strecker degradation 

(like Maillard reactions) is more prominent in basic conditions, but can nonetheless occur under 

acidic conditions as is the case in HTC.70 α-Aminoketones can combine to give pyrazines (Fig. 

2.7 IV) which have been identified to be present in nitrogen doped hydrothermal carbon.65 

Alternatively the α-aminoketone can react with water and form ammonia which is known to 

react with furans, converting them to pyrroles.62, 66  Pyridines can be formed via the cyclization 

of amines and carbonyls.71  

Primary amines are the most important species in Maillard reactions and will take precedence 

over secondary or tertiary amines. In vivo, lysine is the most important amine for the Maillard 

reaction. Glycoproteins may only participate in the Maillard reaction after cleavage of the 

glycosidic bond.62 Sulfur containing amino acids such as cysteine are known to have a retarding 

effect on Maillard reaction because the resulting decomposition products (e.g. H2S, sulfites) react 

with the aldehyde group of the reducing sugars and thereby block the access for amino groups.62 

If H2S is formed it can react with Maillard intermediates to give a multitude of sulfur containing 

products such as thiazoles.62 Thiols could also react with carbonyl to form thioacetals which act 

as “protecting” group, preventing Maillard reactions from occurring.  

2.1.3.2 The reactions of HMF with heteroatom containing additives  

The previous sections concerned the reaction of the sugar precursor with amino acids/proteins. 

It was shown that HMF can be formed during these processes. However, HMF is mainly 

formed via the LBAE rearrangement and subsequent dehydration of fructose, especially because 

glucose is present in excess in all experiments conducted throughout this thesis. HMF can 

interact with amino acids/proteins and with Maillard reaction intermediates in a similar fashion 

as was explained in the sections concerning HMF reactivity. There are countless possible 

combinations of reactants and reaction cascades which of course increase with higher reactivity 

of the additive (i.e. in how many different ways can it react). For example, amines can react with 

the aldehyde on HMF to form imines. The difference between HMF and pure glucose here is 

that HMF does not contain the α-hydroxyl aldehyde motif so Amadori rearrangements cannot 

occur. However, the imine is still a reactive dienophile and can undergo imino Diels Alder 

reactions to give nitrogen containing heterocycles. HMF also contains an α,β-unsaturated 

aldehyde motif, allowing Michael addition to take place.72 In accordance with “hard and soft 



Chapter 2 - Fundamentals 
 

15 
 

acids and bases”, or HSAB theory, Michael addition is more favorable for sulfur nucleophiles 

(“soft” due to highly polarizable orbitals) than for nitrogen nucleophiles (“hard” due to high 

electronegativity).72, 73  In this way, thio-ethers can be formed (Fig. 2.8 I). Another important 

point for thiols is that despite their similarity to amines they cannot undergo Maillard reactions. 

They cannot form the thio-equivalent of Schiff bases, but instead react with aldehyde function 

on glucose or HMF to form a hemi-thioacetal (Fig. 2.8 II) which then acts as a “protecting 

group” on the aldehyde. Of course, amine and thiol nucleophiles can undergo nucleophilic 

substitution on the hydroxy function on HMF or the furanic ring, giving rise to secondary 

amines and thioethers, respectively. 

So far, all reactions presented have assumed that the heteroatom containing additive contains 

free amine or thiol nucleophiles. As will be demonstrated in this thesis, thiophene and pyrrol 

heterocycles are also suitable additives to achieve heteroatom doping of hydrothermal carbon. 

This will be discussed by using two examples thiophene-carboxaldehyde (TCA, used in 

chapters 3.4 and 5.2) and pyrrol-carboxaldehyde (PCA, used in chapter 5.3). It helps to first 

compare the reactivity of furan, thiophene and pyrrol. All three rings are activated towards 

electrophilic aromatic substitution (EAS) compared to benzene. As for furan, the 2 and 5 

positions are preferred. However, furan is the least aromatic due to the good orbital overlap with 

oxygen which pulls most of the electron density of the ring towards itself. The order of 

aromaticity, which is usually inversely correlated to the activity towards EAS, has therefore been 

determined to be furan < pyrrol < thiophene < benzene.59 Furan in fact can also participate in 

nucleophilic aromatic substitution as well as add nucleophiles across the ring which disrupts 

aromaticity. These reactions are more difficult for the more aromatic thiophenes and pyrrols. 

 
Fig. 2.8 examples of reactions between thiols and HMF 
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Returning to TCA and PCA, it is clear that the aldehyde function acts as EWG and deactivates 

the rings towards EAS. Similarly to what has been previously mentioned for HMF, this effect 

can be reversed if the aldehyde is converted into, e.g. an acetal group (Fig. 2.9 I). The aldehyde 

can also act as a “tether” which allows attachment of the heteroatom source to a forming 

hydrothermal carbon framework and bring the thienyl or pyrrol ring into close proximity with 

potential reaction partners. It is therefore assumed that TCA and PCA most likely participate in 

EAS during HTC, reacting with various electrophiles that are produced during the HTC process.  

To verify this, various heterocyclic compounds were tested as additives in the HTC of glucose 

(Fig. 2.10). It was found that: 

 If 2,5 - disubstituted thiophenes (e.g. 2,5-dimethyl-thiophene, DMT or  2,5-thiophene-

dicarboxaldehyde, TDCA) are used as additive, the yield of sulfur incorporation is very 

low (< 1 wt %) in the final hydrothermal carbon. This is presumably because the 

preferential 2 and 5 sites for EAS are blocked. If mono-substituted 2-methylthiophene 

(MTP) is used, sulfur doping is successful because the thienyl ring is activated due to the 

σ-donating effect of the methyl group, and the 5 position is free for EAS. 

 If 2-thiophene-carboxylic acid (TCAcid) is used, the yield of sulfur incorporation is 

similarly low. This is because the carboxylic acid groups deactivated the ring for EAS, 

but cannot be converted into an EDG like the aldehyde in TCA.  

 
Fig. 2.9 Possible reactions of PCA or TCA additives used as N/S sources 
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Importantly, the EAS mechanism keeps the thienyl and pyrrol rings intact and therefore allows 

for the incorporation of aromatically bound nitrogen or sulfur. TCA and PCA can also undergo 

cycloaddition. However, due to the high aromaticity of thienyl and pyrrol rings it is unlikely that 

the diene will originate from within the ring (as is possible for furan, refer back to Fig. 2.4 III). 

Also, in this case the heteroatom would be lost after successive eliminations (Fig. 2.9 II). On 

the other hand, if the diene is formed in combination with the aldehyde, the heteroatom is 

retained in the final structure (Fig. 2.9 III). 

In summary, there are various reaction pathways that can take place when heteroatom 

containing molecules are added to a HTC mixture of pure glucose. The additives may react 

directly with the sugar but also with HTC decomposition products, of which HMF is expected 

to be the most abundant. For amino acids and proteins, Maillard reactions are possible with 

nucleophilic amines which in turn give rise to many more intermediates that can react further. 

The reactivity of the heteroatom source is important concerning the ways in which the 

heteroatoms can be incorporated into the final structure. Heterocycles can react via electrophilic 

aromatic substitution but in principle also via cycloaddition, whereby the heteroatom is only 

retained if the diene is formed in combination with a ring substituent rather than originating 

completely from within the ring.  

 

 
Fig. 2.10 Structures of heterocycles used as potential heteroatom sources 
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2.2 The oxygen reduction reaction and electrochemical 

characterization 

2.2.1 The Oxygen Reduction Reaction (ORR) 

The oxygen reduction reaction is one of the most important chemical processes in life. On the 

most fundamental level, it is involved in biological respiration. In the context of technology, 

ORR plays an important role in the corrosion of metals, the production of hydrogen peroxide 

and it is one of the current hot topics in fuel cell research.  

ORR in aqueous solutions occurs mainly by two pathways, namely via a two electron process, 

forming H2O2 as an intermediate, or via a four electron process. A one electron process is also 

possible in aprotic or alkaline solvents. The elementary reactions involved are:74 

a) Under acidic conditions: 

O2 + 4H+ + 4e-    H2O 

O2 + 2H+ + 2e-     H2O2 

H2O2 + 2H+ + 2e-    2H2O 

b) Under alkaline conditions: 

O2 + 2H2O + 4e-     4OH- 

O2 + H2O + 2e-      HO2
- + OH- 

HO2
- + H2O + 2e-     3OH- 

Fuel cells are devices that convert the chemical energy from a reaction into electrical and thermal 

energy. A typical polymer electrolyte membrane fuel cell (PEMFC) is shown in Fig. 2.11. The 

reactions involved are the hydrogen (the fuel) oxidation at the anode, and oxygen reduction at 

the cathode. The two electrodes are separated by a proton exchange membrane, which is 

impermeable to electrons. The electrons are therefore forced to travel via an external circuit, 

giving rise to usable electricity. Hydrogen fuel cell technology is a promising candidate for future 

automotive mobility. Not only is the sole combustion product environmentally benign water, 

but the direct conversion of chemical energy into electricity eliminates the need for heat or 

mechanical processes. Traditional heat engines such as steam turbines or internal combustion 

engines rely on a chemical energy  heat  mechanical motion  electricity conversion 
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route, whereas fuel cells operate directly via the route chemical energy  electrochemical 

reaction  electricity. 

Most fuel cell developers focus on the anode since it is involved in combustion of the fuel 

(hydrogen) and therefore directly involved in the cell performance. However, the ORR reaction 

at the cathode is of equal importance, both in terms of fuel cell performance and technology 

cost factor: 

 The reaction kinetics are sluggish at the low temperatures which fuel cells normally 

operate in (80 °C to 100 °C), resulting in high overpotentials, so catalysts are required.75  

 The most used catalyst is currently platinum, which is scarce (37 ppb in the earth’s crust) 

and expensive (45 USD g-1). Pt is also used at the anode, but in much smaller amounts, 

so substitution at the cathode is more likely to result in a greater total decrease of Pt 

required for fuel cells.75 

 Current fuel cells suffer from insufficient performance and durability due to catalyst 

oxidation, agglomeration and dissolution, loss of electrode surface area and corrosion of 

the carbon support.75, 76 

One of the approaches to counteract these issues is the development of Pt-free electrocatalysts 

for the ORR. However, there is currently no commercially viable substitute for large-scale 

deployment.76 Since Gong et al. reported a highly efficient, metal-free catalyst based on nitrogen 

doped carbon nanotubes,29 the concept of using doped carbon materials has received much 

attention in the scientific community. So far, nitrogen has been the dominant dopant, but boron 

and iodine doped carbons have also been reported.77-79 Very recently, sulfur doped graphenes 

 
Fig. 2.11 A typical polymer electrolyte H2-O2 fuel cell. Taken from75
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have been shown to exhibit superior electrocatalytic properties in the ORR.80 The materials in 

this thesis are doped either with nitrogen, sulfur or both. 

2.2.2 Electrochemical Characterization 

The most common techniques for the characterization of electrocatalysts are potential sweep 

techniques, including linear sweep voltammetry (LSV) and cyclic voltammetry (CV), 

hydrodynamic measurements using a rotating disk electrode (RDE) and chronoamperometry 

(CA).74 

In LSV, the current at the working electrode is measured while the potential between the 

working electrode and the reference electrode is swept linearly in time (this is called the scan 

rate) between two set values (Fig. 2.12a). Oxidation or reduction reactions result in peaks or 

drops in the current signal. CV is basically an extension of LSV - instead of stopping the sweep 

at the set potential, the potential ramp is reversed, so sweeping is performed in cycles (Fig. 

2.12b). For reversible reactions, oxidation peaks will appear when the potential is swept in one 

direction, and the corresponding reduction peaks appear when the sweep is reversed. For 

irreversible reactions, these features will only be obtained partially. Note that the currents seen in 

these measurements can be faradaic or capacitive, arising from redox reactions or physical 

phenomena such as adsorption or double layer charging. For example, supercapacitors are based 

on reversible double-layer charging, pseudo-capacitors benefit from fast reversible reactions 

occurring on the surface of the electrode. Rechargeable batteries also rely on reversible reactions 

whereas fuel cells gain energy from the irreversible reduction of oxygen at the cathode. It is 

always possible to have a mixture of processes occurring at the same time, so it is important to 

Fig. 2.12 Potential wave forms of a) linear sweep voltammetry and b) cyclic voltammetry. c) a 
rotating disk electrode. 
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distinguish between faradaic and capacitive currents to obtain trustworthy results. Since 

capacitive currents are independent of chemical reactions, they may be measured in an N2-

saturated solution (where no ORR can take place). The current obtained by LSV is then 

subtracted from the current obtained by LSV in the O2-saturated solution to give the faradaic 

current value. 

Mass transport of the reactant (oxygen) to a static electrode in a non-stirred solution is limited by 

diffusion. Transport can be increased by using an RDE, an electrode attached to an electric 

motor that has very fine control over the electrode’s rotation rate. As the disk turns, some of the 

electrolyte solution (the hydrodynamic boundary layer) is dragged by the disk surface and 

pushed away from the electrode center by centrifugal forces. The solution is replenished by a 

laminar flow from the bulk, normal to the disk surface (Fig. 2.12c). The rate of flow can be 

controlled by varying the rotation angular velocity of the RDE. The steady state current is now 

controlled by the laminar flow of the solution, i.e. convection, in addition to diffusion. The 

diffusion term remains because there is stagnant layer at the electrode surface (that rotates with 

the disk) in which mass transfer is diffusion limited. The higher the rotation speed of the disk, 

the thinner this layer and therefore the higher the diffusion rate. Once the equilibrium at the 

electrode surface is driven to the product side, a steady state is reached and a plateau current is 

observed. The concentration of the reactant (oxygen) at the disc surface is then zero. By 

measuring LSV curves at different RDE rotation rates, various electrochemical phenomena can 

be investigated. One that is particularly interesting to ORR, is the number of electrons 

transferred, allowing the identification of a 2 electron process versus a 4 electron process.  

 

 

 

 

 

 

 

 

 



Chapter 2 - Fundamentals 
 

22 
 

Levich showed the following relationship between the diffusion controlled current, or Levich 

current Ilev and the disk rotation rate ω: 

 

௟௘௩ܫ ൌ ܦܣܨ0.62݊
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n number of electrons transferred in the half reaction
F Faraday constant 
A electrode area 
D diffusion coefficient of the reactant in the electrolyte
ω angular rotation rate of the electrode 
ν kinematic viscosity of the electrolyte 
C analyte concentration

 

A linear plot of Ilev versus ω1/2 (the Levich plot) implies that the electrocatalytic reaction is faster 

than the rate of substrate delivery to the electrode, so the current is limited only by mass 

transport to the catalyst surface. 

For a reaction mediated by an electrode surface bound cofactor (i.e. the catalyst), a kinetic term 

must be taken into account. The kinetic current, Ik is given by: 
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n number of electrons transferred in the half reaction
F Faraday constant
A electrode area 
k pseudo second order rate constant 
C analyte concentration
Γcat catalyst loading 

 

Combining the above equations leads to the Koutecky-Levich expression, which describes the 

overall RDE limiting current Ilim for the electrocatalytic reaction over the entire potential range: 
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 should yield a straight line whose slope is related to the number of 

electrons transferred in the reaction, and whose intercept is related to the kinetic current. 
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3 Chemical modifications I    

Heteroatom doped carbon microspheres with tunable 

sulfur binding states 

3.1 Introduction 

In terms of broadening the range of possible applications of carbon-based materials, strategies 

for the fine-tuning of material properties are required. The introduction of heteroatoms into 

carbon materials, also known as “doping”, is a useful method of altering their physical, electronic 

and chemical properties. Successful work so far includes the superior performance of doped 

carbons in applications such as electrode materials for catalysis29, 81-83 or energy storage,84-89 

stationary phases,90, 91 chemoselective adsorption,17, 18 and many others. The majority of research 

in this field has focused on nitrogen doping, which is known to induce favorable changes in the 

carbon material, e.g. increased conductivity92, 93 and high activity in the Oxygen Reduction 

Reaction (ORR) in fuel cells.29, 81-83 The synthesis of nitrogen doped carbons has been achieved 

via a variety of pathways, such as post treatment of carbon with ammonia,94 amines or urea95 and 

also more direct approaches using acetonitrile,96 pyrrol,97 polyacetonitrile84, 92 or polyaniline98 as 

starting compounds. 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 polarizable 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 metals17 and the desulfurylation of crude oil.18 The synthesis of 

these sulfur doped materials generally involves the pyrolysis of sulfur containing, polymer based 

carbons,17, 18, 99 but also arc vaporization in the presence of sulfur containing compounds such as 

thiophenes.38 Very recently, Yang et al. 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).80 
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Concerning the combined incorporation of sulfur and nitrogen within the same material, only 

few reports currently exist. Sulfur-assisted growth of carbon nanotubes by chemical vapor 

deposition of acetonitrile was shown to increase the nitrogen doping levels as well as the 

magnetic properties of the nanotubes.100 Choi et al. synthesized 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.35 Tsubota et al. prepared sulfur and 

nitrogen dual doped carbons via the pyrolysis of thiourea and formaldehyde.36 Their material 

exhibited superior performance as supercapacitor electrodes than commercial activated carbons. 

These examples hence indicate that materials doped simultaneously with sulfur and nitrogen are 

promising candidates for applications related to energy storage and conversion. In terms of 

sustainability, most of the aforementioned synthesis methods for heteroatom doped carbon 

materials show drawbacks in the often harsh reaction conditions used. Hydrothermal 

carbonization (HTC) is therefore an attractive alternative for the synthesis of doped carbon 

materials. In the context of HTC, the only dopant that has been discussed in literature is 

nitrogen. For example, nitrogen doped carbon microspheres were obtained by hydrothermally 

treating naturally occurring, nitrogen containing compounds, such as glycine, N-acetyl 

glucosamine or chitosan.44, 46, 65, 101 Albumin, a glycoprotein, was used as structure directing 

additive in the HTC of glucose to produce nitrogen doped carbon aerogels.63 The incorporation 

of nitrogen is assumed to rely on Maillard reactions which are known to take place between 

sugars and amino acids (refer to chapter 2.1). In order to extend the possibilities of HTC-

derived products, it is of interest to investigate the incorporation of other heteroatoms such as 

sulfur.  

This chapter concerns the initial synthesis and characterization of sulfur (and nitrogen) doped 

hydrothermal carbon microspheres before moving on to more sophisticated nano-architectures 

in the following chapters (Fig. 3.1). Glucose was used as a model starting material for 

sustainable feedstocks and was treated hydrothermally at 180 °C in the presence of sulfur (and 

nitrogen) containing additives. As an additive for carbon heteroatom doping, naturally occurring 

amino acid L-cysteine (Cys) was chosen due to its availability, low cost, and environmentally 

benign nature. A cysteine derivative, S-(2 thienyl)-L-cysteine (TCys) was also used in order to 

investigate the effect of the type of sulfur species (aliphatic thiol in Cys, aromatic thienyl in 

TCys) on the sulfur binding state in the final product. To obtain solely sulfur doped carbon 
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microspheres, 3-mercapto-propionic acid (MPA) and 2-thienyl-carboxaldehyde (TCA) were also 

used as additives. As with the amino acid doped carbons, the effect of aliphatic versus aromatic 

sulfur in the precursor on the sulfur binding state in the resulting sulfur doped carbon was 

investigated. In both cases, pyrolysis of the HTC products was carried out for additional control 

over material stability, functionality and electrical conductivity.  

3.2 Mechanistic considerations 

In accordance with the possible HTC mechanism presented in chapter 2.1, the underlying 

assumption for the work presented here was the following: 

 aliphatically bound heteroatoms (e.g. thiol, amine) in the precursor would preferentially 

be incorporated into the hydrothermal carbon via nucleophilic addition or substitution 

reactions with HTC intermediates, e.g. hydroxymethylfurfural (HMF).  

 aromatically bound heteroatoms (e.g. thiophene, pyrrol) would preferentially be 

incorporated via cycloaddition or electrophilic aromatic substitution (EAS) with HTC 

intermediates. 

The incorporation mechanisms are expected to result in different heteroatom binding states in 

the resulting doped hydrothermal carbon, which in turn is expected to lead to distinct material 

Fig. 3.1 graphical abstract of chapter 3
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properties. To test this hypothesis, the following combinations of heteroatom sources were 

chosen: 

 For the synthesis of sulfur and nitrogen doped carbon microspheres: L-Cysteine (Cys) 

and its derivative S-(2 thienyl)-L-cysteine (TCys), containing thiol and thienyl 

functionalities, respectively. The nitrogen is bound as amine in both cases. 

 For the synthesis of sulfur doped carbon microspheres: 3-mercapto-propionic acid 

(MPA) and 2-thienyl-carboxaldehyde (TCA), containing thiol and thienyl functionalities, 

respectively. Furthermore, the synthesis of solely sulfur doped spheres allows for the 

investigation of heteroatom incorporation into hydrothermal carbon in the absence of 

amines, i.e. Maillard reactions.  

 

3.3 Sulfur and nitrogen dual doped carbon microspheres 

3.3.1 Morphology and surface area 

To study the effect of additive concentration on the HTC process of glucose, different amounts 

of Cys and TCys (0.1 g to 0.4 g) were added to a 10 wt % glucose solution (1.5 g glucose in 

13.5 g water). The mixtures were placed into a glass liner and sealed into a Teflon line autoclave 

of 45 ml volume. HTC was carried out at 180 °C for 5.5 h. The resulting products were labeled 

AAX, where AA=Cys for L-cysteine, and AA=TCys for S-(2 thienyl)-L-cysteine. X denotes the 

mass (in g) of Cys or TCys added to the glucose solution. For pyrolized samples, the suffix _550 

or _900 was added to the sample label for a pyrolysis temperature of 550 °C and 900 °C, 

respectively. Elemental analysis and SEM characterization was carried out for the entire series, 

but for further characterization and pyrolysis, samples Cys0.2 and TCys0.2 were chosen as 

representatives. 

The hydrothermal carbonization of glucose at 180 °C normally results in interconnected 

carbonaceous spheres with D ~ 200 nm. The scanning electron microscopy (SEM) images in 

Fig. 3.2 show that with the addition of amino acids, a spherical morphology is also obtained. 

However, the amino acid addition results in discrete, rather than interconnected, microspheres 

which are considerably larger than for pure glucose and exhibit a broader size distribution (1 µm 

up to 15 µm). With increasing concentration of Cys or TCys, there is a general increase in size up 

to about 20 µm and also in the overall size distribution (data not shown).  
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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.102 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.103 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.104, 105 A 

higher amount of amino acid (which reacts with glucose via Maillard reactions) is therefore 

expected to result in an increased particle size and overall size distribution. Maillard reactions 

occur rapidly compared with HTC of pure glucose, so the presence of amino acids accelerates 

particle formation. This is reflected in the significantly lower reaction times required for the 

amino acid containing samples (5.5 h to obtain a solid yield of ca. 30 wt % with respect to total 

mass of starting material) compared to pure glucose (16 h are required to obtain similar yields.).  

In terms of surface area, the materials show no detectable porosity after HTC at 180 °C, but 

exhibit some microporosity after pyrolysis due to the loss of strongly micropore-bound 

Fig. 3.2 SEM images of solid product after HTC of a) pure glucose, b) glucose with cysteine 
(Cys0.2) and c) glucose with thienyl–cysteine (TCys0.2). 
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decomposition products during the heat treatment.45, 106 Additionally, the reversibility of Diels-

Alder reactions may facilitate the loss of larger material fractions. At a pyrolysis temperature (Tp) 

of 550 °C, nitrogen adsorption isotherms yield BET surface areas of 440 m2 g-1 and  281 m2 g-1 

for Cys0.2_550 and TCys0.2_550, respectively (isotherms not shown). Interestingly, the surface 

area obtained for TCys0.2_550 is much lower than for Cys0.2_550, indicating that there are 

inherently less unstable, volatile moieties present.  

After pyrolysis at 900 °C, the nitrogen uptakes are negligible. A similar effect was already 

reported by White et al. who attributed this to micropore closure upon further carbon network 

condensation.63 However, sorption isotherms obtained with CO2 show that pore shrinkage, 

rather than complete closure, has occurred. Ultramicropores (i.e. smaller than 1 nm in diameter) 

giving rise to surface areas of around 630 m2 g-1 in the case of Cys0.2_900, and around 730 m2 g-1 

in the case of TCys0.2_900 were observed (Fig. 3.3). 

3.3.2 Elemental composition and the effect of the dopant source 

on the binding states of the heteroatoms in the hydrothermal 

carbon 

The presence of sulfur and nitrogen was verified by elemental analysis. Table 3.1 summarizes 

the elemental composition (in wt %, shown in black) of varying amounts of Cys and TCys added 

to a constant amount of glucose prior to hydrothermal treatment. The deviation of the S/N 

 
Fig. 3.3 a) CO2 sorption isotherms for Cys0.2_900 (black) and TCys0.2_900 (red). b) the 
corresponding pore size distributions. 
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ratio for the amino acid additives from the final carbonaceous products immediately confirms 

that the amino acids have reacted in an asymmetric fashion. 

The variability of the S/N values of the different carbon samples and also from the additives 

implies a complex incorporation mechanism. Overall, the trend shows decreasing S/N values 

with increasing addition of amino acids, indicating the loss of nitrogen containing moieties. One 

of the major differences in the trend of sulfur content between Cys and TCys containing 

samples is that while significant increase in sulfur content is observed as a function of increasing 

Cys concentration (from 5.7 wt % to 11.9 wt %), TCys containing samples show no pronounced 

change in the sulfur content. Over the same concentration range there is a less than 2 wt % 

increase in sulfur content, while at the lowest concentration, the sulfur doping is already at 

10.7 wt % and remains roughly constant throughout the series of experiments. This is a first 

indication that the incorporation mechanisms of the two amino acids are inherently different. 

Samples Cys0.2 and TCys0.2 were chosen as representatives of the Cys and TCys experiment 

series, respectively. They were pyrolized at both 550 °C and 900 °C, which was expected to 

result in higher conductivity and stability of the material due to thermally induced rearrangement 

 

Table 3.1 Elemental analysis data (wt %) for a) the glucose + Cys experiment series and b) the
glucose + TCys experiment series. The surface elemental composition for Cys0.2, TCys0.2 and
the corresponding pyrolized samples at 550 °C and 900 °C are shown in grey. The quantities 
were converted from at % to wt % in order for direct comparison with results from elemental
analysis. 

a)  
Elemental Analysis (wt %) 
XPS (wt %) 

 b) 
Elemental Analysis (wt %)
XPS (wt %) 

 

 Sample C H N S S/N  Sample C H N S S/N 

 Cys0.1 62.4 4.8 3.3 5.7 1.7  TCys0.1 61.6 4.3 2.6 10.7 4.1 

 Cys0.2 
62.9 
69.28 

4.8 
- 

3.7 
2.64 

9.7 
6.05 

2.6 
2.29  TCys0.2 

61.8 
70.66

4.5 
- 

2.6 
2.35 

12.0 
3.42 

4.6 
1.46 

 Cys0.3 60.9 5.0 3.9 9.9 2.5  TCys0.3 61.7 4.5 3.5 11.4 3.2 

 Cys0.4 60.7 4.8 4.3 11.9 2.8  TCys0.4 61.1 4.5 3.6 12.6 3.5 

 Cys0.2_550 79.2 
84.88 

2.9 
- 

4.6 
3.00 

4.7 
4.32 

1.0 
1.44  TCys0.2_550 76.9 

86.84
2.8 
- 

3.7 
2.23 

11.2 
4.08 

3.1
1.83 

 Cys0.2_900 
89.0 
90.48 

0.5 
- 

4.5 
2.14 

3.0 
3.61 

0.7 
1.69  TCys0.2_900 

82.2 
88.18

0.9 
- 

3.7 
6.60 

7.2 
3.42 

2.0
3.31 

 L-Cysteine* 29.7 5.8 11.6 26.5 2.3  Thienyl-Cysteine* 41.3 4.4 6.9 31.6 4.6 

* calculated values 
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of the carbon framework into a more graphitic structure. Because the type of hydrothermal 

carbon (i.e. derived from different precursors) strongly influences the effects of pyrolysis, and 

the presented materials are a new class of hydrothermal carbon, it is important to study their 

physicochemical properties after pyrolysis at different temperatures. For both the Cys and TCys 

containing samples, the nitrogen content increases by about 1 wt % during pyrolysis (compared 

to Cys0.2 and TCys0.2). This is caused by the loss of other atoms such as oxygen, hydrogen and 

sulfur which increase the relative wt % of nitrogen without additional incorporation. An 

interesting difference between the two acids was observed regarding the sulfur content after 

pyrolysis. For Cys0.2 the sulfur content is already halved at Tp = 550 °C, whereas the material 

containing TCys shows a sulfur loss of less than 1 wt %. At Tp = 900 °C the sulfur content in 

Cys0.2_900 is now merely a third of that before pyrolysis while for TCys0.2_900 it is 

approximately half. The material obtained with TCys exhibits higher thermal stability with 

respect to sulfur loss than the one obtained with Cys, which is presumably caused by a 

difference in the sulfur binding state. Choi et al. also obtained sulfur and nitrogen dual doped 

carbon materials via the pyrolysis at 900 °C of cysteine in the presence of metal salts.35 They 

obtained a sulfur content of 2.7 wt % which is similar to the value obtained for TCys0.2_900 

(3.0 wt %). Notably, the amounts of cysteine used by Choi et al. are much higher than for 

Cys0.2_900 because in their work, cysteine was both sulfur and carbon source. This shows that 

by using cysteine as the sulfur source, where sulfur is bound aliphatically, there seems to be a 

limit as to how much sulfur can be retained after heat treatment and also that higher sulfur 

incorporation efficiencies are achieved by using HTC. For TCys0.2_900 however, more than 

7 wt % sulfur can be retained even after heat treatment at 900 °C. The retention of sulfur after 

pyrolysis of the carbon materials therefore seems to depend strongly on the type of sulfur source 

used and how the sulfur is bound within the material. In order to further investigate the atom 

binding states of the doped carbons, X-Ray photoelectron spectroscopy (XPS) was carried out 

on Cys0.2, TCys0.2 and the corresponding post-treated samples at 550 °C and 900 °C. The 

surface elemental composition (converted from at % to wt % for direct comparison with 

elemental analysis) is shown in grey in Table 3.1. In contrast to the results from elemental 

analysis, the values for the sulfur content are similar for Cys and TCys. Since XPS is a surface 

sensitive technique and elemental analysis applies to the bulk, this indicates that most of the 

sulfur atoms in TCys are bound within the particle core as structural sulfur.  
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Table 3.2 summarizes the obtained XPS data. Images of the deconvoluted C1s, N1s and S2p 

scans may be found in the appendix (Fig. A 1 to Fig. A 3). The C1s scans show several peaks 

with varying contributions at different pyrolysis temperatures. In general, the binding energy 

value of 285 eV can be assigned to sp² hybridized carbon in an aromatic environment (C1). The 

contribution of this peak increases with increasing temperatures. The second highest 

contribution comes from carbon atoms bound to sulfur, nitrogen or oxygen in the form of 

thiols, sulfonates, amines or alcohols (C2).There are minor contributions from carbonyl/amide 

groups (C3) and ester/carboxylic groups (C4). π-π* shake up satellite peaks typical for 

conjugated aromatic systems are seen only for the samples treated under the highest pyrolysis 

temperature of 900 °C (C5). Overall, the C1s binding energies confirm that carbonization and 

aromatization increase after pyrolysis, and that a significant amount of surface carbon atoms are 

Table 3.2 Peak assignments for the C1(s,) N 1(s) and S 2(p)3/2 photoelectron envelopes for Cys0.2
and TCys0.2 samples after HTC at 180 °C and subsequent pyrolysis at 550 °C and 900 °C 

Peak 

Binding Energy (eV) 
fraction of species (%) 

 

Cys0.2 Cys0.2_550 Cys0.2_900 TCys0.2 TCys0.2_550 TCys0.2_900 Assignment 

C1s 

285 
64.1 

285
72.3 

285 
73.3 

285
44.4 

285
84.8 

285
74.5 

C1 sp2 C-C/C-H35, 46, 99 

286.38 
25.2 

286 
23.3 

286.2 
15.0 

286.1 
47.1 

286.3 
12.8 

286 
15.8 

C2 C-O / C-N / C-S35 

287.84 
6.5 

288.18 
2.1 

287.54 
4.7 

288.1
6.4 

288.35
2.3 

287.3
4.7 

C3 C=O / C=N35, 106 

289.08 
4.2 

289.6 
2.3 

289.04 
3.8 

289 
2.1 

- 
 

289.03 
3.6 

C4 O=C-O106 

- 
 

- 
 

291.1 
3.3 

- 
 

- 
 

291 
4.1 

C5 π-π* shake up 
satellite18, 46 

N1s 

- 
 

398.57 
23.9 

398.54 
27.5 

- 
 

398.85 
41.3 

398.86 
26.9 

N1 pyridinic44, 46 

399.98 
79.8 

- 
 

- 
 

-
 

-
 

-
 

N2 amine46 

- 
 

400.69 
62.0 

- 
 

400.10 
77.4 

400.96 
58.7 

- 
 

N3 pyrrolic44 

401.24 
20.2 

- 
 

401.25 
72.9 

- 
 

- 
 

401.29 
73.1 

N4 quaternary35, 44 

- 
 

404.10 
14.1 

- 
 

402.29
22.6 

-
 

-
 

N5 pyridinic N-Oxide35 

S2p3/2 

163.77 
81.2 

- 
 

- 
 

- 
 

- 
 

- 
 

S1 thiol, disulfide  
or thioether35, 99, 107 

- 
 

164.26 
94.4 

164.27 
92.6 

164.22 
93.6 

164.35 
100.0 

164.26 
85.3 

S2 Thiophenic 
(aromatic)99, 107 

165.95 
18.8 

168.60 
5.6 

166.65 
7.4 

167.44
6.3 

-
 

165.30
14.4 

S3 oxidized sulfur99, 108 
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bound to either sulfur, nitrogen or oxygen. Only a small fraction of the heteroatoms bound to 

carbon are present in an oxidized state. In the case of nitrogen-containing functional groups, a 

trend of formation of increasingly stable binding states with increasing pyrolysis temperature can 

be seen, i.e. from amine (N2), pyridinic oxide (N5) and pyrrolic (N3) towards quaternary 

graphitic (N4) and pyridinic (N1). The samples treated at 900 °C contain only nitrogen bound 

within the carbon framework (quaternary) or at the edges of the framework (pyridinic). After 

HTC at 180 °C, Cys0.2 contains mainly surface amine groups (79.8 % of nitrogen species), 

whereas mainly pyrrolic functionalities (77.4 % of nitrogen species) were observed. After 

pyrolysis at both 550 °C and 900 °C, the nitrogen binding states are similar for both amino acids. 

In the case of sulfur-containing functional groups, the trend is not as straightforward. For 

Cys0.2, the majority of sulfur species are present as aliphatic thiols, disulfides or thioethers (S1), 

with the remainder being oxidized sulfur species (S3). No thiophenic sulfur (S2) could be found. 

This dramatically changes upon pyrolysis at 550 °C and 900 °C, where after all aliphatic sulfur 

species disappear and more than 90 % of sulfur is thiophenic. For TCys0.2, most of the surface 

sulfur is thiophenic already after HTC at 180 °C. After pyrolysis at 550 °C, 100 % of surface 

sulfur is bound in a thiophenic state. After pyrolysis at 900 °C, some oxidized species appear 

(14.4 % of sulfur species). This may be the result of the reaction of surface sulfur with adjacent 

oxygen molecules. Overall, XPS analysis suggests that using Cys as additive results in pending 

functional groups (amines, thiols), whereas the addition of TCys results in the incorporation of 

sulfur into the carbon framework already at early stages of the reaction process. For further 

insight into the chemical environment of the bulk, solid state 13C magic angle spinning solid state 

nuclear magnetic resonance (13C MAS ssNMR) spectra were recorded (Fig. 3.4). A spectrum of 

pure glucose hydrothermally treated at 180 °C is shown for reference (Glu_180, grey line). 

General regions of interest can be assigned as follows: carbonyl and carboxylic acid groups at 

210 ppm to 175 ppm, furanic groups at 175 ppm to 100 ppm and finally aliphatic groups at < 75 

ppm.42, 46, 51 Sp2 hybridized carbon atoms in aromatic rings generally resonate at around 128 ppm 

– 130 ppm.51, 54, 55 More specifically, in the Glu_180 spectrum, the peaks at 150 ppm and 110 

ppm – 118 ppm correspond to the carbon atoms of furan, labeled C1 and C2, respectively (Fig. 

3.4 II).54 While the carbonyl regions are similar for Glu_180 and the doped samples (Fig. 3.4 I), 

a clear difference in spectra is found in the regions II to VI. The furanic peaks are still present in 

the doped samples, although the relative intensities are greatly shifted. The resonance at 

110 ppm – 118 ppm, which is strong for Glu_180, only appears as a weak shoulder in Cys0.2 
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and TCys0.2, which directly shows that the contribution of furanic sites has decreased 

significantly. The peak at 150 ppm, on the other hand, which in furans should have a similar 

intensity as the one at 110 ppm – 118 ppm, appears as a very strong, sharp signal in the doped 

samples (Fig. 3.4 III). The high intensity can be attributed to both the presence of mobile 

heteroatom substituents on aromatic rings.109-111 This would give rise to the observed peak 

sharpness due to high mobility. Contributions from thiophene rings and pyrrolic or pyridinic 

units in the region of 142 ppm - 157 ppm are seen as weak shoulders.112-114 An additional strong 

signal at approximately 130 ppm is found both for Cys0.2 and TCys0.2 which is entirely absent 

for Glu_180 (Fig. 3.4 IV). This “all carbon-bound aromatic” peak is typical for pyrolized 

hydrothermal carbon, i.e. after decarboxylation and aromatization have taken place.46, 55 However, 

for the doped materials, this peak is already present before post treatment, indicating that a 

significant amount of structural aromatization/pseudo graphitization takes place throughout 

hydrothermal treatment. This effect has previously been observed for nitrogen-doped 

hydrothermal carbon obtained from glycine and N-acetyl-glucosamine.46, 65 Comparing Cys0.2 

and TCys0.2 with each other, it can be seen that aromatization is more pronounced for TCys0.2. 

In the aliphatic region (Fig. 3.4 V and VI), a significant broadening, as well as an upfield shift of 

the peaks is observed for the Cys/TCys containing samples. The peak at around 25 ppm may 

refer to aliphatic thiol groups,115 but a simple shift of the methyl/methylene peaks due to a 

 
Fig. 3.4 13C MAS ssNMR spectra for Cys0.2 (black) and TCys0.2 (red) after hydrothermal 
treatment at 180 °C (black). A spectrum obtained from pure glucose hydrothermal carbon is 
shown for reference (grey).  
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different chemical environment within the doped framework cannot be excluded. The peak 

observed at 9 ppm seems low and an assignment cannot currently be provided. Qualitatively 

however, it can be said that the intensity of the aliphatic versus the aromatic region is smaller for 

the doped samples, implying an overall higher fraction of atoms being present in a condensed, 

aromatic structure, rather than bound in aliphatics. 

Fourier-transform infrared spectroscopy (FT-IR) analysis (Fig. 3.5) similarly indicated a higher 

degree of aromatization for the sulfur/nitrogen doped carbon spheres relative to an FT-IR 

spectrum of pure glucose hydrothermal carbon (Glu_180, grey line). The spectrum of Glu_180 

shows characteristic bands at ~ 3300 cm-1 (hydroxyl groups), ~ 2900 cm-1 (aliphatic methyl and 

methylene groups), ~ 1710 cm-1 (carbonyl functionalities), ~ 1620 cm-1 (aromatic C=C) and 

~ 1020 cm-1 (furanic C=C-O).42, 106 Various oxidized carbon functionalities that are expected to 

be found in hydrothermal carbon (ether, lactone, etc.) are represented by bands in the 1500 cm-1 

to 1000 cm-1 region. The spectra of Cys0.2 and TCys0.2 are similar to each other, but show 

subtle differences to that of glucose, which are highlighted in grey. The –OH band at 

~ 3300 cm-1 is broader for the doped samples with the peak at ~ 2900 cm-1 being slightly more 

pronounced. This is attributed to additional bands arising from amide N-H vibrations. The 

corresponding amide C=O bands are found at ~1660 cm-1. These bands are entirely absent in 

Glu_180, indicating that part of the aldehyde or carboxylic acid functionalities are replaced by 

amide groups in the doped samples, presumably via nucleophilic attack of the Cys or TCys free 

 
Fig. 3.5 FT-IR spectra of Cys0.2 and TCys0.2 after HTC at 180 °C for 5.5 h. An FT-IR spectrum 
of pure glucose hydrothermal carbon is shown for reference (Glu_180, grey line). 
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amino groups on the carbonyls.  In the doped samples, the carbonyl band at 1710 cm-1 and the 

amide band have decreased intensities relative to the aromatic C=C band at 1620 cm-1, indicating 

a higher degree of aromatization than Glu_180 (where the carbonyl band is more pronounced 

than the aromatic C=C band). Cyclic C=N vibrations present in pyrrolic and quaternary 

nitrogen functionalities would also contribute to the broad band at ~1620 cm-1, in accordance 

with XPS data. 

3.3.3 Physical properties – crystallinity and conductivity 

The results obtained from X-ray diffraction (XRD) measurements are summarized in Table 3.3 

and Fig. 3.6. For the samples before post treatment, a broad peak at around 19 ° is found, 

indicative of amorphous materials. After pyrolysis at 550 °C, two peaks at roughly 22 ° and 41 ° 

appear which shift to around 23 ° and 44 ° after pyrolysis at 900 °C, respectively. While these 

values are in a similar range as the values for graphitically ordered carbons (26 ° and 43 °, 

corresponding to the 002 and 100 lattice spacing),116 they also indicate that the interlayer spacing 

of the sulfur and nitrogen doped materials are much larger than in graphite. A similar increase in 

the interlayer spacing was observed for undoped hydrothermal carbons, showing that the 

material obtained contains many structural defects even after post carbonization. The point of 

interest here, however, is the considerable increase in the d-spacing of the TCys materials 

compared to the Cys materials. This effect is already known for nitrogen doped carbon.117 In the 

case of sulfur doping, the interlayer distance is expected to increase even more due to the large 

size of the sulfur atom. Glenis et al. observed an interlayer expansion of 0.048 after S doping into 

graphite (from 3.357 Å to 3.405 Å).38 In their case, the sulfur atoms were located between the 

graphite layers, whereas in the herein presented material, sulfur is incorporated into the carbon 

framework. This is expected to cause buckling of the carbon layers and give rise to an even 

larger increase in the d-spacing, as is indeed observed. Also note the increased intensity at lower 

angles for the samples after pyrolysis at 900 °C. This is indicative of the presence of pseudo-

periodic ordered micropores which cause X-Ray diffraction in a similar manner as crystal lattices 

and has been observed for pyrolized hydrothermal carbon before.44, 46 These findings are hence 

coherent with the sorption data shown earlier.  

The specific conductivity values of the materials are given in Table 3.3. The conductivity is low 

up to calcination temperatures of 550 °C, as the occurring rearrangements were insufficient to 

create a cohesive aromatic system (which is required for good electrical conductance). 
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This clearly points to the fact that the observed aromatization throughout HTC in the presence 

of amino acids is an isolated, tectonic process. Once pyrolized at 900 °C however, the 

conductivity of the doped materials is more than three times higher for Cys0.2_900 than for 

Glu_900. The slightly improved conductivity of Cys0.2_900 over TCys0.2_900 is attributed to 

the even increased sulfur content of TCys0.2_900. It has been reported that sulfur can act as n-

type dopant in graphite and diamond semiconductors and Kumari et al. showed that sulfur 

doping increases the conductivity of amorphous carbon films at optimum concentrations, but 

causes a decreased conductivity if present in excess.118, 119 Similar effects have been reported for 

nitrogen doping. The conductivity dependence on the dopant concentration can be explained by 

a competition of two processes taking place. On the one hand, the incorporation of dopants 

results in a disordered graphitic lattice while, on the other hand, additional charge carriers are 

introduced into the system.120 A maximum in conductivity is therefore observed when a 

compromise between the two effects is reached. Therefore it could be postulated that, while the 

nitrogen content in the doped carbon microspheres is in the correct range to increase 

conductivity, the sulfur content in the TCys0.2_900 sample is too high, hence causing a slight 

decrease in charge carrier availability. However, the specific conductivity values are still superior 

compared to undoped carbon, making electronic or electrochemical applications feasible. 

Table 3.3 Summary of the d-spacing for Cys0.2 and 
TCys0.2 after HTC at 180 °C and post pyrolysis at 550 °C 
and 900 °C. The specific conductivity values of pyrolized 
samples are given on the right. Specific conductivity 
values of pure glucose pyrolized at 550 °C and at 900 °C 
are shown for reference.  

Sample 
2Θ 
(°) 

d-
spacing 
(Å) a 

Specific conductivity (S m-1) 

Cys0.2 19.9 4.46 - 
Cys0.2_550 22.8 3.90 7 x 10-4 
Cys0.2_900 23.9 3.72 2657 
TCys0.2 18.2 4.87 - 
TCys0.2_550 21.8 4.08 2 x 10-5 
TCys0.2_900 22.8 3.90 2019 
Glu_180_550 - - 6 
Glu_180_900 - - 832 
a The Bragg equation, nλ = 2d sinΘ was used for the 
calculation, where n is an integer, λ is the wavelength of the 
incident wave (Cuα radiation, λ = 1.542 Å), d is the spacing 
between the planes in the atomic lattice, and Θ is the angle 
between the incident ray and the scattering planes. 

Fig. 3.6 XRD diffractogram of Cys0.2 
(black lines) and TCys0.2 (red lines) 
after HTC at 180 °C and after 
subsequent pyrolysis at 550 °C and 
900 °C. 
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3.4 Sulfur doped carbon microspheres 

In order to investigate whether the incorporation of heteroatoms into hydrothermal carbon can 

only proceed via Maillard chemistry, the synthesis of solely sulfur doped carbon spheres was 

attempted. The additives used were 2-thienyl-carboxaldehyde (TCA) and 3-mercaptopropionic 

acid (MPA), again with the purpose of investigating the difference in aliphatic versus aromatic 

sulfur in the precursors on the final sulfur binding state. 0.2 g of the corresponding sulfur source 

was added to 1.5 g of glucose dissolved in 13.5 g of water. The samples were labeled MPA0.2 

and TCA0.2, containing MPA and TCA, respectively. Pyrolysis was carried out at 900 °C and 

the suffix _900 was added to the sample labels. 

After HTC of the reaction mixture at 180 °C for 5.5 h, the yield obtained was negligible. It was 

concluded that amino functionalities were required to achieve enhanced reaction rates (due to 

Maillard reactions). As a rule of thumb, the rate of Maillard reactions at least doubles when the 

temperature is increased by 10 °C.62 Even the thiol (a soft nucleophile) in MPA is expected to 

react rather slowly due the hard/soft mismatch with the carbonyl (hard electrophile) 

functionalities of HTC intermediates. Additionally, once nucleophilic attack of the thiol into a 

carbonyl group has taken place, the resulting thio-acetal is expected to be stable or the reverse of 

the reaction takes place to reform the carbonyl and thiol groups (amines on the other hand can 

form imines which can react further, e.g. via Diels Alder reactions). The reaction mixtures were 

therefore treated at 180 °C for 18 h to obtain maximum yields or around 30 wt %, a value which 

is typical for hydrothermal carbon.28  

 
Fig. 3.7 SEM images of a) Glu_180, b) MPA0.2 and c) TCA0.2 after HTC at 180 °C for 18 h.  
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SEM analysis reveals a spherical morphology for both sulfur-doped samples (Fig. 3.7b and c). 

An SEM image of pure glucose HTC is shown for reference (Glu_180, Fig. 3.7a). MPA0.2 

comprises discrete spheres with an average diameter of ca. 10 µm whereas TCA0.2 consists of 

relatively smaller particles (average diameter ca. 4 µm). Both sample exhibit a wide size 

distribution, as is expected for HTC of glucose in the presence of additives which can give rise 

to more complex reaction schemes. It is interesting hat MPA0.2 comprises significantly larger 

microspheres than TCA0.2. Presumably MPA reacts faster than TCA with glucose and HTC 

intermediates, forming nucleation seeds at earlier stages.  

Successful sulfur incorporation was confirmed by elemental analysis. After HTC at 180 °C, 

MPA0.2 and TCA0.2 contained similar amounts of sulfur (Table 3.4). After pyrolysis at 900 °C, 

the sulfur content of MPA0.2 drops down to less than half whereas the sulfur content of 

TCA0.2_900 is still at ~66 % of that in TCA0.2. TCA0.2_900 also has a higher yield of solid 

recovered after pyrolysis (52.3 wt %) compared with MPA0.2_900 (34.9 wt %). This indicates 

that the TCA containing sample is more thermally stable with respect to sulfur loss than the 

MPA containing sample. This is in agreement with results from the previous section, where the 

TCys (aromatic sulfur) containing sample showed higher sulfur retention than the Cys (aliphatic 

sulfur) containing sample. There, this observation was attributed to the difference in the sulfur 

binding state in the hydrothermal carbon after HTC at 180 °C, which was already more stable if 

TCys was used rather than Cys. It is inferred that the same situation applies to the sulfur doped 

carbons obtained via the addition of MPA or TCA. The dominant sulfur species in TCA0.2 is 

Table 3.4 Elemental analysis data (wt %) for sulfur doped carbon derived from MPA and TCA as 
additives in HTC of glucose after HTC at 180 °C and subsequent pyrolysis at 900 °C. [NB]: 
Values for the yield as well as the specific conductivity are given on the right. 

Elemental Analysis (wt %)  

Sample C H S Yield (wt %) 
Specific 
conductivity 
(S m-1) 

MPA0.2 63.9 4.8 5.8 31.8a - 

TCA0.2 65.6 4.2 5.7 32.6a - 

MPA0.2_900 95.0 0.9 2.5 34.9b 1390 

TCA0.2_900 93.9 0.9 3.8 52.3b 1710 

a = with respect to total mass of contributing reactants (i.e. glucose and MPA/TCA) 
b = with respect to total mass of dried hydrothermal carbon placed in crucible prior to pyrolysis. 
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expected to be thiophene and the dominant sulfur species in MPA0.2 is expected to be aliphatic 

thiol (or thiol-ether) or oxidized sulfur species. The specific conductivity values of the pyrolized 

samples demonstrate that doping with sulfur (within the range from 2.5 to 3.8 wt %) increases 

the material conductivity (the specific conductivity of pure glucose hydrothermal carbon after 

pyrolysis at 900 °C was measured to be 832 S m-1). 

3.5 Implications of the heteroatom binding state  

The heteroatom binding motif is relevant with respect to chemical, mechanical and electrical 

properties arising from different heteroatom binding states. Pending surface thiol or amino 

groups could, for example, be useful for the adsorption of metal nanoparticles in a catalyst 

support material. These functionalities are expected to be dominant for the low temperature (i.e. 

after HTC at 180 °C) Cys or MPA containing carbons. On the other hand, structurally bound 

sulfur and nitrogen are known to alter electronic properties such as conductivity.38 Bandosz et al. 

highlighted the importance of distinguishing between structural (C-S-C type) and pending (thiol 

or sulfonate) sulfur in the selective arsine adsorption capacities of sulfur containing carbons.17 

Pyrolysis at sufficiently high temperatures (here, above 550 °C) tends to result in the conversion 

of pending functionalities into more stable structural and aromatic functionalities via thermally 

induced rearrangements of the carbonaceous framework. However, the heteroatom binding state 

in the material prior to pyrolysis had a large influence on the amount of heteroatoms that can be 

retained during heat treatment. It was demonstrated that more sulfur could be retained upon 

heat treatment if it was already structurally bound in the as-synthesized carbon, whereas the 

majority of sulfur was lost if the sulfur was aliphatically bound. During the heat thermally 

induced rearrangements, heteroatoms are partially lost, resulting in lower doping levels of the 

pyrolized product. For example, Choi et al. obtained sulfur and nitrogen doped carbons via the 

direct pyrolysis of cysteine in the presence of metal salts.35 Cysteine was the sole precursor and 

they obtained sulfur doping levels of ca. 3 wt %. If HTC is carried out in the presence of cysteine 

and the product is pyrolized at the same temperature (900 °C), similar sulfur doping levels are 

obtained but much less cysteine is required because the majority of carbon comes from glucose. 

Using HTC therefore allows for the synthesis of an “intermediate” carbonaceous material which 

allows much more efficient use of heteroatom sources compared to direct pyrolysis. If this 
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“intermediate” contains more stable heteroatom binding states, more heteroatoms, i.e. higher 

doping levels, can be retained during heat treatment. 

3.6 Summary of chapter 3 

This chapter demonstrated that the incorporation of sulfur atoms can be very easily achieved via 

HTC of glucose in the presence of sulfur containing additives. By using the amino acid cysteine 

and its derivative thienyl-cysteine, sulfur and nitrogen dual doped hydrothermal carbons could 

be synthesized. Earlier statements that amino groups and resulting Maillard reactions accelerate 

the HTC process were confirmed. Maillard reactions are however not necessary for the 

incorporation of heteroatoms, as was demonstrated with the synthesis of solely sulfur doped 

carbon microspheres via the addition of 3-mercapto-propionic acid (MPA) or 2-thienyl-

carboxaldehyde (TCA) (which require longer reaction times of 18 h). The main advantage of the 

work presented here is that the binding state of sulfur could be tuned by varying the type of 

sulfur source as well as the pyrolysis temperature. If sulfur is bound aromatically in the 

precursor, it is most likely incorporated via cycloaddition or electrophilic aromatic substitution 

reactions which leave the aromatic ring intact in the product. In contrast, aliphatically bound 

sulfur (thiol) may be incorporated via nucleophilic substitution or Michael addition reactions and 

therefore more likely result in aliphatic binding motifs (thiol ether) in the HTC product. Post 

pyrolysis resulted in more stable, aromatic binding states as the temperature is increased from 

550 °C to 900 °C due to thermal rearrangements of the carbonaceous framework. Importantly, 

the presence of aromatic binding states in the as-synthesized hydrothermal carbon allowed for 

higher heteroatom retention levels after pyrolysis and hence more efficient use of dopant 

sources. In this regard, HTC may be considered as an “intermediate” step in the formation of 

conductive heteroatom doped carbon for electronic applications. Both nitrogen and sulfur act to 

increase the conductivity of the doped carbon material. However, when more than ca. 7 wt % 

sulfur was present, the conductivity seems to decrease again. One can anticipate that the easily 

polarizable sulfur atoms may play a role in applications such as catalysis. Due to the low surface 

area of the doped microspheres presented in this chapter, it was difficult to test the doped 

materials for electrochemical applications. Therefore, different strategies were needed for the 

introduction of surface area, which are the topics of the next two chapters. 
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4 Chemical modifications II 

Templated nano-architectures - Heteroatom doped 

carbon hollow spheres 

4.1 Introduction 

Hollow spheres of nanometer to micrometer dimensions constitute an important class of 

materials, possessing high internal volumes, high surface areas, and low density. They are 

“processable voids” which find use in applications ranging from product delivery (drugs, 

cosmetics, dyes, and inks) through to light weight composite materials, acoustic insulation, 

photonic band gap crystals and catalysis.121-123 Liposomes, for example, are self-assembled lipid 

bilayer vesicles found in cells and thus naturally occurring “hollow spheres” which allow water 

soluble molecules to be encapsulated within them. They are commonly used as drug delivery 

vehicles in cosmetic and medicinal applications.121 For electronic applications such as 

electrocatalysis or anode materials for modern batteries, they are less suitable and issues such as 

material stability and conductivity must be addressed. Artificial hollow structures are therefore a 

matter of intense research. Hollow spheres and capsules have been synthesized from various 

materials such as polymers,124 silica,125 glass,126 metals,127 metal oxides,128 zeolites129 and hybrid 

composites.130 Carbon hollow spheres (CHS) present an interesting addition to these materials 

owing to properties such as chemical inertness, electrical conductivity and tunable surface 

chemistry, which makes them especially interesting for catalysis. Various chemical and 

physicochemical methods are routinely used to synthesize hollow capsules and spheres. These 

include spray drying processes, self-assembly, emulsion/interfacial polymerization procedures, 

and sacrificial core (i.e. templating) techniques. Here, the template (e.g. silica, carbon, or 

polymeric materials) is coated by the desired material, either by controlled surface precipitation 

of an inorganic precursor from solution or by direct surface reactions. The core can 

subsequently be removed either by dissolution or by thermal decomposition.123 Polystyrene (PS) 

latexes and their derivatives are often used as templating agents because they are mild and easier 

to handle compared to classical hard templates like silica, which require harsh conditions for 

removal. PS decomposes upon heat treatment above ca. 400 °C (the exact decomposition 
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temperature depends on the latex) and can thus easily be removed via thermolysis. Examples 

using PS latexes include the work of Caruso et al. who used layer-by-layer (LbL) assisted 

deposition of various materials (polymeric, inorganic and metallic) onto PS latex particles with a 

diameter of 640 nm.123 Dai et al. used sulfonated polystyrene latexes as templates in combination 

with aniline as the coating material.124 Niu et al. prepared core-shell particles via a so-called 

“inward growth method”, whereby inward sulfonation of PS latex particles allowed preferential 

adsorption of the aniline precursor that was subsequently polymerized.131  

Heteroatom doping as a tool to moderate the properties of CHS has been achieved in the case 

of nitrogen, while sulfur has only really been used for surface modification of CHS in the form 

of sulfonation. Nitrogen doped CHS have been prepared via hard template/chemical vapor 

deposition approaches (e.g. pure silica and SBA-15) of acetonitrile.37, 132 and via pyrolysis of self-

assembled poly(aniline-co-pyrrol) hollow microspheres.133 

In the context of HTC, Titirici et al. reported on the generalized synthesis of metal oxide hollow 

spheres via the HTC of glucose in the presence of metals salts.128 Concerning carbon hollow 

nanospheres, White et al. have recently reported a simple combined HTC / polystyrene latex 

template approach for the synthesis of CHS, whereby selection of template size was used to 

control the resulting nanosphere size.122  

This chapter extends the strategy taken by White et al. to produce nitrogen, sulfur as well as 

 
Fig. 4.1 graphical abstract of chapter 4 
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sulfur and nitrogen dual doped carbon hollow spheres. It is expected that doped carbon hollow 

spheres exhibit superior properties compared to the pure carbon hollow spheres, such as 

increased conductivity, stability and catalytic activity (Fig. 4.1). As a proof of principle, the 

doped carbon spheres are assessed in terms of their electrocatalytic activity in the oxygen 

reduction reaction. 

4.2 Heteroatom doped carbon hollow spheres 

4.2.1 Mechanistic considerations 

When using latex particles as hard templates in HTC, a prerequisite is that carbonization takes 

place on the surface of the latex particles, rather than in the bulk solution. The approach taken 

by White et al. was to synthesize a polystyrene nanolatex with hydroxylated poly-ethylene glycol 

(PEG) terminal groups122 The hydroxyl groups on the surface of the particles form suitable 

hydrogen-bonding partners for the initial adsorption of glucose and various HTC intermediates 

(see chapter 2.1). Once adsorbed, HTC continues and results in a coating of the template by a 

carbonaceous nanolayer (< 20 nm thickness). After collection of the product by filtration, it is 

dried in vacuo and the template is finally removed by pyrolysis above the latex particle 

decomposition temperature (generally above 400 °C, depending on the latex). Pyrolysis 

additionally causes further condensation and graphitization of the hydrothermal carbon 

framework, so the polystyrene is decomposed (polystyrene cannot carbonize) while the 

hydrothermal carbon layer becomes more stable. Carbon hollow spheres (CHS) are the final 

result. In the work presented here, doped CHS were synthesized and used for electrochemical 

applications. Therefore, a high pyrolysis temperature of 900 °C was chosen in order to achieve 

template removal and at the same time a sufficiently carbonized material with high conductivity.  

In order to achieve doping of the CHS, nitrogen and/or sulfur containing molecules were 

initially added to the original glucose/latex mixture. Several nitrogen and/or sulfur containing 

additives were tested (Cys, TCys, TCA and MPA, see chapter 3) and it was found that amino 

containing additives resulted in a destabilization of the latex or formation of non-templated, but 

still heteroatom doped bulk carbon materials (an example of the product morphology obtained 

from addition of Cys to a latex/glucose mixture is shown in Fig. A 4 in the appendix). This 

indicated that the interaction between glucose and the heteroatom containing additive is 

undisturbed, but the interaction of the precursors with the latex is hindered. Completely 
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exchanging glucose with N-acetyl glucosamine, a nitrogen containing precursor used by Zhao et 

al. to obtain nitrogen doped carbons via HTC, was also not successful.46 It was concluded that 

amino containing additives rapidly react with glucose via Maillard reactions and hinder the 

attachment of glucose to the latex particle surface.134 Addition of nitrogen containing molecules 

to the original recipe was therefore not a simple option and an alternative route needed to be 

found. 

4.2.2 Synthesis of nitrogen doped CHS via reactive templating 

As an alternative to doping the hollow spheres by adding the dopant to the latex/glucose 

mixture, the latex was modified to act as the nitrogen source in a “reactive templating” 

approach. Styrene and 4-amino-styrene were co-polymerized (using a calorimeter) to give 

particles with amino-containing surface groups. The amino surface groups have the same 

function as the aforementioned hydroxyl terminated latex, namely to interact with the HTC 

precursor, glucose and essentially adsorb it to the particle surface (i.e. via Maillard reaction 

chemistry). The nitrogen is thereby covalently incorporated into the hydrothermal carbon during 

the carbonization process, allowing for nitrogen retained upon removal of the template. The 

nitrogen content can be adjusted by increasing the amount of 4-amino styrene in the 

polymerization process (data not shown). Only the sample that gave the best results during 

electrochemical testing will be discussed here, namely nitrogen doped CHS template by a latex 

made from copolymerization of 10 wt % of 4-amino styrene (with respect to styrene), stabilized 

with the anionic surfactant 4-dodecylbenzenesulfonic acid (SDBS). The latex is referred to as 

NPS_latex from hereon. To obtain nitrogen doped CHS, HTC of 0.8 g glucose in a 5 wt % 

solution of the corresponding amino-functionalized latex (10 ml) was carried out at 180 °C for 

18 h. After template removal via pyrolysis of the dried sample at 900 °C, the sample was labeled 

N-CHS_900. 

4.2.3 Synthesis of sulfur doped CHS via the addition of MPA 

Successful results for sulfur doping could be obtained by addition of 3-mercapto-propanoic acid 

(MPA) to the original HTC/latex recipe used by White et al. (using hydroxyl-terminated 

polystyrene particles stabilized by SDS, denoted as OPS_latex). Unlike for nitrogen-containing 

additives, thiol is assumed to react rather slowly with HTC intermediated due to a hard/soft 
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mismatch between electrophile (carbonyl functionalities in HTC intermediates) and nucleophile 

(thiol). Also, sulfur is less electronegative than oxygen, so the S-H bond is not as polarized as the 

O-H bond, making S-H a weaker hydrogen bonding donor. Adsorption of the HTC 

intermediates therefore presumably takes place before MPA is incorporated into the 

hydrothermal carbon layer. 0.1 g MPA and 0.8 g glucose were hydrothermally treated at 180 °C 

for 18 h in 10 ml of a 5 wt % latex solution. Template removal occurred via pyrolysis at 900 °C. 

A reference experiment without the addition of MPA was carried out for direct comparison of 

the sulfur doped CHS with non-doped CHS, labeled S-CHS_900 and C-CHS_900, respectively. 

4.2.4 Synthesis of sulfur and nitrogen dual doped CHS 

Sulfur and nitrogen dual doped hollow carbon spheres could be obtained by combining the two 

synthesis approaches, i.e. by adding MPA to an NPS_latex /glucose mixture. After template 

removal at 900 °C, the sample was labeled SN-CHS_900. 

4.2.5 Morphology, chemical composition and textural properties 

of the heteroatom doped CHS 

Successful doping of the CHS was confirmed by elemental analysis (Table 4.1). The nitrogen 

doping levels range from 1.3 wt % in N-CHS_900 to 1.6 wt % in SN-CHS_900 and the sulfur 

doping levels range from 1.7 wt % in SN-CHS_900 to 2.5 wt % in S-CHS_900. As is expected 

for such high pyrolysis temperatures, the materials all have high carbon contents of > 90 wt % 

as well as low hydrogen contents due to dehydration, decarboxylation and aromatization during 

Table 4.1 Elemental composition of the bulk and surface of the heteroatom doped CHS after 
template removal at 900 °C, determined by elemental analysis. [NB: N2 sorption-derived textural 
and electrical conductivity properties of the presented materials are shown on the right]. 

 Elemental composition (wt %) Textural properties 

Sample C H N S SBET 
m² g-1 

Vtotal 
cm³ g-1 

Di 
nm 

Ds 
nm 

σ 
Sm-1 

C-CHS_900 96.1 1.1 - - 435 0.37 105 14 668 

N-CHS_900 91.2  1.4       1.3     - 357 0.41 66 14 600

S-CHS_900 94.4 1.0 -       2.5 378 0.30 165 16 637 

SN-CHS_900 92.1 0.9   1.6   1.7  329 0.25 54 11 673

Di = average inner diameter of the CHS as determined from TEM images 
Ds= average shell thickness of the CHS as determined from TEM images 
σ = specific conductivity as determined by impedance spectroscopy 
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heat treatment. This also gives rise to high specific conductivity values which are shown in the 

last column of Table 4.1. Conductivity is a crucial property for electrochemical applications. 

Nitrogen sorption shows type IV H2 isotherms for all samples, indicative of “ink bottle” shaped 

pores, i.e. wide pore bodies with narrow necks (Fig. 4.2).135-137  One interpretation could be the 

filling of large hollow sphere cavities through small micropores in the CHS shells. Before 

template removal, the BET surface areas of the materials were in the typical range observed for 

solid hydrothermal carbon spheres (~ 20-40 cm³ g-1, data not shown.). The clear hysteresis is 

indicative of the presence of mesopores which are defined to be in the range of 2 nm to 

50 nm.135 As part of the hollow spheres have average inner diameters (Di) of greater than 50 nm, 

the sphere cavities are unlikely to be the sole cause for the hysteresis seen in nitrogen sorption. It 

is likely the interstitial voids that occur due to the aggregation of the spheres, as well as 

compression and deformation of the hollow spheres play a role in the formation of mesopores. 

The pore size distributions obtained from nitrogen sorption using a quenched solid density 

functional theory (QSDFT) model (the adsorption branch was used for analysis) do not indicate 

a large number of mesopores and were thus interpreted to not be a realistic representation of the 

studied system. Hence, values such as micro and mesopore volume derived from QSDFT 

modeling of the sorption data are not reported here. 

 

 
Fig. 4.2 a) Nitrogen sorption isotherms of nitrogen doped CHS after template removal at 
900 °C. b) Corresponding pore size distributions determined by the QSDFT model 
(adsorption branch). 
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The first row of Fig. 4.3 shows transmission electron microscopy (TEM) images of a) NPS_latex 

and the resulting samples b) N-CHS_900 and c) SN-CHS_900. The second row shows TEM 

images of d) OPS_latex and the resulting samples e) C-CHS_900 and f) S-CHS_900. The average 

diameters of the latex particle templates are similar, namely 79 nm and 77 nm for NPS_latex and 

OPS_latex, respectively. N-CHS_900 and SN-CHS_900 exhibit inner diameters which correlate 

well with the corresponding latex template. The decreased Di of the CHS are most likely due to 

contraction of the carbon shell during the carbonization process (Table 4.1). On the other hand, 

the samples obtained from using OPS_latex as a template have Di considerably larger than the 

template diameter. C-CHS_900 has Di of 105 nm and S-CHS_900 has even larger Di of 165 nm. 

This effect was partially attributed to the fact that glucose and the resulting HTC intermediates 

are presumably less tightly bound to the surface of the hydroxyl-terminated latex particles (i.e. via 

non-covalent interactions such a hydrogen bonds) than the amino-terminated latex particles 

(covalent bonds arising from Maillard interactions). For S-CHS_900 however the size increase is 

very large and must additionally be due to swelling of the latex particles themselves.  

Fig. 4.3 a) NPS_latex, b) N-CHS_900, c) SN-CHS_900 d) OPS_latexC, e) C-CHS_900 and f) 
S-CHS_900 
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TEM images of all samples recorded after HTC but prior to template removal confirm this 

hypothesis: N-CHS latex spheres are well coated and no disruption between hydrothermal 

carbon layer and template could be observed (Fig. 4.4a). For C-CHS and S-CHS several 

locations where the hydrothermal carbon layer is “peeled” from the particles could be observed 

(marked by red arrows in Fig. 4.4b and c). The image of S-CHS additionally shows that the 

latex particle has increased in size compared to C-CHS. Swelling of sulfur containing polystyrene 

latexes has been observed by other groups.124, 131, 138 In those cases, sulfonation of the polystyrene 

core renders the particle hydrophilic, allowing water to enter the core and cause swelling. Here, 

the swelling is induced by the addition of MPA which is, however, unlikely to cause sulfonation 

of the polystyrene core. Control experiments, namely HTC of pure OPS_latex in water and 

OPS_latex with MPA in water were carried out to further investigate the cause of particle 

increase. Surprisingly, the latex remained stable after hydrothermal treatments in both cases and 

no swelling was observed by TEM (Fig. A 5 in the appendix). The conclusion from this was 

that swelling of the latex is not due to the presence of MPA on its own, but most likely due to 

some species formed from the reaction of MPA with glucose. This effect however seems to be 

dependent on the type of latex since no swelling was observed if NPS_latex was used. 

High resolution transmission electron microscopy (HRTEM) images of the heteroatom doped 

CHS all show the disordered graphitic layers that are typical for heteroatom doped carbons (Fig. 

4.5).38, 63, 117 The disorder is thought to arise from packing defects due to the presence of dopants. 

X-Ray diffraction (XRD) performed on the same samples gives rise to two main peaks at 

ca. 22.2 ° and ca. 43.7 °, corresponding to the 002 and 100 lattice spacings of graphite, 

respectively (Fig. A 6 in the appendix).116 The large shift towards smaller angles is due to an 

 
Fig. 4.4 TEM images of a) N-CHS, b) C-CHS and c) S-CHS after HTC at 180 °C prior to 
pyrolysis.  
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increased interlayer spacing arising from the presence of nitrogen and/or sulfur which are both 

large compared to carbon.38, 117 

 

4.2.6 Electrochemical characterization of doped CHS 

The heteroatom doped CHS were tested for their oxygen reduction reaction (ORR) related 

electrocatalytic activity (refer to chapter 2.2 for details about ORR). Two main points were 

investigated: 

 Whether doped CHS exhibit superior catalytic activity than 

undoped CHS 

 The effect of the type of heteroatom on the electrocatalytic activity 

of the doped CHS 

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) using a rotating disk electrode 

(RDS) were carried out in 0.1 M KOH. Featureless voltammetric curves were obtained in 

N2-saturated solution. A cathodic peak signal is observed for the cylcovoltammograms in 

O2-saturated solution, indicating the activity of the material towards oxygen reduction (Fig. 

4.6a). Fig. 4.6b shows the polarization curves obtained by LSV with an RDE at 1600 rpm in 

O2-saturated 0.1 M KOH. Data for undoped CHS (C-CHS_900, dashed red line), for Vulcan, a 

commercially available carbon support (dashed black line), and for a 20 wt % platinum catalyst 

supported on Vulcan (Pt@C, dashed grey line), are shown for reference. C-CHS_900 and 

S-CHS_900 shows an improved onset potentials (-185 mV vs Ag/AgCl) over N-CHS_900 

(-207 mV vs Ag/AgCl). 

Fig. 4.5 HRTEM images of a) N-CHS_900, b) S-CHS_900 and c) SN-CHS_900.  
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In terms of maximum current density, the solely nitrogen or sulfur doped samples exhibit worse 

electrocatalytic performance than the undoped sample. There are several possible explanations 

for this. Firstly, the doping levels are generally very low in the order of 1 wt % which may not be 

sufficient to influence the catalytic properties of the doped CHS. Secondly, the surface area and 

morphology of the materials play an important role during electrocatalysis.139 Good mass 

transport is required which will be affected by the CHS size and whether they are intact or 

broken, as well as the sizes of the interstitial voids. Generally speaking, CHS do not exhibit an 

optimal morphology for the use as ORR catalysts because the interior voids cannot easily be 

accessed by the electrolyte (only through the micropores in the CHS walls where mass transport 

is slow).139 This means that the inner CHS surfaces are not well accessible active sites. As seen in 

 

Fig. 4.6 A comparison of electrochemical properties of heteroatom doped CHS. 
a) cyclovoltammograms in N2-saturated (dashed lines) and O2-saturated (solid lines) 
0.1 M KOH. b) polarization curves taken at 1600 rpm in O2-saturated 0.1 M KOH. Data for 
undoped CHS (dashed red line), Vulcan carbon (dashed black line) and a platinum catalyst 
supported on Vulcan (dashed grey line) are shown for reference. c) Koutecky-Levich plots 
for V= -0.4 V, d) electron transfer numbers at various voltages. 
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Table 4.1 C-CHS_900 indeed exhibits the highest surface area out of the samples tested which 

may be the reason for the improved performance over the sulfur or nitrogen doped CHS. 

However, SN-CHS_900 has the lowest surface area out of the samples yet exhibits the best 

catalytic performance. The onset potential is similar to C-CHS_900 and S-CHS_900, but the 

maximum current density is significantly increased over the entire potential range. This indicates 

that the combined doping of CHS with sulfur and nitrogen has dramatic effects on the material 

properties. Koutecky-Levich plots taken at V = -0.4 V vs. Ag/AgCl for the doped samples show 

good linearity (Fig. 4.6c). A plot of the electron transfer number (which is determined using the 

slope of the Koutecky-Levich plot at a given voltage) at various voltages shows that the 

reduction mechanism tends towards larger electron transfer numbers with decreasing voltages 

(Fig. 4.6d). None of the samples show good selectivity for either the 2 or the 4 electron process 

but it rather seems as if a mixture of the two processes is occurring.  

4.3 Summary of chapter 4 

The synthesis of nitrogen and/or sulfur doped carbon hollow spheres with nano-dimensions 

was demonstrated. It was shown that although the doping levels were low (1.3 to 2.5 wt %), the 

material properties could significantly be influenced, especially when CHS were doped 

simultaneously with sulfur and nitrogen. In terms of electrochemical testing, the sensitive 

interplay between the material’s physicochemical (elemental composition, conductivity) and 

textural (surface area and morphology) properties was demonstrated. The benefits of higher 

surface area of undoped CHS outweighed low doping levels for solely nitrogen or sulfur doped 

CHS. However, dual S/N doped CHS exhibited the best catalytic performance in the oxygen 

reduction reaction in alkaline medium despite having the lowest surface area out of all tested 

samples. A similar phenomenon, i.e. that dual doped carbons show enhance catalytic 

performance over singly doped carbons, was observed for sulfur and nitrogen dual doped 

carbon aerogels, which are the topic of the next chapter. A more detailed electrochemical 

analysis is therein given and a tentative synergistic mechanism between sulfur and nitrogen is 

proposed. At this point it is merely important to keep in mind that sulfur as a dopant clearly 

imposes different properties on the carbon material than nitrogen, and doping carbon with both 

heteroatoms simultaneously results in yet different properties. 
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5 Chemical Modifications III  

Template-free nano-architectures - Heteroatom doped 

organic and carbon aerogels 

5.1 Introduction 

The previous chapter focused on the synthesis of doped carbon hollow spheres via a hard 

templating method. Returning to the 12 principles of chemistry, one criterion now comes to 

mind:40 

 

2. Atom Economy - Synthetic methods should be designed to maximize the incorporation of 

all materials used in the process into the final product. 

 

While the latex templating method in chapter 4 is very mild compared to hard templating with, 

e.g. silica, template-free methods are still preferable.  

Aerogels are a class of materials with defined nano-architectures that find applications in 

thermal and acoustic insulation, sorption, catalysis, chromatography and as electrode 

materials.140-142 In simple terms, they are gels in which the liquid component has been replaced by 

air. Consequently, they are extremely light weight materials containing many voids within a 

continuous solid matrix which allows for excellent mass transport and good thermal 

insulation.140, 143 The first reported aerogels (in 1931) were made of silica and thus represent the 

most studied materials in this class of materials.144 Silica aerogels currently hold several entries in 

Guinness World records for material properties, including best insulator and low-density solids. 

Carbon aerogels (CA) were first introduced by Pekala in 1989 and nicely complement their 

inorganic counterparts owing to properties such as chemical inertness and electrical 

conductivity.145 This makes them very attractive candidates for electrode materials or catalyst 

supports. Aerogels have also been prepared from metal oxides, alumina or chalcogens.142, 146 

Aerogels are typically prepared via sol-gel methods, whereby particles in a colloidal suspension 

undergo condensation reactions until all particles in the sol are interlinked into a gel. Because 

this process is generally slow, acid or base catalysis is often used. Depending on the solute to 
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solvent ratio, as well as the pH of the reaction, the particle size may be tuned. Resorcinol-

formaldehyde (RF) aerogels are prepared in a similar fashion.145 The resulting aerogels still 

contain abundant oxygen functionalities are therefore classified as “organic aerogels”. They 

may be converted into “carbon aerogels” via pyrolysis, which (depending on the graphitizability 

of the precursor) results in higher electrical conductivity and therefore opens the door for 

electronic applications.141  

Due to the high porosity of aerogels, special precautions are required during the drying of the 

material. Supercritical drying with CO2 is commonly carried out in order to avoid collapsing of 

the solid matrix due to capillary forces, which normally occurs if the aerogel is dried under 

vacuum. The supercritical drying procedure is what distinguishes aerogels from the related 

xerogels (dried under vacuum) and cryogels (freeze-dried), which tend to have more condensed 

solid frameworks and lower surface areas.140 

The RF system introduced by Pekala is still the most common route towards organic and carbon 

aerogels. Nitrogen doped aerogels have been prepared by slight modifications of the RF system, 

e.g. using melamine-formaldehyde.147, 148 The drawbacks of these synthesis approaches however 

lie in the limited availability of the precursors and their potential harm to health and 

environment.  

Hydrothermal carbonization (HTC) currently offers two alternative and more sustainable routes 

towards organic and carbon aerogels, each with its own advantages and drawbacks: 

1) Albumin-directed hydrothermal carbonization of glucose63 

This approach developed by White et al. uses the glycoprotein ovalbumin as a structure 

directing agent and as a nitrogen source. All reagents are part of the final structure. 

Unlike the borax system, it therefore adheres completely to the criterion of atom 

economy stated above. However, tuning of the particle size is not possible. This method 

inherently gives rise to nitrogen doped organic aerogels. 

2) Borax-mediated hydrothermal carbonization of glucose52, 149 

This approach developed by Fellinger et al. uses borax as a catalyst and stabilizing agent 

in the gel formation. While borax needs to be washed out after the carbonization 

process, it can in principal be recovered and re-used. The great advantage of this method 

is that the particle size of the gels can be controlled by varying the amount of borax 

added. No reports on the doping of these aerogels with nitrogen or sulfur currently exist. 
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This chapter focuses on the synthesis of sulfur and nitrogen dual doped carbon aerogels, based 

on method 1) in the first section, and the synthesis of sulfur and/or nitrogen doped carbon 

aerogels, based on method 2) in the second section. The incorporation of heteroatoms into the 

HTC-derived organic/carbon aerogels is expected to greatly increase the breadth of potential 

applications. To demonstrate this, the aerogels are used as non-metal electrocatalysts in the 

oxygen reduction reaction of fuel cells. 

5.2 Sulfur and nitrogen doped organic/carbon aerogels via 

the albumin-directed HTC of glucose 

5.2.1 Introduction 

The hydrothermal carbonization (HTC) of pure glucose at T = 180 – 200 °C, typically yields 

amorphous, non-porous carbon microspheres composed of a largely polyfuranic framework and 

abundant surface oxygen functional groups (e.g. hydroxyl, carboxylic acid, lactones etc.).4, 6, 8, 51, 150 

A simplified reaction mechanism involves the initial dehydration of glucose to 

hydroxymethylfurfural and other intermediates and their subsequent polymerization. When 

nitrogen containing molecules are present, such as ovalbumin, Maillard reactions can take place 

(refer to chapter 2.1 for more details). White et al. observed the formation of a monolithic gel 

after HTC of glucose in the presence of ovalbumin at 180 °C for 5.5 h.63 Further analysis of their 

material revealed a highly porous, three-dimensionally ordered structure, a morphology very 

atypical of HTC without the presence of templates. Due to the presence of albumin, the organic 

aerogel contained ~ 7 wt % nitrogen and a surface area of ~ 250 m² g-1. 

This all-sustainable synthesis of a hierarchically ordered material was used a starting point for 

Fig. 5.1 graphical abstract of chapter 5.2 
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further chemical modification. In order to broaden the potential of the nitrogen doped organic 

aerogels for a wide range of applications, the incorporation of sulfur in addition to nitrogen was 

investigated (Fig. 5.1).  

5.2.2 Mechanistic considerations 

While the albumin-directed carbon aerogel formation is practically simple to carry out, it is 

mechanistically complex and easily disturbed by the addition of further reactants. The interplay 

between protein and saccharide is not well understood, making the use of additional molecules 

for doping non-trivial. One explanation given by White et al. is that the protein and associated 

Maillard products act as surface stabilizing/structure directing agents for the formation of 

flexible heteroatom-doped carbon scaffolds.63 It is further assumed that part of the gelation 

process involves the crosslinking (via Maillard reactions) of forming hydrothermal particles by 

ovalbumin-derived amino groups, whereby the amino groups may arise from the free amine 

containing side chains of the protein or via the hydrolysis of peptide linkages during 

hydrothermal treatment. A highly simplified theory is that gel formation is hindered if the 

molecule added to the glucose/albumin system competes with this crosslinking process. 

Nucleophiles such as free amines or thiols are therefore not suited as dopant sources. 

Hydroxymethylfurfural (HMF) is a key intermediate of the glucose HTC mechanism.4, 6, 51 The 

mechanistic discussion in chapter 2.1 showed that HMF can undergo various reactions, such as 

nucleophilic addition, electrophilic aromatic substitution and cycloaddition. It is assumed that 

reactions that to not interfere with the nucleophilic attack of the protein-derived amino groups 

(i.e. electrophilic aromatic substitution or cycloaddition) can be exploited for the incorporation 

of heteroatoms without preventing gel formation. To test this hypothesis, three different sulfur 

sources, L-cysteine (CS), S-(2-thienyl)-L-cysteine (TC) and 2-thienyl-carboxaldehyde (TCA), 

were added to the original carbon aerogel recipe.63 The nucleophilic sites are marked in red and 

the sites capable of electrophilic aromatic substitution or cycloaddition in blue (Fig. 5.2). 

 
Fig. 5.2 Structures of additives tested as sulfur source in the HTC of glucose and albumin. 
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5.2.3 Sulfur and nitrogen doped organic aerogels 

L-cysteine (CS), an amino acid, was the initial choice for the sulfur source due to its 

environmentally benign nature and low cost. However, experiments using CS as the sulfur 

source resulted in micrometer sized spherical particles, very similar to those obtained when 

glucose is hydrothermally treated with cysteine without ovalbumin (see chapter 3), as well as 

condensed gel-like structures (Fig. A 7  in appendix). The BET surface area of this material 

was 56 m² g-1, which is only slightly higher than the typical value for classical hydrothermal 

carbon spheres (~ 30 m² g-1). Because the obtained product had neither defined structure nor 

high surface area, CS was not further used as a dopant molecule.  

In contrast, experiments with S-(2-thienyl)-L-cysteine (TC) and 2-thienyl-carboxaldehyde (TCA) 

resulted in successful monolith formation. The as-synthesized aerogels were dried in supercritical 

CO2 in order to preserve as high as possible the metastable hydrogel state and avoid capillary 

force-induced collapse of the three-dimensionally ordered nano-architectures.140 Comparatively 

freeze drying is a more convenient option, but usually results in lower surface areas. The samples 

were labeled CA-TC and CA-TCA for TC and TCA containing aerogels, respectively. A 

 
Fig. 5.3 TEM (top) and SEM (bottom) images of a) CA; b) CA-TC; c) CA-TCA 
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reference aerogel synthesized according the original recipe from White et al. was labeled CA.63 

Transmission electron microscopy (TEM) images show that the morphologies obtained for the 

sulfur doped aerogels depend on which additive/co-monomer is used. Addition of TC gives rise 

to larger spherical particles (ca. D = 200 nm) which are linked to a smaller particle matrix (Fig. 

5.3b). Addition of TCA results in a homogeneous interconnected particle matrix only, and the 

morphology is similar to that seen for the original nitrogen-doped CA (Fig. 5.3c and a, 

respectively). The difference in morphology of CA-TC is attributed to heterogeneous nucleation 

and structure formation, in accordance with the LaMer model.102 Considering the presented 

hypothesis, simultaneous crosslinking and particle formation are expected to take place, arising 

from the presence of both nucleophilic and electrophilic aromatic substitution/cycloaddition-

capable sites in TC. The amino groups compete with those of the hydrolyzed protein, but clearly 

not to the extent of complete crosslinking inhibition. A hybrid morphology between discrete 

particles and an interconnected particle matrix is the result. With TCA, the incorporation of 

sulfur presumably takes place exclusively via electrophilic aromatic substitution/cycloaddition 

and crosslinking can proceed unhindered. 

Nitrogen sorption data are in good agreement with the TEM observations. The sulfur and 

nitrogen doped carbon aerogels after HTC at 180 °C exhibit Type IV/H3 reversible sorption 

isotherms with limited hysteresis loop profiles.63, 135 The lack of an adsorption plateau at high 

relative pressures as well as the broad pore size distribution for all samples are indicative of slit 

shaped pores in an open pore system (Fig. 5.4).63 These results are similar to those described for 

 
Fig. 5.4 a) Nitrogen sorption isotherms and b) pore size distributions (QSDFT model) 
obtained for aerogels after HTC at 180 °C. 
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CA by White et al., although in in the case of CA-TCA the BET surface area is lower than in CA 

and in CA-TC (Table 5.1).63 The large increase in the nitrogen volume adsorbed as p/p0 

approaches unity, particularly for CA-TC is attributed to the condensation of adsorbate in large 

mesopores or (very small) macropores within the continuous coral-like material architecture. 

CA-TC has the largest mesopore volume among the three samples (0.46 cm3 g-1, c.f. 

~ 0.30 cm3 g-1 for CA and CA-TCA), a result of the observed change in material morphology 

with precursor chemistry. This is also reflected in the pore size distributions of the samples (Fig. 

5.4b). Whilst pore size distributions show that volume levels off after a pore width of ca. 20 nm 

for CA and CA-TCA, that of CA-TC shows a secondary increase towards still larger pores. 

The simultaneous incorporation of nitrogen and sulfur into the HTC-derived carbons was 

confirmed by elemental analysis and X-ray Photoelectron Spectroscopy (XPS) (Table 5.1). The 

carbon content is slightly increased for the nitrogen and sulfur containing carbon aerogels. The 

additional nitrogen in the co-monomer TC does not influence the final nitrogen content of CA-

TC (5.9 wt %) compared to CA-TCA (5.5 wt %) significantly, indicating that the predominant 

source of the nitrogen is the protein. Notably CA-TC contains more than twice the amount of 

sulfur than CA-TCA (3.8 wt % for CA-TC compared to 1.7 wt % for CA-TCA). The S/N ratios 

are similar for (surface) XPS but vary greatly when compared to the (bulk) elemental analysis 

data. For the presented HTC aerogels prepared at 180 °C, the elemental analysis-derived S/N 

ratios typically exceed the XPS-derived ones. Such deviations are very typical and are related to 

the fact that elemental analysis detects all sulfur atoms, while XPS is a surface sensitive technique 

and therefore reflects surface enrichment of functional groups. The bulk/surface ratio of sulfur, 

given by sulfurEA/sulfurXPS for CA-TC (2.39) is much higher than for CA-TCA (1.55). On the 

Table 5.1 Elemental composition of the bulk and surface of the organic aerogels after HTC at 
180 °C, determined by elemental analysis and XPS, respectively. [NB: N2 sorption-derived 
properties of the presented materials are shown on the right]. 

 Elemental composition  
by EA (wt %) and XPS (at %) 

Textural properties 

Sample C H N S S/N SBET 
m² g-1 

Vtotal 
cm³ g-1 

Vmeso 

cm³ g-1 
Vmicro 

cm³ g-1 

CA  61.8 
72.3 

5.5     
- 

5.9     
6.8 

1.1     
0.5 

0.2        
0.1 239 0.34 0.28 0.06 

CA-TC 59.8  
73.4 

5.4     
- 

5.9     
5.4 

3.8     
1.6 

0.7        
0.3 

263 0.52 0.46 0.06 

CA-TCA 58.4 
74.2 

5.3     
- 

5.5     
4.6 

1.7     
1.1 

0.3        
0.2 

189 0.33 0.29 0.04 
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other hand, the bulk/surface ratios of nitrogen, given by nitrogenEA/nitrogenXPS, are similar (1.1 

for CA-TC and 1.2 for CA-TCA) and much closer to unity, indicating the absence of surface 

depletion or enrichment. Hence, CA-TC contains the majority of sulfur atoms in the bulk while 

the bulk and surface sulfur species in CA-TCA are more balanced. It is very possible that some 

of the sulfur species in CA-TC are trapped within the species of larger particles, since this 

morphological feature is coupled to the presence of this sulfur source. In contrast, CA-TCA 

exhibits a uniform morphology and all the sulfur atoms are therefore better dispersed 

throughout the gel matrix. A large proportion of surface sulfur implies catalytically accessible 

sites, while bulk sulfur can contribute only indirectly by the altered electronic properties of 

carbon. Interestingly, also CA contains minor amounts of sulfur, arising from the cysteine 

moieties of ovalbumin.100 Cysteine however cannot undergo cyclo-addition with HTC 

intermediates and is therefore only weakly incorporated within the carbon framework. The 

predominant species in this case are aliphatic thiol or oxidized sulfur groups (as was observed 

for sulfur doped materials derived from cysteine in chapter 3).  

5.2.4 The conversion of organic aerogels into conductive carbon 

aerogels via pyrolysis 

Overall, all CA, CA-TC and CA-TCA exhibit promising structures and compositions for 

catalytic applications, such as high surface areas, large diameter, continuous 3-dimensionally 

arranged porous morphologies (and hence good mass transfer properties) leading accessible 

dopant sites. However, the amorphous nature of hydrothermal carbon directly after HTC at 

180 °C has the drawback of a rather low electrical conductivity. In order to convert the “organic 

aerogels” into conductive “carbon aerogels” which are suitable for electrocatalytic applications, a 

pyrolysis step at 900 °C was added to the synthesis process.  

Following this temperature treatment, X-Ray diffraction (XRD) shows two main peaks for the 

pyrolized carbon aerogels (Fig. A 8 in appendix). The peaks at around 22 °-23 ° and at 43.5 ° 

are the equivalents of the hexagonal graphite 002 (2Θ = 26 °) and 100 (2Θ = 43 °) reflections, 

respectively.116 However, the large shift towards smaller angles for the 002 reflection implies a 

significant increase in the interlayer spacing. The shift is more pronounced for the sulfur 

containing samples (22.5 ° for CA-TC_900 and CA-TCA_900 compared to 23.1 ° for CA_900), 

and can be directly related to the much larger size of the sulfur atom, as compared to carbon or 
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nitrogen.38, 117, 151 This heat treatment leads to the specific conductivity values for the pyrolized 

aerogels increasing in the order CA_900 < CA- TCA_900 < CA-TC_900, i.e. sulfur doped 

carbons are better electronic conductors (Table 5.2). TEM images show that the promising 

continuous 3-dimensional architecture is nicely retained after pyrolysis, whereby a slight 

contraction of the interconnected particle matrix occurs due to the further condensation and 

graphitization of the carbon framework (Fig. A 9 in appendix).  

High resolution TEM (HRTEM) images show disordered, highly bent graphitic layers, typical 

of doped carbon materials (Fig. 5.5).38, 63, 117 These defects may be beneficial for catalytic activity 

due to facilitated chemisorption of reactants at the sterically less hindered active sites.83  

The nitrogen sorption isotherms of the pyrolized aerogels exhibit the same type IV/H3 profile 

as the as-synthesized aerogels (Fig. A 10a in appendix), but with a slightly more pronounced 

hysteresis feature, indicating more (mesoporous) cavities in the more rigid carbon structure; 

presumably the result of overall dimensional shrinkage and the number of mesopores in the 

lower “meso” diameter region. The aerogel surface areas increase upon pyrolysis, due to the loss 

of micropore-bound decomposition products (Table 5.2).63 Again, the TCA containing sample 

presented the lowest surface area and pore volumes. There is a possibility of pore shrinkage after 

carbonization at 900 °C which explains the only moderate increase in aerogel surface areas.152 

Concerning the elemental composition of the pyrolized samples, the S/N ratios now agree well 

between XPS and elemental analysis (Table 5.2). This indicates that heating has homogenized 

the sulfur distribution between bulk and surface, presumably via the loss of pendant, weakly 

bound sulfur species.28 CA_900 has lost virtually all sulfur species, which is consistent with the 

statement earlier – that cysteine as sulfur source does not result in stable, structurally bound 

sulfur moieties. The aliphatic sulfur groups are hence easily lost upon heat treatment. 

 
Fig. 5.5 HRTEM images of a) CA_900; b) CA-TC_900 and c) CA-TCA_900 
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Images of the deconvoluted C1(s,) N1(s) and S2(p) photoelectron envelopes of the doped 

organic and carbon aerogels can be found in the appendix (Fig. A 11 and Fig. A 12). The peak 

assignments are summarized in Table 5.3, whereby the fraction of different species (in %) is 

shown below the corresponding peak values. Following the mechanistic discussions earlier, it is 

no surprise that the majority of sulfur species are structurally bound (i.e. thiophenic sulfur, 

assigned as S1) already in the as-synthesized aerogels. In this regard, the “sulfur” precursor 

sources were chosen due to their ability to interact with the albumin/glucose HTC intermediates 

via electrophilic aromatic substitution/cycloaddition. This leads to sulfur bound structurally 

within the carbonaceous framework, as opposed to pending sulfur functionalities (e.g. thiol).152 

After pyrolysis at 900 °C, practically all surface sulfur atoms are bound in a thiophenic fashion. 

For nitrogen, a transformation of pyrrolic nitrogen (N2) in the as-synthesized aerogels towards 

more stable pyridinic (N1) and quaternary (or graphitic, N3) nitrogen is observed, similar to the 

results published on other N-doped carbons.63 In the case of CA-TCA_900, 9.2 % of surface 

nitrogen species are present as pyridinic-N-Oxide (N4). Oxidation may occur as a result of 

oxygen species, generated during heat treatment, reacting with surface heteroatoms. The major 

fraction of carbon species is sp2 hybridized (C1), and the appearance of a π-π* shake up satellite 

(C5) after pyrolysis clearly shows that further carbonization and aromatization take place during 

the heat treatment, rendering the carbonaceous materials electrically conducting. 

 

 

Table 5.2 Elemental composition of the bulk and surface of the carbon aerogels after HTC at 
180 °C and subsequent pyrolysis at 900 °C, determined by elemental analysis and XPS, 
respectively. [NB: N2 sorption-derived textural and electrical conductivity properties of the 
presented materials are shown on the right]. 

 
Elemental composition  
by EA (wt %) and XPS (at %) 

Textural properties 
 

Sample C H N S S/N SBET 
(m² g-1)

Vtotal 
(cm³ g-1) 

Vmeso 

(cm³ g-1) 
Vmicro 

(cm³ g-1) 
σ           
(S m-1) 

CA_900 88.5 
93.2 

0.8    
- 

5.3    
3.6 

0.1    
- 

0.0(2)   
- 267 0.47 0.40 0.07 468 

CA-TC_900 87.2 
93.6 

1.0    
- 

4.3     
3.5 

1.0    
0.7 

0.2       
0.2 321 0.48 0.38 0.09 660 

CA-TCA_900 
86.5 
93.1 

0.8    
- 

5.0     
3.3 

0.7    
0.5 

0.2       
0.2 225 0.27 0.20 0.07 504 

σ = Specific conductivity as determined by impedance spectroscopy 
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5.2.5 The application of the carbon aerogels as electrocatalysts for 

the ORR 

CA_900, CA-TC_900 and CA-TCA_900 were tested for their electrocatalytic activity in the 

oxygen reduction reaction (ORR) of fuel cells in both alkaline and acidic media. Three main 

points were investigated: 

 The general catalytic activity of CA_900. Material synthesis and characterization of 

nitrogen doped carbon aerogels has been presented by White et al., but no applications 

for the materials were presented. The catalytic activity of CA_900 is compared to a 

commercially available 20 wt % platinum catalyst (Pt@C) and also to pure Vulcan 

carbon. 

Table 5.3 Peak assignments for the C1(s), N1(s) and S2(p)3/2 photoelectron envelopes for CA-
TC and CA-TCA samples after HTC at 180 °C and after subsequent pyrolysis at 900 °C. 

Peak 

Binding Energy (eV) 
fraction of species (%) 

CA-TC CA-TC_900 CA-TCA CA-TCA_900 Assignment 

C1s 

285.00 
52.1 

285.00 
67.8 

285.00 
53.8 

285.00 
86.0 

C1 sp2 C-C or C-H35, 46, 99 

286.30 
32.4 

286.10 
16.0 

286.40 
28.5 

286.20 
18.2 

C2 C-O / C-N / C-S35 

287.89 
10.0 

287.20 
9.0 

288.10 
14.3 

287.70 
7.0 

C3 C=O / C=N35, 101 

289.10 
5.5 

289.00 
4.1 

289.70
3.1 

289.56
4.4 

C4 O=C-O106 

- 
 

291.00 
3.2 

- 
 

291.35 
2.3 

C5 π-π* shake up  
satellite18, 46 

N1s 

- 
 

398.60 
40.9 

-
 

398.68
34.6 

N1 pyridinic44, 46 

400.20 
100.0 

- 
 

400.20 
100.0 

- 
 

N2 pyrrolic44 

- 
 

401.40 
59.1 

- 
 

401.30 
56.2 

N3 quaternary35, 44 

- 
 

-
 

-
 

403.96
9.2 

N4 pyridinic N-Oxide35 

S2p3/2 

164.10 
84.5 

164.20 
100.0 

164.30 
83.2 

164.27 
100.0 

S1 Thiophenic (aromatic)  
     C-S-C99, 107 

166.80 
15.5 

- 
 

168.10 
16.8 

- 
 

S2 oxidized sulfur99, 107 
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 The effect of sulfur doping in addition to nitrogen doping, i.e. the catalytic activity of 

CA-TC_900 and CA-TCA_900 compared to solely nitrogen doped CA_900.  

 The effect of the morphological difference between CA-TC_900 and CA-TCA_900. 

Cyclic voltammetry (CV) at a scan rate of 100 m V s-1 and rotating disk electrode (RDE) 

voltammetry at a scan rate of 10 mV s-1 were conducted in 0.1 M KOH and 0.1 M HClO4 (Fig. 

5.6a and d). In both cases, featureless voltammetric curves are observed for all doped carbon 

aerogels in the N2-saturated solution (dashed lines). The area of the voltammograms arises from 

capacitive currents of the electrodes. In contrast, a well-defined cathodic peak appears in the 

O2-saturated 0.1 M KOH solution (Fig. 5.6d, solid lines), clearly demonstrating the 

electrocatalytic activity of the doped carbon aerogels towards oxygen reduction. The areas of the 

voltammograms are larger in O2-saturated solution due to Faradaic currents (i.e. current 

generated by charge transfer between reacting species).  

 
Fig. 5.6 Cyclic voltammograms of doped carbon aerogels compared to Pt@C and Vulcan in 
a) 0.1 M HClO4 and d) 0.1 M KOH (the dashed lines correspond to CVs obtained in 
N2 saturated solution and the solid lines to CVs obtained in O2-saturated solution). Rotating 
disk electrode (RDE) polarization curves at 1600 rpm in b) 0.1 M HClO4 and e) 0.1 M KOH. 
Chronoamperic responses over 12000 s at a constant rotation speed of 1600 rpm in 
O2 saturated c) 0.1 M HClO4 and f) 0.1 M KOH. 
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In 0.1 M HClO4, Faradaic currents are similarly observed for the doped aerogels O2-saturated 

solution (Fig. 5.6a, solid lines). Because the aerogels are less active in acidic than in alkaline 

media, the pronounced cathodic peaks found in 0.1 M KOH are not visible in 0.1 M HClO4 at 

the same scan rate of 10 mV s-1. The small redox peaks observed for CA_900 and CA-TC_900 

in N2-saturated solution may be a result of heteroatom protonation on the carbon surface. The 

polarization curves obtained from RDE (1600 rpm) voltammetry in O2-saturated 0.1 M HClO4 

and 0.1 M KOH are shown in Fig. 5.6b and e, respectively. A summary of values derived from 

the plots is given in Table 5.4.In 0.1 M HClO4, both onset potential and maximum current 

density are significantly improved for all doped carbon aerogels relative to pure Vulcan. 

Compared to Pt@C however, the aerogels are still not competitive. In 0.1 M KOH, the 

performance of the doped aerogels is far more comparable with that of Pt@C. Compared to 

Vulcan, CA_900 shows an improved onset potential of -185 mV as well as slightly improved 

current densities within the scanned potential range. The onset potential of the sulfur and 

nitrogen containing aerogels is more positive (both at around -130 mV) and the maximum 

current density is considerably higher than for Vulcan. Note that the lack of a current plateau 

observed for the doped aerogels may be due to either low general catalytic activity, but also due 

to an inhomogeneous distribution of catalytic sites.153 

The chronoamperic responses (12000 s at a constant rotation speed of 1600 rpm) of all aerogels 

and Pt@C in O2-saturated 0.1 M HClO4 and 0.1 M KOH are shown in Fig. 5.6c and f, 

respectively. Again, a summary of values can be found in Table 5.4. All aerogels exhibit better  

Table 5.4 Summary of values derived from linear sweep voltammetry and chronoamperometry 
measurements using a rotating disk electrode in O2-saturated 0.1 M HClO4 and 0.1 M KOH.   
Electrochemical characterization in 0.1 M HClO4 / 0.1 M KOH 

Sample Onset potential 
mV vs. Ag/AgCl 

Max. current density 
mA mg-1 

Rel. current after 12k s CA 
% 

CA_900 > 200 / -185 1.01a / 1.32b 68 / 89 

CA-TC_900 > 200 / -130 1.14a / 1.65 b 70 / 80

CA-TCA_900 > 200 / -130 1.14a / 1.82 b 74 / 62 

Pt@C 670 / 80 1.78a / 1.73b 56 / 75

Vulcan 33 / -220 0.26a / 1.32 b - 

a at -0.2 V vs. Ag/AgCl  
b at -0.9 V vs. Ag/AgCl 
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stability than Pt@C in 0.1 M HClO4. The stability decreases in the order CA-TCA_900 > CA-

TC_900 > CA_900. Interestingly, this order is reversed in 0.1 M KOH, i.e. the most active 

aerogel now has the lower stability, with the relative current decreasing to about 62 % after 

12000 s. CA_900 on the other hand shows a remarkable stability, retaining roughly 89 % of the 

initial current. CA-TC_900 retains around 80 %, which is however still slightly higher than 

Pt@C (75 %). Importantly, the presented simultaneously nitrogen- and sulfur-doped aerogels 

show an enhanced overall performance over the solely nitrogen-doped aerogel. It is a little 

surprising that CA-TCA_900, which has lower surface area, sulfur content and is also less 

conductive than CA-TC_900, shows the overall best performance. Further experiments are 

required to identify the reasons for this behavior, but might be related to the presence of specific 

surface sites. The distribution of sulfur and nitrogen in CA-TCA_900 is homogeneous, as was 

confirmed by EDX mapping shown in Fig. 5.7. Assuming that the sulfur sites are more prone 

to oxidation or decomposition reactions, this would also explain the order of durability in 

0.1 M KOH (most active catalyst is the least stable). An explanation for the reverse trend in 

acidic conditions is however still required. One possibility would be that the sulfur and/or 

nitrogen groups are protonated in acidic media. This would render them chemically more stable 

compared to the more reactive form in alkaline media. This interpretation however seems 

inconsistent with the order of catalytic activity, which is the same as in 0.1 M KOH.  

Another important factor concerning ORR catalysts is whether the mechanism goes via a 2 

electron (forming H2O2 as an intermediate) or a 4 electron process, and how selectively this 

occurs. Platinum usually catalyzes a 4 electron process, which is desired for efficient operation of 

a fuel cell.74 Fig. 5.8 shows the Koutecky Levich plots of the doped carbon aerogels in 

0.1 M HClO4 (at -0.2 V) and 0.1 M KOH (at -0.4 V), as well as number of electrons transferred  

Fig. 5.7 EDX mapping of CA-TCA_900. a) Dark field STEM image of the sample area on which 
mapping was carried. b) carbon map; c) nitrogen map, d) sulfur map. 
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during the catalytic reaction at various voltages. The Koutecky-Levich plots show good linearity, 

though the mechanism for the carbon aerogels is not very selective for either the 2 or 4 electron 

process, but seems to comprise a mixture of the two (Fig. 5.8a and b). In 0.1 M HClO4, the 

selectivity tends towards a 2 electron process with decreasing voltages (Fig. 5.8c). In 

0.1 M KOH, the opposite is observed, i.e. the electron transfer number tends towards 4 with 

decreasing voltages (Fig. 5.8d). This means that sulfur doping not only improves catalytic 

performance, but also the selectivity towards a 4 electron process in 0.1 M KOH, and towards a 

2 electron process in 0.1 M HClO4. Note that selective 4 electron mechanisms are important for 

the ORR in fuel cells, because H2O2 can poison the cell. Selective 2 electron processes however 

are also of great interest outside the context of ORR, namely for the electrochemical synthesis of 

H2O2.
154 

 
Fig. 5.8 Koutecky-Levich plots in a) 0.1 M HClO4 at -0.2 V; b) 0.1 M KOH at -0.4 V. 
Transferred electrons as determined by Koutecky-Levich plots at various voltages in c) 
0.1 M HClO4, and d) 0.1 M KOH. 
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5.2.6 A possible synergistic mechanism between sulfur and 

nitrogen 

Overall, the above findings provide indirect evidence that a small amount of sulfur doping 

(0.7 wt % in the case of CA-TCA_900) is sufficient to generate profound effects on the 

electrocatalytic activity of carbon-based electrodes. The current knowledge in the scientific 

literature regarding sulfur and ORR is limited, and sulfur is usually thought to improve Pt 

particle adsorption onto carbon supports and thereby the lifetime of the electrode.155 But what is 

the role of sulfur in metal free catalysts, and how does sulfur compare to nitrogen as a dopant?  

In nitrogen-doped carbons, factors such as enhanced pi-bonding, electrical conductivity and 

Lewis basicity may facilitate reductive O2 adsorption at the carbon surface156 Structural defects in 

the carbon crystal lattice which are caused by the introduction of dopants also result in more 

edge-active sites.157 It has however been shown that undoped carbon materials with more edge 

sites did not have an improved catalytic performance,158 indicating that edge-bound heteroatoms, 

(e.g. pyridinic nitrogen), are catalytically important. It is generally accepted that the binding state 

is relevant with respect to the catalytic activity of nitrogen, though there are different opinions as 

to which exact binding states are responsible for good activity and 2 or 4 electron process 

selectivity. Pyridinic edge sites have been proposed as a likely candidate because edge planes 

facilitate oxygen chemisorption.83 On the other hand, some reports also suggest that pyridinic 

nitrogen may not be an effective promoter of the 4 electron ORR process. Luo et al. synthesized 

purely pyridinic nitrogen doped carbons and found them to be selective for a 2 electron 

reduction pathway.159 Lui et al. recently proposed that graphitic nitrogen accounts for good 

catalytic activity. They also showed that the nitrogen content does not directly correlate with the 

catalyst performance – materials (nitrogen-doped mesoporous graphitic arrays) with higher 

nitrogen content showed lower selectivity and activity.160 A report by Strelko et al. suggested that 

there is a critical concentration of heteroatoms in a carbon matrix which will exhibit maximum 

catalytic activity and that this can be explained by the collective electronic properties and a 

minimal bandgap. They identified pyrrolic nitrogen as the binding state that gives rise to the 

smallest bandgap, and thus the best electron transfer capabilities.161 DFT calculations suggest 

that nitrogen is not itself the catalytically active site, but that the high electronegativity of 

nitrogen polarizes the C-N bond, and the adjacent carbon atom therefore has a reduced energy 

barrier towards ORR.157, 162  
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In short, the many attempts to identify a mechanism for the catalytic activity of nitrogen doped 

carbons have yielded many different and sometimes contradicting interpretations, and a definite 

answer remains missing. It is possible that the catalytic mechanism of nitrogen doping is 

dependent on the electronic and morphological features of the material, so that a single definite 

catalytic pathway does not exist.  

Coming back to the present case of sulfur doping, for which much less information is available, 

an unambiguous mechanistic proposition is clearly difficult. Some properties of sulfur can be 

compared to nitrogen: 

 Electronegativity. Sulfur and carbon have electronegativities of 2.58 and 2.55, 

respectively (on the Pauling scale). Nitrogen on the other hand has an electronegativity 

of 3.04. This means that the C-S bond is not as polarized as the C-N bond, so a catalytic 

pathway based on a δ+ adjacent carbon atom is unlikely for sulfur.  

 Size. Sulfur is a large atom with an (empirical) atomic radius of 100 pm compared to 

nitrogen (65 pm) and carbon (70 pm).151 The disruption of the carbon crystal lattice is 

therefore more pronounced than for nitrogen, as seen by the larger interlayer spacing 

from XRD measurements. It is therefore likely that sulfur doping will induce more strain 

and defect sites in the carbon material, which may facilitate charge localization and the 

coupled chemisorption of oxygen. 

 Polarizability. Sulfur has large, polarizable d-orbitals (sulfur groups are usually soft 

nucleophiles). The lone pairs of sulfur can therefore easily interact with molecules in the 

surrounding electrolyte. This effect is expected to be much more pronounced than for 

nitrogen. 

If the “indirect” catalytic mechanism for nitrogen doped carbons is favored i.e. that the active 

site is in fact the δ+ carbon atom adjacent to nitrogen, it is immediately clear that the mechanism 

for sulfur doping cannot be the same as for nitrogen. Sulfur is however known to take part in 

proton transfer reactions. DFT calculations carried out by Chamorro et al. suggested that proton 

transfer in thiooxalic acid derivatives is facilitated by the high polarizability of the sulfur atom, 

which mediates ion-pair like transition states during the transfer process.163 Scheiner et al. carried 

out ab initio calculations and showed that the greater polarizability of SH2 as compared to OH2 

leads to greater charge transfer between (H2S--H--SH2)
+ units than between (H2O--H--OH2)

+ 

units and to a larger extent of spatial regions of density charge.164 In their publication on sulfur-
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doped graphene as ORR catalysts, Yang et al. propose that the increased spin density of sulfur 

compared to nitrogen or other dopants may be responsible for the increased catalytic activity.80 

This would mean that sulfur is favorable to interact with the triplet state of oxygen, as 

preservation of spin is a serious catalytic problem. 

For the presented sulfur and nitrogen dual doped carbon aerogels, a synergistic or consecutive 

mechanism between sulfur and nitrogen is tentatively proposed, whereby nitrogen activates the 

oxygen molecule (either directly or indirectly via the adjacent carbon atom), while sulfur 

facilitates the proton transfer during the reduction process.  

5.2.7 Summary of chapter 5.2 – albumin directed aerogels 

A simple, one-pot synthesis for the preparation of dual sulfur and nitrogen-doped carbon 

aerogels based on sustainable precursors (i.e. glucose and ovalbumin) was demonstrated. This 

work presents the first in situ synthesis towards sulfur and nitrogen dual doped aerogels. The 

positive effect of sulfur added to nitrogen doping on the electrocatalytic performance in the 

oxygen reduction reaction in both acidic and basic media was demonstrated, whereby the carbon 

aerogels showed significantly enhanced activity in basic medium, as is typical for carbon 

materials. In acidic conditions all doped aerogels showed very good stability compared to a 

platinum based catalyst, as well as an activity which is still much better than ordinary carbon 

supports, but not competitive to the noble metal systems. Koutecky-Levich plots showed that 

both 2 and 4 electron processes take place for all aerogels tested. Finally, a synergistic 

mechanism between nitrogen and sulfur dopants was proposed, whereby nitrogen directly or 

indirectly (via the adjacent carbon atom) aids O2 dissociation and sulfur facilitates proton 

transfer.  

At this point it is convenient to refer back to the previous chapter on sulfur and nitrogen doped 

carbon hollow spheres (CHS), where it was equally observed that sulfur and nitrogen dual doped 

CHS show enhanced electrocatalytic performance over only sulfur and only nitrogen doped 

CHS. This phenomenon therefore also applies to other nano-architectured carbons. Future 

research is required to confirm the hypothesis of a synergistic mechanism between sulfur and 

nitrogen. If it proves to be correct, this work provides new parameters which can be adjusted to 

optimize catalyst performance.  
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5.3 Heteroatom doped organic/carbon aerogels via the 

borax-mediated HTC of glucose 

5.3.1 Introduction 

Similar to the albumin-directed aerogels, the HTC of glucose in the presence of borax yields a 

monolithic structure comprising interconnected spherical particles. This system was originally 

developed by Fellinger et al. who were also able to show that the size of the interconnected 

particles could be tuned by varying the amount of borax added to the initial glucose solution. 

They obtained particle diameters down to ~ 10 nm and surface areas of up to 540 m² g-1.52, 149  

The possibility to tune particle size, and hence surface area, is the great advantage of the borax-

mediated gel formation over the albumin-directed gel formation from the previous chapter. In 

this regard, the borax-mediated aerogels are more competitive with the commonly used 

resorcinol-formaldehyde (RF) aerogels introduced by Pekala in 1989,145 which similarly allow for 

the tuning of particle size and surface area. The drawback of the borax-mediated aerogels 

compared to the albumin system is that so far it has not been possible to introduce dopants into 

the carbon aerogels, which would be highly desirable to broaden the range of potential 

applications for this promising system.  

It is this point at which the work reported in the following aims to extend the concept of the 

borax-mediated aerogel formation to the incorporation of nitrogen and/or sulfur as a dopant 

(Fig. 5.9). A series of nitrogen doped aerogels is used to investigate the extent to which the 

borax-mediated gel formation can be controlled in terms of particle size and heteroatom 

Fig. 5.9 graphical abstract of chapter 5.3 
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content. Using the thereby acquired knowledge, a nitrogen doped aerogel with specific 

properties is engineered for high performance in electrocatalysis in the oxygen reduction 

reaction. Finally, sulfur and sulfur/nitrogen dual doped are synthesized in order to compare the 

electrocatalytic behavior of carbon aerogels doped with different heteroatoms. 

5.3.2 Mechanistic considerations 

For the originally reported undoped gels derived from the borax-mediated HTC of glucose, the 

mechanistic proposition given by Fellinger et al. is as follows: 

 

Under hydrothermal conditions, borax forms the boric acid B(OH)3 and borate B(OH)4
-.165 

Borates can form reversible covalent bonds with vicinal diol groups and also crosslink two cis-

diol containing molecules. Riisager et al. showed that the formation of negatively charged borate 

diol complexes enhances the reactivity towards the dehydration of glucose to HMF (via 

fructose).166 They also showed that borates accelerate the isomerization of glucose to fructose, 

but this is expected to be negligible for the overall HTC rate since the dehydration of fructose to 

HMF is much slower compared to the glucose <-> fructose isomerization that is already 

accelerated via the LBAE at elevated temperatures (see chapter 2.1). The borate diol complexes 

rather represent a competitive reaction to the formation of acetals from the aldehyde on HMF 

with sugar diols. Complexation of the aldehyde on HMF with sugars decreases the electron 

density within the furan ring, reducing its reactivity. Therefore the competitive reaction leads to 

increased overall reactivity due to a secondary catalytic effect in the presence of borax. 

According to the LaMer model (refer to chapter 3.3.1 for more details), this accelerated reaction 

rate rapidly results in a critical supersaturation and hence a nucleation burst.102 The large number 

of seeds results in smaller particles in the growth phase. The small particles together with the 

additional gelating effect of borax give rise to the aerogel morphology by aggregation and 

covalent crosslinking amongst each other. The more borax is added, the smaller the particles and 

the higher the surface area. 
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L-cysteine (CS), thienyl-carboxaldehyde (TCA), 2-methyl-thiophene (MTP) acid and pyrrol-

carboxaldehyde (PCA) were tested as additives in the synthesis of sufur and/or nitrogen doped 

organic aerogels using the borax-mediated approach. It was found that cysteine completely 

inhibited gel formation by forming large, discrete carbon microspheres. TCA, MTP and PCA 

resulted in successful gel formation. As before, it seems that the presence of nucleophilic amines 

and thiols inhibits gel formation. In the previous chapter this was attributed to competitive 

reactions between the heteroatom containing additive and the crosslinking protein which of 

course does not apply here. Instead, it was postulated that only additive which reacted with 

glucose and various HTC intermediates via cycloaddition or electrophilic aromatic substitution 

(like MTP, TCA, PCA) could be successfully incorporated without hampering gel formation. 

This is because, as seen in chapter 2.1.3, these reactions take place at a slow rate (compared to 

Maillard reactions in the presence of amino acids) and therefore do not compete with borax 

during the early stages of particle formation. If CS is used, fast Maillard reactions compete with 

the effects of borax and large microspheres are formed before particles can be effectively 

crosslinked to form gels. 

5.3.3 Synthesis of organic aerogels with varying particle sizes and 

surface areas 

As previously mentioned, the great advantage of borax-mediated aerogels is that the size of the 

particles, and therefore the final surface area, may be tuned by adjusting the amount of borax 

added to the system (more borax – smaller particles – higher surface area). It was therefore 

investigated whether the introduction of a dopant influences this behavior. Three nitrogen 

doped organic aerogels were synthesized, each from a reaction mixture containing 0.8 g PCA, 

6.0 g glucose and 14.0 g water. The borax amount was varied from 150 mg to 300 mg and 

600 mg. The resulting aerogels were labeled PCA1_150mg, PCA1_300mg and PCA1_600mg in 

order of increasing borax addition. The group of these three samples is hereafter referred to as 

the borax series.  

5.3.4 Synthesis of organic aerogels with varying nitrogen contents 

It was further investigated whether the nitrogen content of the nitrogen doped aerogels could be 

tuned by varying the concentration of PCA added to the system. In addition to the initial 
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experiments which contained 0.8 g of PCA in the reactant mixture, another two experiments 

with higher amounts of PCA (1.3 g and 2.0 g) were carried out. All other parameters were kept 

constant. Each solution contained 300 mg of borax. The resulting aerogels were labeled 

PCA1_300mg, PCA2_300mg and PCA3_300mg in order of increasing PCA addition. The 

group of these three samples is hereafter referred to as the PCA series. 

5.3.5 Morphology, chemical composition and textural properties 

of the organic aerogels 

Transmission electron microscopy (TEM) images (Fig. 5.10) show the typical borax-mediated 

aerogel morphology that was already observed by Fellinger et al., i.e. a matrix comprising 

interconnected particles. The borax series is shown in the first row (Fig. 5.10a to c), nicely 

demonstrating the decrease in particle size with increasing borax addition. The particle size 

decreases from an average diameter of 75 nm, to 23 nm and finally to 16 nm with increasing 

borax addition.  

The second row depicts the PCA series. Between PCA1_300mg and PCA2_300mg, there is no 

 
Fig. 5.10 First row: TEM images of samples obtained with increasing Borax addition. 
a) PCA1_150mg, b) PCA1_300mg, c) PCA1_600mg. Second row: TEM images of samples 
obtained with increasing PCA addition. d) PCA1_300mg, e) PCA2_300mg, f) PCA3_300mg 
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notable particle size difference. The average particle diameters determined from TEM 

observations are both 23 nm (Fig. 5.10d and e). It seems that within this PCA concentration 

range, borax is the size determining factor and PCA addition does not interfere with the particle 

morphology. At the very high PCA levels in PCA3_300mg (1 : 3 weight ratio of PCA to glucose, 

Fig. 5.10f) the average particle size increases to 30 nm, presumably because at such high PCA 

amounts, some of the borax is scavenged by the nitrogen source, thus lowering the “effective 

borax amount interacting with glucose”. 

The elemental composition and textural properties determined by nitrogen sorption of the 

organic aerogels are summarized in Table 5.5. Within the borax series the nitrogen contents are 

similar, varying between 2.0 wt % and 2.2 wt %. As seen from the TEM images, the surface area 

increases with increasing borax addition and the resultant decrease in particle size. Within the 

PCA series the nitrogen content increases with increasing PCA addition, ranging from 2.0 wt % 

to 5.5 wt %.  In accordance with TEM data, the surface areas of PCA1_300mg and 

PCA2_300mg are within a similar range while the surface area of PCA3_300mg drops down to 

80 m2 g-1 due to the observed increase in size. 

All nitrogen doped organic aerogels after HTC at 180 °C exhibit Type IV/H3 reversible 

sorption isotherms with limited hysteresis loops (Fig. 5.11).63 The lack of an adsorption plateau 

at high relative pressures as well as the broad pore size distribution for all samples are indicative 

of slit shaped pores in an open pore system. The increase in adsorbed volume at p/p0 near unity 

is attributed to capillary condensation in large meso or small macropores.63 

Representative XPS data of PCA1_300mg shows that the nitrogen contents solely derives from 

pyrrolic nitrogen (Fig. 5.11d and Table A 1 in the appendix).44 Also, the nitrogen contents  

Table 5.5 Elemental composition and textural properties for the borax and PCA series. 

 Elemental composition by 
EA (wt %) and XPS (at %) 

Textural properties 

Sample C H N 
SBET 

m² g-1 
Vtotal 
cm³ g-1 

Vmeso 

cm³ g-1 

Vmicro 

cm³ g-1 

Dav 

nm 

PCA1_150mg 64.2 4.4 2.2 42 0.07 0.07 0.00 75 

PCA1_300mg 53.8 
82.4 

4.0         
- 

2.0     
2.0 192 0.32 0.27 0.05 23 

PCA1_600mg 57.5 4.2 2.2 427 0.71 0.60 0.11 16 

PCA2_300mg 64.2 4.8 4.1 149 0.28 0.25 0.03 23 

PCA3_300mg 64.8 4.6 5.5 80 0.17 0.15 0.02 30 

Dav = average diameter of aerogel particles determined from TEM images 
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derived from XPS (i.e. surface sensitive) and from elemental analysis (bulk) are very similar 

(2.00 at % and 2.0 wt %, respectively, whereby 2.00 at % correspond to 2.2 wt % nitrogen in the 

volume that is sampled by XPS)), indicating a homogeneous nitrogen distribution between the 

particle core and surface (Table 5.5). Fourier-transform infrared spectroscopy (FT-IR) of the 

PCA series was used to investigate the effect of increasing nitrogen concentration on the surface 

functionalities of the material (Fig. 5.12). A spectrum of CA_300mg, i.e. an undoped organic 

aerogel, is shown for reference. The broad band at ~ 3300 cm-1 to ~ 3000 cm-1 is due to the 

presence of abundant hydroxyl groups in the hydrothermal carbon. Other bands that are typical 

for glucose-derived hydrothermal carbon are seen at ~ 2900 cm-1 and at ~ 1010 cm-1 and are 

attributed to aliphatic methyl/methylene and furanic C=C-O vibrations, respectively. These 

bands are similar in both undoped and nitrogen doped aerogels and are hence not discussed 

further. Regions with notable differences are highlighted in grey. The band at ~ 1710 cm-1  

 
Fig. 5.11 Nitrogen sorption isotherms of a) borax series and b) PCA series. c) pore size 
distributions (QSDFT model) obtained for as-synthesized aerogels after HTC at 180 °C. c) 
Deconvoluted N1(s) photoelectron envelope of PCA1_300mg. 
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corresponds carbonyl (aldehyde, ketone, carboxylic acid) functionalities whereas the bands at 

~ 1620 cm-1 and ~ 870 cm-1 are attributed to aromatic C=C and C=C-H vibrations, respectively. 

Note the absence of amide bands (1630 cm-1 - 1696 cm-1) for all samples, which is normally 

present if nitrogen nucleophilically interacts with glucose (see FT-IR spectrum of the 

hydrothermal carbon obtained from glucose and cysteine on page 34).With increasing nitrogen 

content, the intensity of the aromatic C=C and C=C-H bands relative to the carbonyl band 

increases, indicating a more aromatic carbon framework. Notably, aromatic, cyclic C=N bonds 

also give rise to bands in the ~ 1620 cm-1 region. From XPS data it is known that 100 % of 

surface nitrogen is bound as pyrrol, so it was concluded that the increased number of pyrrolic 

units in the hydrothermal carbon framework results in the increased aromaticity as seen by 

FT IR analysis. 

5.3.6 Engineering a nitrogen doped aerogel with high surface area 

and high nitrogen content 

From the studies of the effect of varying borax (at constant PCA amount) and varying PCA (at 

constant PCA amount) it can be concluded that: 

 
Fig. 5.12 FT-IR spectra of the PCA series. A spectrum of CA_300mg (i.e. an undoped organic 
aerogel) is shown for reference (black line). The spectra were vertically shifted from their 
original position for clarity. 
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 At constant PCA amounts (0.8 g), more borax addition results in smaller particles and 

hence higher surface areas. The nitrogen content is similar for all samples of the borax 

series. 

 At constant borax amounts (300 mg), the addition of more PCA results in higher 

nitrogen contents. The surface area is similar for PCA amounts below a critical point, 

where after PCA addition results in an increased particle size and a drastic drop in 

surface area. This was attributed to a lower effective borax concentration caused by 

“scavenging” of borax by excess PCA. 

The loss of surface area could make the increased nitrogen doping levels trivial when it comes to 

electrochemical applications, where high surface areas and good mass transport are crucial. 

Hence, a nitrogen doped aerogel was engineered, whereby the highest PCA (2.0 g) and the 

highest borax amount (600 mg) were combined. The sample was labeled PCA3_600mg and 

exhibited the desired properties, i.e. both high nitrogen content (5.4 wt %) and high surface area 

(366 m² g-1). The average particle diameter was 15 nm. The elemental composition and textural 

properties are summarized in Table 5.6 and TEM images as well as sorption isotherms/pore 

size distributions may be found in Fig. A 13 and Fig. A 14  in the appendix. 

5.3.7 Synthesis of sulfur and sulfur/nitrogen dual doped organic 

aerogels 

Sulfur doping was carried out because results from previous chapters showed that sulfur and 

especially sulfur/nitrogen dual doped carbon materials exhibit interesting electrocatalytic 

properties in the ORR. Sulfur doping was achieved by using MTP as sulfur source (TCA could 

also be used but the results are not shown here). For the synthesis of a sulfur doped aerogel, 0.5 

g MTP was added to 6.0 g glucose in 14.0 g water. In order to insure high surface area, 600 mg 

borax was added. The resulting aerogel will be referred to as S-CA from hereon. A 

Table 5.6 Elemental composition and textural properties PCA3_600mg
 Elemental composition by 

EA (wt %) 
Textural properties 

Sample C H N SBET 

m² g-1 
Vtotal 
cm³ g-1 

Vmeso 

cm³ g-1 

Vmicro 

cm³ g-1 

Dav 

nm 

PCA3_600mg 62.4 4.6 5.4 366 0.44 0.33 0.11 15 

Dav = average diameter of aerogel particles determined from TEM images 
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sulfur/nitrogen dual doped aerogel was obtained by adding 0.7 g MTP and 1.3 g PCA to a 

mixture of 6.0 g glucose and 600 mg borax in 14.0 g water. The resulting aerogel was labeled 

SN-CA. Elemental compositions and textural properties of the samples are summarized in 

Table 5.7. TEM images and sorption data may be found in Fig. A 13 and Fig. A 14 in the 

appendix. 

 

FT-IR analysis of S-CA and SN-CA is shown in Fig. 5.13. The spectrum of S-CA is similar to a 

reference spectrum of undoped CA_300mg while that of SN-CA is similar to the spectra 

obtained from the PCA series (Fig. 5.12). The aromatic C=C peak at 1620 cm-1  has a stronger 

intensity than the carbonyl peak at 1710 cm-1 in SN-CA which is attributed to a higher degree of 

aromaticity due to nitrogen doping. For S-CA the intensity is reversed although it seems to be 

 
Fig. 5.13 FT-IR spectra of S-CA and SN-CA. A spectrum of CA_300mg (i.e. an undoped 
organic aerogel) is shown for reference (black line). The spectra were vertically shifted from 
their original position for clarity. 

Table 5.7 Elemental composition and textural properties S-CA and SN-CA 
 Elemental composition  

by EA (wt %) 
Textural properties 

Sample C H N S SBET 

m² g-1 
Vtotal 
cm³ g-1 

Vmeso 

cm³ g-1 

Vmicro 

cm³ g-1 

Dav 

nm 

S-CA 59.0 4.5 - 1.7 292 0.60 0.54 0.06 26 

SN-CA 62.3 4.4 4.1 1.4 246 0.47 0.41 0.06 17 

Dav = average diameter of aerogel particles determined from TEM images 
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slightly more aromatic than CA_300mg. Notably, S-CA exhibits a strong signal at ~ 2920 cm-1 

which is attributed to the methyl group on MTP. 

It was also investigated whether the sulfur content could be increased by adding more MTP – an 

experiment with 2.0 g of MTP added to an otherwise equal reaction mixture gave a final sulfur 

content of 2.6 wt %. Because this sample did not exhibit superior performance in 

electrochemical testing, no further data is reported here. It is however interesting that the 

maximum sulfur doping levels accessible seem to be lower than for nitrogen. 

5.3.8 Conversion of organic aerogels to carbon aerogels via 

pyrolysis 

The aerogels obtained after HTC at 180 °C contained between 53 wt % and 65 wt % carbon and 

can therefore be classified as “organic” aerogels. In order to obtain “carbon” aerogels with an 

increased conductivity and material stability, pyrolysis at 900 °C was carried out. Table 5.8 

summarizes the elemental compositions and textural properties of the pyrolized carbon aerogels. 

Table 5.8 Elemental composition and textural properties of heteroatom doped carbon aerogels after 
pyrolysis at 900 °C. The specific conductivity values are shown on the right. 

 
Elemental composition 
by EA (wt %) and 
XPS (at %) 

 Textural properties 

Sample C H N S SBET 

m² g-1 
Vtotal 
cm³ g-1 

Vmeso 

cm³ g-1 

Vmicro 

cm³ g-1 

Dav 

nm 
σ 
S m-1 

CA_300mg_ 
900 

93.0 1.5 0.4 - 373 0.40 0.27 0.13 16 641 

PCA1_150mg 
_900 

90.8 0.9 3.2 - 28 0.09 0.09 0.00 74 925 

PCA1_300mg 
_900  

86.6 
94.0 1.0   - 3.0  

2.5 - 179 0.36 0.32 0.04 17 549 

PCA1_600mg 
_900 

90.5 0.4 3.5 - 305 0.43 0.34 0.09 15 406 

PCA2_300mg 
_900 88.9 1.0 4.6 - 159 0.33 0.29 0.04 22 588 

PCA3_300mg 
_900 

88.8 0.2 5.9 - 105 0.19 0.16 0.03 24 490 

PCA3_600mg 
_900 

88.4 1.3 6.3 - 265 0.48 0.41 0.07 11 433 

S-CA_900 93.0 1.5 - 1.4 310 0.50 0.41 0.09 16 640 

SN-CA_900 89.1 1.5 4.6 1.2 201 0.28 0.27 0.01 14 613

Dav = average diameter of aerogel particles determined from TEM images 
σ = specific conductivity as determined by impedance spectroscopy 
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The carbon aerogels contained around 90 wt % carbon and have retained similar heteroatom 

contents. The slight increases are simply due to the relative changes in weight after loss of 

oxygen and hydrogen containing functionalities and are not due to the actual incorporation of 

nitrogen or sulfur during pyrolysis. The last column shows the corresponding specific 

conductivity values, confirming that pyrolysis has rendered the aerogels conducting. As a general 

trend, the conductivity increases with increasing particle size (due to better charge transport in 

the bulk) and is higher for sulfur doped samples than for nitrogen doped samples.  

Low amounts of sulfur therefore seem to be better at improving electronic conductivity than 

nitrogen. However, attention should be paid because chapter 3.4 showed that the conductivity 

increases when the sulfur doping level is too high (ca. 7 wt %). It is known that nitrogen doped 

carbons go through a maximum conductivity with nitrogen content, which however seems to be 

higher than for sulfur. 

TEM analysis shows retention of the aerogel morphology (Fig. A 15 in the appendix) in all 

cases. The particle size has decreased slightly for most samples which is expected to arise from 

further condensation and carbonization of the carbonaceous framework. X-Ray diffractograms 

of the PCA2_300mg_900 shows two broad peaks at around 22 ° and 43 °, which correspond to 

the 002 and 100 reflections of graphite, respectively (Fig. 5.14). The large shift towards smaller 

angles indicates a large interlayer spacing. This is typical for hydrothermal carbon, and the 

interlayer spacing is expected to increase further due to the presence of dopants, because they 

can induce packing defects. Comparing the diffractogram of a nitrogen doped carbon aerogel 

with that of an undoped carbon aerogel (CA_300mg_900) however does not show a notable 

difference in the 002 peak position. The 002 peak for S-CA_900 and SN-CA_900 on the other 

hand is slightly shifted towards smaller angles, as is expected for the larger interlayer spacing  

 
Fig. 5.14 HRTEM images of a) CA_300mg_900 and b) PCA2_300mg_900. c) shows X-ray 
diffractograms of undoped, N, S and S/N doped carbon aerogels. 
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created by the comparatively large sulfur atom (Fig. 5.14c). High resolution transmission 

electron microscopy (HRTEM) images show that both the undoped and nitrogen doped 

carbon aerogels have highly disordered graphitic layers (Fig. 5.14a and b, respectively). All 

carbon aerogels continue to exhibit type IV H3 nitrogen sorption isotherms (Fig. A 16 in 

appendix). The decrease in the apparent BET surface areas for most of the samples is due to 

a) overall contraction of the carbon framework upon further carbonization and b) micropore 

shrinkage which results in ultramicropores (i.e. < 1 nm) which cannot be detected by nitrogen 

sorption.167 The overall order of surface area between the samples is however similar to that 

observed for the as-synthesized organic aerogels.  

5.3.9 Electrochemical characterization of carbon aerogels 

The nitrogen doped carbon aerogels pyrolized at 900 °C were tested for their ORR related 

electrocatalytic activity. Four main points were investigated: 

 The effect of surface area of the nitrogen doped carbon aerogels. A comparison 

among the borax concentration series. 

 The effect of nitrogen content of the nitrogen doped carbon aerogels. A comparison 

among the PCA concentration series. 

 The electrocatalytic performance of PCA3_600mg_900, i.e. high nitrogen content 

and high surface area. 

 A comparison between sulfur, nitrogen and sulfur/nitrogen doped carbon aerogels.  

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) using a rotating disk electrode 

(RDE) was carried out in 0.1 M KOH. Featureless voltammetric curves were observed for all 

samples in N2-saturated solution. A strong cathodic peak is seen upon saturating the solution 

with O2, showing the catalytic effect of the nitrogen-doped borax gels towards oxygen reduction 

(Fig. 5.15a to c).  

Analysis of the polarization curves for borax concentration series (Fig. 5.15b) reveals a 

direct correlation of surface area, onset potential and maximum current density. The higher the 

surface area (i.e. the more borax is added), the better the onset potential and maximum current 

densities over the scanned potential range. Notably, the low surface area of PCA1_150mg_900 

(28 m² g-1, Table 5.8) results in a poor catalyst performance which is even lower than pure 
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Vulcan carbon (dashed black line). PCA1_300mg_900 exhibits only slightly improved current 

densities, but a similar onset potential, to an undoped aerogel containing the same amount of 

glucose and borax, but no PCA (CA_300mg_900, red dashed line). It is assumed that the 

nitrogen content of 3.0 wt % improves material conductivity, but otherwise has no obvious 

effect on the electrocatalytic performance.  

Analysis of the polarization curves for PCA concentration series (Fig. 5.15e) shows that 

the overall catalytic performance is in the order PCA3_300mg_900 < PCA1_30mg_900 < 

PCA2_300mg_900, i.e. the sample with the highest nitrogen doping levels has the lowest 

electrocatalytic activity. This can however be easily explained by the decreased surface area of 

PCA3_300mg_900 compared to the other two samples. As expected, the drop in surface area 

due to the increased particle size counteracts the potential benefits of higher nitrogen contents. 

PCA3_300mg_900 has a similar activity as Vulcan carbon whereas PCA2_300mg_900 is already 

more comparable to Pt@C. Between PCA1_300mg_900 and PCA2_300mg_900, the onset 

potential is similar but the current density varies, further supporting the earlier statement, that 

 
Fig. 5.15 Cyclic voltammograms obtained in N2-saturated (dashed lines) and O2-saturated 
(solid lines) 0.1 M KOH for a) borax concentration series, b) PCA concentration series and c) 
nitrogen and/or sulfur doped carbon aerogels. Polarization curves obtained with an RDE in 
0.1 M KOH at 1600 rpm for d) borax concentration series, e) PCA concentration series and f) 
nitrogen and/or sulfur doped carbon aerogels. Data for undoped CA_900 (dashed red line), 
Vulcan (dashed black line) and 20 wt % Pt@C (dashed grey line) is shown for reference. 
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nitrogen doping improves conductivity but has otherwise no effect. 

PCA3_600mg_900 which has both high nitrogen content and surface area very clearly exhibits 

the best overall catalytic performance out of all tested samples (Fig. 5.15f). The current densities 

now exceed those of Pt@C and the onset potential is slightly improved compared to the 

remaining carbon aerogels. It seems that doping levels of > 6 wt % are required for nitrogen to 

exhibit an effect on the onset potential.  

S-CA_900 exhibits the same onset potential as PCA3_600mg_900 as well as improved current 

densities compared to CA_300mg_900 over the scanned potential range. Doping with only 

sulfur therefore results in beneficial materials properties, similar to doping with only nitrogen. It 

should be noted that the sulfur doping levels are quite low (1.4 wt %). A material obtained with 

higher sulfur doping levels (~ 2.6 wt %) proved to be a less efficient catalyst (data not shown). It 

is hence likely that there is an optimal doping level for sulfur (< 2 wt %), which is much lower 

than for nitrogen (> 6 wt %). From the two previous chapters it might be expected that SN-

CA_900 exhibits better electrocatalytic performance than the solely nitrogen or solely sulfur 

doped carbon aerogels due to a synergistic effect between sulfur (proton transfer) and nitrogen 

(activation of oxygen).  However, it was found that SN-CA_900 in fact exhibits the worst 

performance out of the three (Fig. 5.15f). This may on one hand be attributed to the 

comparatively low surface area of SN-CA_900, but it is also likely that optimization of the 

nitrogen/sulfur ratio is required to achieve a beneficial synergistic effect between the two 

dopants. Importantly, the performance drop in SN-CA_900 indicates that dual sulfur and 

nitrogen doped materials do not simply exhibit the sum of (solely) sulfur and (solely) nitrogen 

doped carbons, i.e. the effects of the individual dopant are not independent from each other 

(otherwise a catalytic performance similar to that of PCA2_300mg_900 would have been 

expected because the nitrogen doping levels as well as surface areas of the two samples are 

similar). Koutecky Levich plots were determined for the carbon aerogels with the best 

performance (i.e. PCA1_300mg_900, PCA1_600mg_900, PCA2_300mg_900 and 

PCA3_600mg_900) at -0.4 V (vs. Ag/AgCl). They all show good linearity (Fig. 5.16a). Fig. 

5.16b shows the electron transfer numbers determined at various voltages. None of the samples 

show good selectivity for either the 2 or 4 electron process over the voltage ranges. The values 

for PCA3_600mg_900 are however closest to an ideal 4 electron process which is favored for 

applications in fuel cells. Since PCA3_600mg_900 demonstrates the best catalytic performance 

out of all tested samples, chronoamperometry was carried out to test catalyst stability over long 
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time periods (12 000 seconds) (Fig. 5.16c). Results indicate that the carbon aerogel is very stable 

under the tested conditions (0.1 M KOH, V = -0.5 V vs. Ag/AgCl), retaining > 85 % of its initial 

current density after 12000 s (blue line). Comparatively, the platinum catalyst current density 

drops down to 75 % (grey dashed line).  

 

5.3.10 Summary of chapter 5.3 – borax mediated aerogels 

Using a modification of the borax-mediated aerogel formation in the hydrothermal 

carbonization of glucose it was possible to successfully introduce nitrogen and/or sulfur as 

dopants. 2-pyrrol-carboxaldehyde (PCA) and 2-methyl-thiophene (MTP) were thereby simply 

added to a borax/glucose solution and hydrothermally treated at 180 °C. Supercritical CO2 

drying was used to prevent collapse of the nanostructured aerogels due to capillary forces. It was 

shown that both the particle size (and hence surface area) and the nitrogen content can be tuned 

by varying the amounts of borax or PCA used. The MTP system can be similarly influenced, 

although the accessible amount of sulfur doping is lower than for nitrogen. Pyrolysis at 900 °C 

of the organic aerogels rendered the resulting carbon aerogels electrically conducting. 

Electrochemical testing of the carbon aerogels as catalysts in the oxygen reduction reaction 

showed that catalytic activity increases with higher surface area and with higher nitrogen content. 

A solely sulfur doped carbon aerogel showed improved catalytic activity over an undoped 

control, but lower activity than the best nitrogen doped carbon aerogel. A S/N dual doped 

carbon aerogel exhibited the lowest electrocatalytic activity with respect to the nature of the 

dopant molecules. This contradicts results from previous chapters where S/N dual doped 

 
Fig. 5.16 a) Koutecky-Levich plots determined at -0.4 V for selected aerogels, b) electron 
transfer numbers at different voltages for the corresponding carbon aerogels and c) 
chronoamperometry of PCA3_600mg_900. 
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materials were superior catalysts over undoped or solely nitrogen doped carbons. However, only 

one S/N gel was tested and it is possible that the nitrogen to sulfur ratio must be adjusted to 

achieve a good synergistic activity between the two dopants. Importantly, a carbon aerogel with 

high surface area and high nitrogen content was engineered to maximize catalytic performance. 

The obtained sample PCA3_600mg_900 exhibited drastically improved current densities 

compared to a platinum catalyst (but lower onset potential), as well as excellent long term 

stability. Koutecky-Levich analysis indicated that the selectivity of PCA3_300mg_900 tended 

towards an ideal 4-electron process.  

5.4  Summary of the “chemical modification” chapters 

This concludes the chapters on chemical modifications of carbon materials derived from 

hydrothermal carbonization. To summarize, it was shown that even with a very naïve 

understanding of the mechanism, controlled manipulation of the HTC process is possible. Sulfur 

was introduced as a new dopant in the context of HTC and high potential materials that are 

doped with nitrogen, sulfur, or both sulfur and nitrogen were synthesized. Chapter 3 

demonstrated that the dopant containing additive can be chosen in such a way to influence the 

final binding state of the dopant molecule. Previously, tuning of the heteroatom binding states 

had occurred exclusively by tuning the pyrolysis temperature, whereby higher temperatures result 

in more stable binding motifs. The ability to control the chemical state already at the 

comparatively low temperature HTC stage facilitates the retention of higher doping levels after 

pyrolysis. HTC can therefore be regarded as an “intermediate” step in the formation of carbon 

materials with higher doping levels than materials obtained from direct pyrolysis of carbon 

precursors. Chapters 3 and 4 concerned themselves with template and template-free routes to 

introduce surface area into the doped carbon materials. Surface area is a prerequisite for most 

catalytic applications and the first glucose based, HTC-derived, template-free nanostructured 

material that can partially outperform a state-of-the-art platinum catalyst in the ORR was 

presented. The next chapter will introduce a different method of manipulating hydrothermal 

carbonization. Rather than tuning the chemical nature of the process by using different 

reactants, the physical process is targeted. For this, we move away from the “low temperature” 

regime, i.e. HTC at 180 °C, and look at what happens during HTC at much higher temperatures 

of above 500 °C – HTC in superheated vapor.  



 

86 
 

6 High temperature hydrothermal 

carbonization I  

Carbon microspheres from different carbohydrates 

6.1 Introduction 

HTC may be categorized into two main regimes:8 

1) The low temperature regime (ltHTC) which proceeds below 300 °C. Functional 

carbonaceous materials are obtained via dehydration and polymerization schemes known 

from ordinary organic chemistry (refer to chapter 2.1 for more details). All work in the 

previous chapters was carried out within this regime (at 180 °C). 

2) The high temperature regime (htHTC) which proceeds between 300 °C and 800 °C, i.e. 

at temperatures beyond the stability of standard organic compounds. 

HTC in the low and high temperature regimes gives rise to very different materials. ltHTC 

results in carbonaceous materials (carbon content of ca. 60 wt %) with abundant oxygen-

containing functional groups, whereas htHTC generally results more graphitic structures with 

high carbon contents.8 Examples for the latter include the conversion of amorphous carbon to 

graphitic carbon nanocells,168 or multi-walled carbon nanotubes168, 169 at high temperature 

(> 600 °C) and pressure (100 MPa). There are also reports on the formation of carbon films on 

silicon carbides at 300 °C to 800 °C and 100MPa.170 

The supercritical state of water (scH2O) lies beyond the critical point at Tc = 374 °C and 

pc = 22.1 MPa.171 The mentioned htHTC examples from literature were therefore carried out 

under scH2O conditions. Supercritical fluids have transport properties that are similar to those 

of gases (low viscosity, high diffusivity, low surface tension) but solvating powers similar to 

those of liquids. Restrictions due to mass transfer do not apply.172 scH2O has low dielectric 

constants (as low as 3, but varies with temperature and pressure) that are in the range of that for 

common organic solvents, i.e. scH2O behaves like a non-polar solvent which can dissolve 

organic molecules and precipitate salts.173 This makes it a suitable medium for a wide range of 
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reactions, such as hydrolysis, hydrations, dehydrations and oxidations.172 A drawback for 

synthesis in scH2O however is the highly corrosive nature of the medium. Especially in the 

presence of acids and oxygen (both found during HTC), scH2O corrodes the reactor materials 

and fittings.172 Few materials are able to resist corrosion by scH2O - the authors cited above for 

example,168, 169 used small gold capsules in which the carbon precursor was tightly sealed with 

water. The entire gold capsule was then placed in a high pressure autoclave for htHTC treatment. 

This approach clearly presents difficulties for the scale-up of the htHTC process. Hastelloy C 

(very stable Ni/Cr/Mo alloys) flow reactors were used by Salvador et al..173 A Hastelloy C high 

pressure autoclave was used for the herein presented work. However, when scH2O conditions 

were reached, metal traces from the reactor were found in the product and the reaction was 

difficult to control with irreproducible results. htHTC was therefore carried out at 550 °C but at 

subcritical pressures (ca. 10 to 50 bar). 

 In the water phase diagram (Fig. 6.1) this corresponds to superheated vapor (SHV). SHV (or in 

the case of water, superheated steam) is vapor that has been heated above its liquid/vapor 

saturation temperature for a given pressure (i.e. the system is no longer moving along the black 

phase equilibrium lines in Fig. 6.1). In SHV, liquid particles cannot exist as they would be 

evaporated as soon as they are formed due to the excess thermal energy of the system. All the 

water under SHV conditions is in a gaseous state, which is expected to have a different influence 

on the htHTC system than water in ltHTC where the vapor and liquid phases are in equilibrium. 

For example, ionic reactions are enhanced in subcritical conditions while free radical 

mechanisms generally suppressed by liquid water. The latter become more dominant in 

supercritical conditions and at low density such as in superheated vapor.174  

Fig. 6.1 A simplified phase diagram for water showing the triple point (black circle) and the 
critical point (red circle). The superheated vapor (SHV) region is highlighted in grey. 
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This chapter concerns the initial synthesis and characterization of hydrothermal carbon 

microspheres via htHTC in superheated vapor. As for the previous sections, glucose (a hexose) 

was chosen as a model compound for biomass. However, because htHTC has not been 

previously carried out before, some experiments to verify a broader validity of the presented 

findings were also conducted with xylose and starch as model pentose and polysaccharide, 

respectively (Fig. 6.2). The obtained microspheres were characterized with respect to their 

physicochemical properties in comparison to carbon microspheres obtained via ltHTC under 

mild conditions and subsequent pyrolysis at 550 °C. It was also investigated whether htHTC can 

replace pyrolysis as a post-treatment step to obtain highly carbonized and conductive materials. 

6.2 Experimental considerations 

The high temperature Hastelloy C autoclave used for the presented experiments allows for 

heating to maximum 600 °C, with pressures of up to 360 bar. A temperature of 550 °C was 

chosen in order to draw a direct comparison with samples prepared from ltHTC at 180 °C 

followed by pyrolysis at 550 °C. 10 ml of a 10 wt % solution of the carbohydrate was prepared 

and placed into a quartz glass open-ended cylindrical vial which was then sealed into the high 

temperature autoclave. Note that the conventional borosilicate glass vials used in ltHTC are not 

suitable for htHTC because they are partially dissolved by the hot water. The relatively small 

volumes of water gave rise to moderate pressures (< 50 bar), keeping the solvent in a 

superheated vapor regime.  

 
Fig. 6.2 graphical abstract of chapter 6 
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Rapid heating to 550 °C (the final temperature was reached after ca. 1 h) of the carbohydrate 

precursor solution resulted in the loss of the spherical product morphology that is usually 

observed for HTC at 180 °C (Fig. 6.3). This may be attributed to the rapid reaction rates in 

superheated water and superheated vapor which resulted in uncontrolled carbonization before 

spheres can be formed. The uncontrolled morphology formation presents a clear disadvantage 

for the synthesis of defined nano-architectures. To circumvent nanostructure loss during high 

temperature treatment, a two-step heating profile was used: 

 Controlled morphology formation at 180 °C for 16 h, similar to “low temperature” 

HTC. During this stage the morphology may be controlled in a similar fashion to the 

examples given in previous chapters. Specifically, carbon microspheres, hollow spheres 

and aerogels may be formed (see chapters 3 to 5). 

 Carbonization in superheated vapor at 550 °C for 2 h to 4 h. During this stage, the 

material is further carbonized and loss of functional groups results.  

The carbohydrate samples after htHTC using the two step heating profile are hereafter 

collectively referred to as CBH_180/550, where CBH = Glu, Xyl or Stc for glucose, xylose and 

starch, respectively. The products obtained from the same precursors after HTC at 180 °C are 

referred to as CBH_180. The products obtained by pyrolysis at 550 °C of CBH_180 are referred 

to as CBH_P550. 

Fig. 6.3 A schematic representing the difference in product morphology after HTC at 180 °C and 
after HTC at 550 °C using a single heating step. 
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6.3 Carbon microspheres derived via htHTC of xylose, 

glucose and starch 

6.3.1 Morphological investigations 

Scanning electron microscopy (SEM) images in Fig. 6.4 show a comparison of CBH_180 and 

the corresponding CBH_180/550. The spherical morphology, both interconnected spheres for 

glucose and starch and discrete spheres for xylose retained after the high temperature treatment 

using a two-step heating profile. The increase in size is attributed to the SHV environment. 

During HTC, small organic molecules are formed as side products (e.g. levulinic acid and formic 

acid, refer to chapter 2.1). In ltHTC, not all of the side products are incorporated into the 

hydrothermal carbon. At 550 °C however, all small organic molecules are broken down and the 

thereby resulting carbon building blocks can then be added onto the existing spheres during 

further carbonization.172 Additionally, the higher reaction pressure influences the process 

according to LeChatelier’s principle, i.e. the reaction equilibrium shifts towards more dense  

 
Fig. 6.4 SEM images of xylose, glucose and starch (a, b and c, respectively) after HTC at 180 °C. 
The second row shows the corresponding carbohydrates treated at 550 °C using a two-step 
heating profile (d, e and f, respectively).  
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products as the overall pressure is increased. Products initially lost during the carbonization 

process as volatiles may therefore re-enter the reaction cycle.171 The complete breakdown of 

small organic molecules is further evidenced by the fact that whilst after HTC at 180 °C the 

liquid phase is yellow to brown in color, it is clear after HTC at 550 °C. 

6.3.2 Elemental composition and surface functionality 

Fourier-transform infrared spectroscopy (FT-IR) of CBH_180/550 reveals a significant 

decrease in the intensity of all vibrations corresponding to oxygen functional groups that are 

normally seen for hydrothermal carbon after HTC at 180 °C (Glu_180 is shown for reference, 

dashed black line in Fig. 6.5). The broad –OH band at 3700-3000 cm-1 seen for all CBH_180 

disappears completely (not shown) and the intensity of the carbonyl/carboxyl bands around 

1700 cm-1 as well as several bands in the region from 1000 cm-1 to 1300 cm-1, assigned to various 

C-O (esters, lactones etc.) vibrations decrease significantly.106 On the other hand, the aromatic 

vibrations at ca. 1600 cm-1 (aromatic C=C) and the characteristic bands around 800 cm-1 

(aromatic C=C-H) are still present in CBH_180/550. An FT-IR spectrum of glucose-derived 

hydrothermal carbon at 180 °C and subsequent pyrolysis at 550 °C is shown as a dashed grey 

line. Comparing this with the spectra of CBH_180/550 clearly shows that the products obtained 

during htHTC at the same temperature are more carbonized and contain less functional groups. 

htHTC therefore goes through a different carbonization pathway than the products formed from 

HTC at 180 °C and subsequent pyrolysis.  

 
Fig. 6.5 a) FT-IR spectra of CBH_180/550. Spectra of Glu_180 before and after pyrolysis at 
550 °C are shown for reference. b) 13C ssNMR spectra of CBH_180/550. 
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13C solid state NMR (13C ssNMR) analysis reveals a single sharp peak at 129 ppm for 

CBH_180/550 which is generally attributed to carbon materials with high aromaticity (e.g. 

graphitic carbons or long range conjugated double bonds). A 13C ssNMR spectrum obtained 

from pyrolized Glu_180 at 550 °C can be found in a report by Falco et al. and similarly shows a 

sharp peak at 129 ppm, but also a strong shoulder at 151 ppm.175 They attributed this to phenolic 

carbons (the ipso carbon of hydroxyl substituted aromatic domains), rather than to furanic units, 

the presence of which would give rise to a second shoulder at 121 ppm.55, 175, 176 A shoulder at 

~ 151 ppm is also present in CBH_180/550 but it is much weaker than for pyrolized 

hydrothermal carbon at the same temperature, indicating less phenolic functions in the htHTC 

derived products. 

Elemental analysis is in good agreement with FT-IR and 13C ssNMR data. In accordance with 

increased dehydration, decarboxylation and aromatization, the carbon contents are highly 

increased whereas the oxygen contents are decreased in CBH_180/550 and CBH_P550 relative 

to CBH_180 (Table 6.1). The carbon content of CBH_180/550 are higher than in CBH_P550 

by about 10 wt % whereas the hydrogen contents are similar, i.e. CBH_180/550 contain 

abundant C-H groups which were not affected by heat treatment but have lost more oxygen 

functionalities than during pyrolysis. This is in fact also supported by the FT-IR spectra which 

show that the peak at around 2900 cm-1 (aliphatic C-H stretches) remains to a certain extent in 

the high temperature samples. Representative X-ray photoelectron spectroscopy (XPS) data for 

Table 6.1 Elemental composition of the bulk and 
surface of CBH_180, CBH_180/550 and CBH_P550, as 
determined by elemental analysis (wt %) and XPS 
(at %), respectively.  
 Elemental composition by EA (wt %) 

and XPS (at %) 
Sample C H Ocalc 
Xyl_180 68.5 4.1 27.4 
Glu_180 66.8 4.4 28.9 
Stc_180 67.1 4.5 28.4 
Xyl_P550 83.6 3.5 12.9 
Glu_P550 82.7 3.1 14.2 
Stc_P550 83.5 3.5 13.0 
Xyl_180/550 91.1 3.0 5.0 

Glu_180/550 
93.6 
81.3 

3.2 
- 

2.2 
12.0 Fig. 6.6 Deconvoluted C1s photo-

electron envelope of Glu_180/550. Stc_180/550 87.4  3.3    8.2
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Glu_180/550 indicate that the majority of carbon atoms are present in an sp² hybridized state, 

with minor contributions from ether and ester groups (Fig. 6.6). Notably, no carbonyl groups 

were found in accordance with FT-IR and 13C ssNMR data. 

6.3.2.1 Physical properties – crystallinity and conductivity 

The increased aromatization is corroborated by X-Ray diffraction (XRD) and Raman 

measurements. The XR-Ray diffractograms of CBH_180/550 exhibit two main peaks at around 

24° and 43°, corresponding to the 002 and 100 lattice spacings of hexagonal graphite 

respectively (Fig. 6.7a). Notably the 002 reflection is at lower angles compared to pure graphite 

(26 °) which indicates an increased spacing between the graphitic layers. These peaks are not as 

pronounced for Glu_P550 (light grey line) which is more amorphous than CBH_180/550. 

Clearly, the reaction medium plays a crucial role in the efficiency of the carbonization process. 

Stc_180/550 seams the least crystalline out of the three samples. Since starch is the most 

complex out of the carbohydrate precursors it is conceivable that the carbonization process will 

be the least efficient because the polysaccharide needs to be broken down first. The Raman 

measurements shown in Fig. 6.7b provide additional support for high levels of aromatization. 

The D (1344 cm-1) and G (1601 cm-1) peaks can clearly be seen. The increased intensity of the G 

peak corresponds to graphitized domains within the sample. The G peak intensity is the least for 

Stc_180/550 which is in agreement with the XRD data.  

Overall htHTC gives rise to materials that are on one hand highly condensed and aromatic (from 

XRD, Raman, FT-IR and 13C ssNMR) but at the same time contain high amounts of hydrogen 

 
Fig. 6.7 a) XRD diffractograms and b) Raman spectra of CBH_180/550 
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(from elemental analysis). These results seem contradicting because high degrees of 

aromatization should result in a loss of hydrogen atoms as well as oxygen atoms, as is observed 

when hydrothermal carbon after HTC at 180 °C is pyrolized at sufficiently high temperatures 

(e.g. at 900 °C). It is this carbonization and aromatization that renders pyrolized hydrothermal 

electronically conducting. However, electrical impedance spectroscopy showed that 

CBH_180/550 samples had very low conductivities in the range of 10-4 to 10-5 S m-1. It was 

therefore concluded that htHTC results in materials with highly aromatic domains which are not 

connected with each other, but ordered in a pseudo-aromatic fashion (presumably driven by π-π 

stacking). Charge transport throughout the material is thereby inhibited, resulting in low 

conductivity. htHTC therefore produces carbon materials that are different from both low 

temperature HTC but also from pyrolysis, a feature that is attributed to the SHV environment. 

As the temperature is increased to 550 °C various reactions such as dehydration and 

decarboxylation take place, as is the case in classical pyrolysis. Additionally, the SHV 

environment is expected to exert some catalytic effect on the carbonization process. scH2O 

molecules can “take part in the breakage and formation of bonds by significantly lowering the 

activation energy”.172 Based on experimental observations, it is assumed that SHV exerts similar 

catalytic activity. 

If xylose is treated hydrothermally at 180 °C for 18 h followed by a high temperature heating 

step at ca. 2 h, incomplete carbonization occurs as is evidenced by thermogravimetric analysis 

(TGA) (Fig. 6.8a, red curve). Two decomposition peaks can be seen rather than one, which is 

the case if the heating step at 550 °C is held for > 4 h (Xyl_180/550 4h, black curve). Based on 

the assumption that SHV exerts a catalytic activity on the carbonization process, the first peak at 

467 °C was assigned to a less carbonized particle core and the second peak at 500 °C was 

 
Fig. 6.8 a) TGA of Xyl_180/550 after 2 h at 550 °C in comparison with Xyl_180/550 after 4 h at 
550 °C. b) SEM and c) TEM image of Xyl_180/550 (after 2 h) after calcination in air at 470 °C. 
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assigned to a more carbonized surface shell. The sample was then calcined under oxygen at the 

temperature of the lower decomposition peak. Fig. 6.8b and c show the results of this 

treatment. After calcination under oxygen the less carbonized core is burnt away leaving behind 

hollow spheres. It should however be noted that this experiment solely demonstrated the 

catalytic activity of SHV and is not suited for the large scale synthesis of hollow spheres. Firstly, 

the hollow sphere yield is extremely low (a few wt %) because the heterogeneous nature of the 

sample does not allow for homogeneous carbonization of all spheres. The temperatures at which 

the core or she shell decompose are broadly distributed which can be seen from the broad TGA 

peaks. Thirdly, calcination of the core must be carried out using extremely slow heating rates 

(9 h to reach the desired temperature) in order to avoid local temperature increases which would 

burn the carbon shells as well. A large scale and more controllable htHTC synthesis of carbon 

hollow spheres will be discussed in the next chapter. 

6.4 Summary of chapter 6 

Hydrothermal carbon microspheres were synthesized at 550 °C and p < 50 bar. A two-step 

heating profile allowed for morphological control similar to ltHTC conditions. A first heating 

step at 180 °C was used for morphology formation and a second heating step at 550 °C was used 

for further carbonization. The carbon microspheres obtained via htHTC were larger than those 

obtained via ltHTC because the reaction conditions allowed access to organic side products 

which remain in solution during ltHTC and do not carbonize. It was demonstrated that the 

carbon materials obtained via htHTC are distinct from those obtained via ltHTC but also from 

low temperature hydrothermal carbon after pyrolysis at 550 °C. No difference in htHTC-derived 

material properties could be observed between pentoses and hexoses. The material obtained 

from a polysaccharide exhibited a slightly lower degree of carbonization but was otherwise 

similar to the monosaccharide derived samples. It was shown that in addition to thermally 

induced carbonization at 550 °C, the SHV environment exhibits a catalytic effect on the 

carbonization process. The resulting materials are chemically inert (i.e. they contain a negligible 

amount of reactive functional groups) and possess low surface area and electronic conductivity 

which distinguishes them from carbon obtained from pyrolysis. Compared to the materials 

presented in the previous chapters on chemical modifications of hydrothermal carbon, this 

makes them ill-suited candidates for electronic applications like lithium ion batteries or 
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electrocatalysts. It is therefore not possible to replace a second pyrolysis step of ltHTC-derived 

carbons by htHTC if the purpose is to obtain conductive materials. However, htHTC derived 

materials could be interesting for applications that require chemical inertness but do not require 

specific electronic properties, e.g. filler materials for heat/sound insulating layers. The possibility 

to obtain such materials via a one-pot method rather than having to pyrolize low temperature 

hydrothermal carbon, as well as the possibility to avoid high temperatures and inert conditions 

could make htHTC an attractive technique. One example of filler materials are hollow spheres or 

capsules that are already used as additives to paint to achieve acoustic and thermal insulation.  
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7 High temperature hydrothermal 

carbonization II 

A one pot synthesis of carbon hollow spheres 

7.1 Introduction 

The previous chapter showed that htHTC results in inert, non-conductive carbon materials. 

While this excludes high-end energy-related applications which require specific electronic 

properties, these htHTC derived materials may be interesting for applications where the physical 

structure, rather than the electronic or chemical properties are of importance. One potential 

application is the use of filler materials for improved acoustic and thermal insulation. Spherically 

shaped fillers are preferred over irregularly shaped fillers because they have lower surface area 

(resulting in lower resin demand) and the ability to roll past each other (which results in low 

impact on product viscosity). Hollow spheres are particularly interesting because they are light-

weight and the internal voids are filled with stagnant air, which is a bad conductor of heat (heat 

transfer requires convection currents).177-179 Coatings are usually manufactured on a weight basis 

and sold on a volume basis, making hollow fillers economically attractive to industry. Higher 

volume fillers additionally have the environmental benefit of reducing VOC (volatile organic 

compounds). Hollow glass micro spheres with low density (0.6 g/cc) and narrow particle size 

distribution can be used in flat wall paint. Commercial examples are the products Sphericel® by 

Potters industries LLC or 3M™ ceramic microspheres. These hollow borosilicate glass 

microspheres (available from 0.3 to 81 µm in diameter) are added to wall paints to achieve 

improved acoustic and thermal insulation. Thermoplastic microspheres are used as additive in 

coatings that help absorb impact or reduce damage (e.g. traffic coatings that need to withstand 

freeze-thaw cycles, space shuttle coatings). Limitations of glass microspheres are that their large 

size can influence the surface texture of the coating which results in gloss reduction, as well as 

breakage of the spheres during mechanic processing. Hollow carbon spheres in the submicron 

range would therefore be interesting candidates for coating additives.  
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This chapter re-introduces the concept of carbon hollow sphere (CHS) formation via hard 

templating with polystyrene latex particles. It will be demonstrated that by using htHTC in a 

controlled fashion, the template removal step via pyrolysis can be eliminated (Fig. 7.1). A 

polystyrene latex/CHS dispersion was prepared to demonstrate the potential of using these 

materials as additives in water based coatings.   

7.2 Experimental considerations 

A polystyrene latex stabilized with 4-dodecylbenzenesulfonic acid (SDBS) surfactant was used as 

a sacrificial templating agent in the htHTC of glucose. 0.8 g of glucose were dissolved in 10 ml of 

a ~ 5 wt % aqueous latex dispersion. The mixture was placed in a quartz liner which was sealed 

into a Hastelloy C high pressure autoclave. From the previous chapter it is known that a two-

step heating profile is required to obtain controlled product morphologies. Therefore, the 

mixture was first heated to 180 °C for 16 h as controlled coating step. Further carbonization was 

achieved by increasing the temperature to 550 °C for 4 h. The observed pressure varied between 

50 to 60 bar for different experiments, i.e. the reaction took place in a superheated vapor 

environment (SHV, see chapter 6). The decomposition of polystyrene latex takes place at 

ca. 400 °C, i.e. the template is removed during htHTC at 550 °C and an additional pyrolysis step 

can be avoided. The sample was labeled CHS_180/550. A reference sample was prepared based 

on the original method by White et al., i.e. by hydrothermal treatment of a glucose/latex mixture 

at 180 °C for 16 h and subsequent pyrolysis at 550 °C under nitrogen for template removal. This 

sample was labeled CHS_P550.  

 
Fig. 7.1 graphical abstract of chapter 7 
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7.3 A one pot htHTC synthesis of carbon hollow spheres 

7.3.1 Morphology, chemical composition and textural properties 

of the CHS 

Transmission electron microscopy (TEM) images confirm successful in situ template removal 

(Fig. 7.2). The average diameter of the templates is 98 nm (Fig. 7.2a) which is much smaller 

than inner diameter, Di = 127 nm for CHS_180/550 (Fig. 7.2b) but agrees well with 

Di = 92 nm for CHS_P550 (Fig. 7.2c). Note that the slight decrease in Di for CHS_P550 

compared to the template is due to contraction of the carbon framework during pyrolysis. 

Comparing the average shell thickness Ds of CHS_180/550 (23 nm) and CHS_P550 (17 nm) 

reveals that the htHTC derived samples also have a thicker shell in addition to the large diameter. 

What is the reason for this difference? The thicker shell for CHS_180/550 can be explained by 

the fact carbonization is more efficient in SHV, where small organic molecules (side products of 

HTC) are broken down and can be added to the carbonized framework (i.e. the same reason why 

carbon microspheres are larger after htHTC than after ltHTC treatment, see chapter 6). 

Concerning the larger inner diameter of CHS_180/550, it could be argued that the increased 

reaction pressure causes expansion of the coated latex particles. However, the pressure is 

expected to be uniform and would hence similarly contract the coated particles. It was therefore 

postulated that the latex particles swell at higher temperatures due to the increasingly 

hydrophobic properties of water as it reaches 550 °C. Because the hydrothermal carbon layer 

formed at 180 °C is expected to be rather soft, it can expand with the swollen latex particles. 

Further carbonization in SHV then causes the carbon layer to rigidify as the template is 

Fig. 7.2 TEM images of a) pure latex, b) CHS_180/550 and c) CHS_P550 
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simultaneously removed.  

The elemental composition of the CHS confirms a high degree of carbonization. As seen in the 

previous chapter, the htHTC derived materials have a larger carbon and lower oxygen content 

than ltHTC materials pyrolized at 550 °C (Table 7.1). CHS_180/550 exhibited very low specific 

conductivity in the range of 10-5 S m-1, which is due to a structure where aromatic domains are 

not conjugated with each other but presumably connected via aliphatic moieties, as discussed in 

the previous chapter. Nitrogen sorption revealed a type IV H2 isotherm for CHS_P550 (not 

shown), similar to the CHS presented in chapter 4, indicative of ink bottle shaped pores.135 The 

“ink bottle” can be regarded as the hollow sphere cavity that is filled through narrow micropores 

(the “ink bottle neck”) in the CHS shell. The BET surface area was 568 m² g-1. In contrast, 

CHS_180/550 exhibited a very low surface are of 30 m² g-1 which is in the range of solid 

hydrothermal carbon microspheres. This means that the voids were not accessible to the 

adsorbate and that CHS_180/550 presumably does not contain micropores in the carbon shell. 

This is in fact beneficial for their application as filler materials in coatings, because the resin 

cannot penetrate into the voids, leaving them filled with stagnant air. 

7.3.2 Preliminary testing for the applicability of CHS as additives 

to insulating coatings 

As a preliminary test for the feasibility of using htHTC derived CHS as additives in insulating 

coatings, ground CHS_180/550 powder was dispersed in a polystyrene water based latex. The 

latex was prepared via a miniemulsion process as reported by Holtze.180 The amounts of all 

reactants involved were the following: 24 g water, 0.074 g sodium dodecyl sulfate (SDS) 

surfactant, 6 g styrene monomer, 0.25 g hexadecane, 0.15 g V59 initiator and 0.01 g of 

Table 7.1 Bulk elemental composition of the CHS after htHTC treatment at 550 °C as 
determined by elemental analysis. [NB: N2 sorption-derived textural properties of the presented 
materials are shown on the right]. 

 Elemental composition (wt %) Textural properties

Sample C H Ocalc 
SBET 
m² g-1 

Vtotal 
cm³ g-1 

Di 
nm 

Ds 
nm 

CHS_180/550 93.8 3.4 2.8 30 0.14 127 23 

CHS_P550 87.7 3.0             9.3      483 0.38 92 15 

Di = average inner diameter of the CHS as determined from TEM images
Ds= average shell thickness of the CHS as determined from TEM images 
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CHS_180/550. The hydrophobic substances were mixed (styrene, CHS_180/550, hexadecane 

and initiator) and added to the SDS in water. The mixture was emulsified by stirring for 1 h at 

1000 rpm and then ultrasonicated for ~ 5 min using a high power ultrasound device. 

Polymerization was then carried out at 70 °C for 20 h (without stirring). 

The result was a stable, grey latex as shown in Fig. 7.3a (a reference of a control experiment 

without addition CHS_180/550 is shown on the right). TEM analysis shows that the monomer 

does not penetrate into the hollow sphere voids and the latex particles are formed around 

CHS_180/550. Any insulating properties should therefore be retained. 

 

7.4 Summary of chapter 7 

A one pot synthesis of carbon hollow spheres using polystyrene latex particles as hard templates 

was presented. Template removal occurred in situ in the htHTC system which in that regard is 

advantageous over the originally reported method by White et al., who carried out HTC at 

180 °C and then pyrolized the product at 550 °C to induce latex decomposition and template 

removal. The htHTC derived CHS were larger than CHS obtained via the original method, which 

was attributed to swelling of the polystyrene core as water becomes more apolar. Because carbon 

obtained via htHTC is non-conductive and chemically inert, the obtained CHS are envisaged for 

applications which do not require specific electronic properties, such as filler materials. 

Preliminary tests showed that the CHS could be dispersed in an aqueous polystyrene latex 

without monomer penetrating into the hollow sphere voids. This leaves the stagnant air inside 

the CHS intact which in turn is promising for their application in heat and sound insulating 

coatings. 

 
Fig. 7.3 a) left: CHS_180/550 in polystyrene latex. right: pure polystyrene latex. b) TEM image 
of CHS_180/550 in polystyrene latex. 
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8 Summary, Conclusions, Outlook 

The underlying motivation for the work carried out for this thesis was the ever-growing need to 

reduce the dependence on fossil fuels and move towards more sustainable technologies. The aim 

was to synthesize a “palette” of functional nanomaterials using the established technique of 

hydrothermal carbonization (HTC). With this, it was demonstrated that HTC, a simple and 

sustainable technique for carbon material formation, is a viable and powerful addition to the 

toolbox of carbon-based technologies. Two main strategies were used to modify the materials 

obtained by HTC of glucose, a model precursor representing biomass (Fig. 8.1). The first 

approach was the introduction of heteroatoms, or “doping” of the carbon framework. Sulfur 

was for the first time introduced as a dopant in hydrothermal carbon. 

After a thorough review of scientific literature to summarize the main reaction pathways through 

which heteroatoms may be incorporated into hydrothermal carbon (chapter 2), the synthesis of 

S and S/N doped microspheres was presented in chapter 3. It was shown that the mechanisms 

Fig. 8.1 Schematic overview of main results obtained in this thesis 
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assumed in chapter 2 could be manipulated to influence the binding state of sulfur by varying 

the type of sulfur source as well as the pyrolysis temperature. If sulfur is bound aromatically in 

the precursor (e.g. thienyl-cysteine, TCys or 2-thienyl-carboxaldehyde, TCA), it is most likely 

incorporated via cycloaddition or EAS reactions which leave the aromatic ring intact in the 

product. In contrast, aliphatically bound sulfur (e.g. L-cysteine, Cys or 3-mercapto propionic 

acid, MPA) may be incorporated via nucleophilic substitution or Michael addition reactions and 

therefore more likely result in aliphatic binding motifs (thiol ether) in the HTC product. Post 

pyrolysis results in more stable, aromatic binding states as the temperature is increased from 

550 °C to 900 °C due to thermal rearrangements of the carbonaceous framework. Importantly, 

the presence of aromatic binding states in the as-synthesized hydrothermal carbon allows for 

higher heteroatom retention levels after pyrolysis and hence more efficient use of dopant 

sources. In this regard, HTC may be considered as an “intermediate” step in the formation of 

conductive heteroatom doped carbon for electronic applications. Both nitrogen and sulfur act to 

increase the conductivity of the doped carbon material after pyrolysis. 

Chapters 4 and 5 aimed at introducing high surface area and defined nano-architectures which 

are important for electrochemical applications. The first approach (chapter 4) built on a hard 

templating approach using the established polystyrene latex templating, developed by White et 

al.. Sulfur doped carbon hollow spheres (CHS) could be synthesized by adding MPA to the 

original glucose/latex HTC mixture. A reactive templating approach was further developed to 

obtain nitrogen doped CHS, by exchanging the originally hydroxyl-terminated latex with amino-

functionalized latex. The nitrogen was partially retained upon template removal. S/N dual doped 

CHS could be obtained by a combination of the two doping strategies. Electrochemical testing 

of the doped CHS revealed that the solely sulfur or nitrogen doped CHS did not exhibit 

improved performance over an undoped control. This was attributed to unfavorable surface 

areas and mass transport properties which could not be compensated for by the low doping 

levels (1.3 to 2.5 wt %). However, the S/N dual doped CHS showed the best catalytic 

performance despite the lowest surface area out of all tested samples. This was the first indicator 

that S/N dual doped carbons obtained via HTC could have drastically improved properties as 

catalysts in the ORR. Increasing the doping levels and testing the doped CHS for more suitable 

applications such as anode materials in lithium ion batteries are topics to be addressed in future 

work. 
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Chapter 5 aimed at introducing surface area without the use of templates, which is favored in 

terms of atom economy. Two established hydrothermal approaches for the synthesis of 

organic/carbon aerogels were used as basis. Firstly, the albumin-directed formation of nitrogen-

doped carbon aerogels from glucose (developed by White et al.)63 was extended to include the 

incorporation of sulfur. TCys or TCA were thereby added to the original glucose/ovalbumin 

recipe. Electrochemical testing showed that S/N dual doped carbon aerogels exhibited superior 

catalytic performance in the ORR compared to solely nitrogen doped carbon aerogels in both 

acidic and basic media. A synergistic mechanism between nitrogen and sulfur dopants was 

proposed, whereby nitrogen directly or indirectly (via the adjacent carbon atom) aids O2 

dissociation and sulfur facilitates proton transfer. Future investigations are required to confirm 

the presented hypothesis. If it proves to be correct, this work provides new parameters which 

can be adjusted to optimize catalyst performance. Secondly, aerogels were synthesized by an 

extension of the borax-mediated formation of carbonaceous aerogels from glucose (developed 

by Fellinger et al.). It was possible to successfully introduce nitrogen and/or sulfur as dopants. 

2-pyrrol-carboxaldehyde (PCA) and 2-methyl-thiophene (MTP) were thereby simply added to a 

borax/glucose solution and hydrothermally treated at 180 °C. It was shown that both the 

particle size (and hence surface area) and the nitrogen content can be tuned by varying the 

amounts of borax or PCA used. The MTP system could be similarly influenced, although the 

accessible amount of sulfur doping was lower than for nitrogen (< 3 wt % for S as opposed to > 

6 wt % for N). Electrochemical testing of the carbon aerogels as catalysts in the oxygen 

reduction reaction showed that catalytic activity increases with higher surface area and with 

higher nitrogen content. By adjusting the amount of borax and PCA, a carbon aerogel with both 

high nitrogen content and high surface areas was engineered to maximize catalytic performance. 

The obtained sample exhibited drastically improved current densities compared to a platinum 

catalyst (but lower onset potential), as well as excellent long term stability. Koutecky-Levich 

analysis indicated that the selectivity tended towards an ideal 4-electron process which is 

desirable for fuel cell operation. This nitrogen doped carbon aerogel represents the first 

sustainable, scalable and non-metal material to partially outperform platinum catalysts in the 

ORR. S and S/N doped gels showed lower performance than solely N doped gels, although 

optimization of the S/N ratio and doping levels was not carried out and presents an interesting 

future project. 
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Although not addressed in this thesis, the doped carbon materials without further pyrolysis are 

also attractive candidates for applications in sorption and chromatography, where the ability to 

influence the type of functional group incorporated would be highly advantageous.  

Chapter 6 provided the basis for the second “physical” approach taken to produce useful 

carbon materials via htHTC. Xylose, glucose and starch were used as model compounds 

(representing pentoses, hexoses and polysaccharides, respectively) and treated hydrothermally at 

550 °C and < 50 bar, i.e. under superheated vapor (SHV) conditions. It was shown that 

morphological control is possible if a two-step heating profile was used. “Conventional” HTC 

(ltHTC) was carried out at 180 °C for 18 h for controlled morphology formation (microspheres 

in this case) after which the temperature was increased to 550 °C for further carbonization. The 

carbon microspheres obtained via htHTC were larger than those obtained via ltHTC because the 

reaction conditions allowed access to organic side products which remain in solution during 

ltHTC and do not carbonize. It was demonstrated that the carbon materials obtained via htHTC 

are distinct from those obtained via ltHTC and subsequent pyrolysis at 550 °C. No difference in 

htHTC-derived material properties could be observed between pentoses and hexoses. The 

material obtained from a polysaccharide exhibited a slightly lower degree of carbonization but 

was otherwise similar to the monosaccharide derived samples. It was shown that in addition to 

thermally induced carbonization at 550 °C, the SHV environment exhibits a catalytic effect on 

the carbonization process. The resulting materials are chemically inert (i.e. they contain a 

negligible amount of reactive functional groups) and possess low surface area and electronic 

conductivity which distinguishes them from carbon obtained from pyrolysis. Compared to the 

materials presented in the previous chapters on chemical modifications of hydrothermal carbon, 

this makes them ill-suited candidates for electronic applications like lithium ion batteries or 

electrocatalysts. It is therefore not possible to replace a second pyrolysis step of ltHTC-derived 

carbons by htHTC if the purpose is to obtain conductive materials. However, htHTC derived 

materials could be interesting for applications that require chemical inertness but do not require 

specific electronic properties, e.g. light weight filler materials for heat/sound insulating layers. 

This was the topic of chapter 7 in which the latex hard templating approach from chapter 4 

was revisited to synthesize carbon hollow spheres. However, by using htHTC it was possible to 

carry out template removal in situ because the second heating step at 550 °C was above the 

polystyrene latex decomposition temperature. The thus obtained, htHTC derived CHS were 

larger than CHS obtained via the original method, which was attributed to swelling of the 
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polystyrene core as water becomes more apolar. Preliminary tests showed that the CHS could be 

dispersed in an aqueous polystyrene latex without monomer penetrating into the hollow sphere 

voids. This leaves the stagnant air inside the CHS intact which in turn is promising for their 

application in heat and sound insulating coatings. The possibility to obtain such materials via a 

one-pot method rather than having to pyrolize low temperature hydrothermal carbon, as well as 

the possibility to avoid high temperatures and inert conditions could make htHTC an attractive 

technique for sustainable technologies, such as to synthesize materials for more energy efficiency 

in buildings. 

Overall the work carried out in this thesis represents a noteworthy development in 

demonstrating the great potential of sustainable carbon materials. The incredible diversity of 

HTC was demonstrated together with small but steady advances in how HTC can be 

manipulated to tailor material properties for specific applications. Future optimization of the 

herein presented materials and detailed deconvolution of the complex HTC mechanism are 

necessary. However, it is highly likely that HTC derived carbon based materials will ultimately 

overcome current favoured fossil-based materials and in that way contribute to more sustainable 

technologies.  
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9 Appendix 

9.1 Experimental Methods 

9.1.1 Experimental procedures 

9.1.1.1 Chemicals 

D-(+)-glucose (Glu) and D-(+)-xylose (Xyl) were purchased from Roth chemicals. Starch 

(soluble, Stc) was purchased from ABCR GmbH & Co. KG. Borax (SIGMA grade) was 

purchased from SIGMA. 2-thienyl-carboxaldehyde (TCA), 2-pyrrol-carboxaldehyde (PCA), 2-

thiophene-carboxylic acid (TCAcid) and 2,5-thiophene-dicarboxaldehyde (TDCA), 3-mercapto-

propionic acid (MPA) and lyophilized Albumin powder (from chicken egg white) were 

purchased from Aldrich. 2-methyl-thiophene (MTP) and 2,5-dimethyl-thiophene (DMT) were 

purchased from Alfa Aesar. All chemicals were used as received. Functionalized polystyrene 

latexes were kindly prepared and supplied by Ursula Lubahn at the Max Planck Institute of 

Colloids and Interfaces. 

9.1.1.2 General procedure for hydrothermal carbonization at 180 °C 

The solution containing all reactants was filled into a glass inlet which was then placed in a 

Teflon lined, stainless steel autoclave (45 ml volume, purchased from Parr Instruments). The 

autoclave was placed in a pre-heated furnace at 180 °C for X h after which it was allowed to cool 

down to room temperature. The solid product was collected by filtration and washed three times 

with approx. 150 ml H2O and EtOH (or until the solution ran clear) before drying in vacuo at 

70 °C overnight. (Note: In order to exclude any contributions from physisorbed molecules on 

the surface of the materials,  Soxhlet extraction was performed on various samples (e.g. Cys0.2 

and TCys0.2 in chapter 3.3) and the values for elemental analysis compared to those obtained 

from the same samples by washing with EtOH until the filtrate ran clear. Since the results were 

almost identical, the time consuming Soxhlet extraction step was no longer carried out for any of 

the products obtained in this work.) 
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9.1.1.3 Generalized procedure for pyrolysis 

The dried powder sample was placed in a ceramic crucible and covered with a ceramic lid. The 

crucible was placed in a nitrogen atmosphere furnace and flushed for 30 minutes before heating 

to the final temperature Y (550 °C or 900 °C) at a heating rate of 10 K min-1. The final 

temperature was kept for 4 h after which the furnace was allowed to cool down to room 

temperature. The obtained black powders were characterized without further purification.  

Chapter 2  

For each control experiment, 0.2 g of the corresponding heteroatom source were added to 1.5 g 

of glucose dissolved in 18.0 g of double distilled H2O. The mixture was then hydrothermally 

treated at 180 °C as described above with X = 18 h. 

Chapter 3 

In a typical experiment 1.5 g of Glu and Z g (Z = 0.1, 0.2, 0.3 or 0.4) of Cys, TCys, MPA or 

TCA were dissolved in 13.5 g of double distilled H2O. Hydrothermal Carbonization at 180 °C 

was carried out with X = 5.5 h for Cys and TCys containing samples, and with X = 18 h for 

MPA and TCA containing samples. 

The samples were pyrolized at either Y = 550 °C or Y = 900 °C. 

Chapter 4  

Undoped control. 0.8 g of Glu were added to 10 ml of a ~ 5 wt % OPS latex dispersion and 

hydrothermally treated at 180 °C with X = 18 h. Template removal was achieved by pyrolysis at 

Y = 900 °C. 

Sulfur doped CHS. 0.8 g of Glu and 0.1 g MPA were added to 10 ml of a ~ 5 wt % OPS latex 

dispersion and hydrothermally treated at 180 °C with X = 18 h. Template removal was achieved 

by pyrolysis at Y = 900 °C. 

Nitrogen doped CHS. 0.8 g of Glu were added to 10 ml of a ~ 5 wt % NPS latex dispersion 

and hydrothermally treated at 180 °C with X = 18 h. Template removal was achieved by 

pyrolysis at Y = 900 °C. 
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Sulfur and nitrogen doped CHS. 0.8 g of Glu and 0.1 g MPA were added to 10 ml of a ~ 5 

wt % NPS latex dispersion and hydrothermally treated at 180 °C with X = 18 h. Template 

removal was achieved by pyrolysis at Y = 900 °C. 

Chapter 5 

1) Albumin directed aerogel formation 

1.5 g Glu and 0.3 g ovalbumin were dissolved in 13.5 g distilled water. For the sulfur doped 

aerogels, 1 mmol of the sulfur source (0.2 g for TC and 0.1 g for TCA) was added to the 

mixture. The solution was hydrothermally treated at 180 °C with X = 5.5 h (without the drying 

step). After washing the resulting hydrothermal monoliths were washed with excess water and 

ethanol, supercritical CO2 drying was carried out to yield a low density carbonaceous aerogel. 

Pyrolysis was carried out at Y = 900 °C. 

2) Borax mediated aerogel formation 

6.0 g of Glu and Z g of Borax (Z = 150 mg, 300 mg or 600 mg) were dissolved in 14.0 g of 

double distilled H2O. For an undoped control, a mixture with Z = 300 mg was hydrothermally 

treated at 180 °C with X = 18 h (without the drying step). 

Nitrogen doped aerogels. Z’ g of PCA (Z’ = 0.8 g, 1.3 g or 2.0 g) were added to the above 

reaction mixture and hydrothermally treated at 180 ° with X = 18 h (without the drying step). 

Sulfur doped aerogel. 0.5 g MTP was added to the above reaction mixture containing 600 mg 

of Borax and hydrothermally treated at 180 °C with X = 18 h (without the drying step). 

Sulfur and nitrogen doped aerogel. 0.7 g MTP and 1.3 g PCA were added to the above 

reaction mixture containing 600 mg of Borax and hydrothermally treated at 180 °C with X = 18 

h (without the drying step). 

All gels were dried using supercritical CO2 to maintain the delicate nanostructure. Pyrolysis was 

carried out at Y = 900 °C. 

Chapter 6 

1.0 g of Glu, Xyl or Stc was dissolved in 10.0 g of double distilled H2O. The solution was placed 

into a quartz inlet which was then sealed into a Hastelloy C high pressure autoclave equipped 

with a heating mantle, thermocouple and pressure gauze (75 ml volume, purchased from Parr 
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Instruments). The solution was heated to 180 °C using the “fast heating” setting. The 

temperature was kept at 180 °C for 18 h and then increased to 550 °C and kept at that 

temperature for 4 h. The observed pressures were usually in the range of 10 to 50 bar. After 

letting the autoclave cool down to room temperature, one of the pressure valves was opened to 

release any excess pressure. The solid product was then collected by filtration and washed 

several times with distilled water an ethanol. The samples were dried in vacuo at 70 °C 

overnight. 

Chapter 7 

0.8 g of Glu was added to 10 ml of a ~ 5 wt % OPS latex dispersion. High temperature 

hydrothermal carbonization was carried out as described for chapter 6, except that the second 

heating step was carried out at the “slow heating” setting in order to avoid overheating at the 

latex decomposition temperature (ca. 400 °C) during in situ template removal. 

9.1.2 Sample Characterization 

Scanning electron microscopy (SEM)  

SEM was performed using a Gemini Leo-1550 instrument (acceleration voltage 0.1 to 30 kV). 

Samples were prepared by loading the ground powder samples onto carbon tapes and sputtering 

with Au/Pd. 

Transmission electron microscopy (TEM)  

TEM was carried out with a Carl Zeiss Omega 912X at an acceleration voltage of 120 kV. 

Samples (disperse in ethanol) were prepared by drop deposition onto copped grids coated with 

amorphous carbon.  

High resolution transmission electron microscopy (HRTEM)  

HRTEM measurements were carried out by Sören Selve at the TU Berlin using a TECNAI G² 

20 S-TWIN equipped with an LaB6 electron gun operating at 200 kV. Samples were prepared by 

dry deposition of the material onto holey carbon copper grids.  
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Analytical TEM was performed by Marc Willinger at the FHI Berlin using a Philips CM 200 

microscope with a field emission gun operated at 200kV. 

13C solid state magic angle spinning nuclear magnetic resonance (13C MAS 

ssNMR) 

13C MAS ssNMR spectra were acquired on a Bruker Avance 300 MHz (7T) spectrometer using 

4mm zirconia rotors as sample holders, spinning at MAS rate of 14 kHz. The chemical shift 

reference was tetramethylsilane (TMS δ = 0 ppm). 1H t1 relaxation time was set to 3 s. Proton-

to-carbon CP MAS was used to enhance carbon sensitivity with a cross polarization time equal 

to 1 ms.  

Elemental Analysis (EA) 

EA measurements were carried out using a Vario El elemental analyzer for the detection of the 

elements C, H, N, S. The wt % of oxygen was calculated. 

X-Ray photoelectron spectroscopy (XPS) 

XPS analysis of the samples was performed using a Thermo Scientific Kα ESCA instrument 

equipped with Al Kα1, 2 monochromatized radiation at 1486.6 eV X-ray source. Charge 

neutralization was performed by using both a low energy flood gun (0 to 14 eV) and a low 

energy Ar ion gun. The XPS measurements were carried out using monochromatic Al-Kα 

radiation (hν = 1486.6 eV). Photoelectrons were collected at 90° to the sample surface. A 

constant analyzer energy mode (CAE) with 100 eV pass energy for survey spectra and 20 eV 

pass energy for high resolution spectra was used. The spectra were calibrated by setting the C1s 

photo peak at 285.0 eV.  For sulfur, the S2p3/2 peak was used for the assignment of binding 

states. Surface elemental composition was determined using standard Schofield photoemission 

cross sections. Peak assignments were carried out by using the values reported in the NIST XPS 

Database and references indicated in the text. 

Electrochemical analysis 

Specific conductivity measurements were carried out with Gamry Reference 600/3000 

potentiostat (Gamry Instruments) and Gamry EIS 300/Physical Electrochemistry software. 
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Electrical conductivity was achieved applying R-model on potentiostatic impedance 

spectroscopy at 1-1000 Hz using a two electrode setup.  

To perform electrochemical testing a standard ink was prepared from ~5 mg of catalyst with 

95 µl Nafion® binder solution and 350 µl of ethanol. The ink was ultrasonicated for at least 

30 minutes for homogenization. A 5 µl aliquot was dropped onto a freshly polished glassy 

carbon rotating disk electrode (diameter ~ 5 mm, electrode area 0.196 cm²) to prepare a catalyst 

thin film. When necessary, the electrode was warmed to ~ 50 °C in an oven prior to ink 

application in order to achieve better electrode coverage of the catalyst film. Electrochemical 

tests were performed in 0.1 M KOH or 0.1 M HClO4 in a standard three - electrode setup with 

an Ag / AgCl reference electrode using Gamry Reference 600 potentiostate (Gamry 

Instruments) and Gamry EIS 300/Physical Electrochemistry software. The obtained current 

values were normalized to the mass of the catalyst used (i.e. given in mA mg-1) for direct 

comparison between samples. For Koutecky-Levich analysis (refer to chapter 2.2.2), the un-

normalized currents obtained from measurements at varying rotation rates (600, 1000, 1600, 

2000, and 2600 rpm) were used.  

Fourier-transform infrared spectroscopy (FT-IR) and Raman spectroscopy 

FT-IR spectra were recorded using a Varian600 FT-IR spectrometer. KBr pellets were pressed 

containing the ground powder samples. 

Raman spectra were recorded using a WiTec Confocal Raman Microscope R-300 instrument. A 

green Nd/YAG laser (λ = 532 nm) was used with an intensity of 1 mW (objective: 20x). 

Thermogravimetric Analysis (TGA) 

TGA was carried out using a NETZSCH TG 209 from 0 °C to 1000 °C at a heating rate of 10 K 

min-1 under O2. 

Gas Sorption Analysis  

Gas sorption analysis for the determination of carbon surface areas and pore size distributions 

were measured by nitrogen adsorption and desorption at 77 K using Autosorb 1MP or 

Quadrasorb Kr/MP machines (Quantachrome Instruments). Carbon dioxide sorption isotherms 

were collected at 273 K using the same device. High purity gases were used. Data evaluation was 
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performed using the AS1Win Software from Quantachrome Instruments. Surface area was 

determined using the Brunauer-Emmet-Teller (BET) model (N2, assuming carbon adsorbent 

with slit pores) or the Non-linear density functional theory (NLDFT) method (CO2, assuming 

carbon adsorbent with slit pores). Pore size distributions (PSD) and pore volumes were derived 

from the adsorption branches using Quenched Solid Density Functional Theory (QSDFT), as 

this evaluation model takes into account the effects of surface roughness and chemical 

heterogeneity of the material surfaces. Before analysis, samples were degassed at 60 °C (as 

synthesized hydrothermal carbon) or at 150 °C (pyrolized hydrothermal carbon) for 20 h using a 

“Masterprep” degassing system. 

The isotherm shapes discussed in this thesis are Type IV H3 and Type IV H2 isotherms so only 

these are discussed here (Fig. 9.1). For a detailed explanation about different sorption isotherms 

by IUPAC classification, refer to Sing et al. 135 

 Characteristic features of the Type IV isotherm are its hysteresis loop, which is 

associated with capillary condensation taking place in mesopores, and the limiting uptake 

over a range of high p/p°. The initial part of the Type IV isotherm is attributed to 

monolayer-multilayer adsorption. 

 Type H2 loops are characteristic of pore size and shapes that are not well-defined. The 

H2 loop is especially difficult to interpret but often attributed to a difference in 

mechanism between condensation and evaporation processes occurring in pores with 

narrow necks and wide bodies (often referred to as 'ink bottle' pores).  

 
Fig. 9.1 a) types of isotherms and b) types of hysteresis loops.  
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 The Type H3 loop, which does not exhibit any limiting adsorption at high p/p°, is 

observed with aggregates of plate-like particles giving rise to slit-shaped pores. 

 

X-Ray diffraction (XRD) 

XRD patterns were recorded on a Bruker D8 Advance diffractometer equipped with Cu-Kα 

radiation (λ = 0.154 nm) monochromized using a multilayer Glöbel mirror. The X-Ray gun was 

operated at 40 kV and 40 mA. Diffractograms were recorded over the 2θ range of 5 to 80° using 

a scan rate of 1 ° min-1. Ground powder samples were placed on silicon sample holders for 

measurement. 

 

9.2 Supplementary information 

Chapter 3 

 

Fig. A 1 Deconvoluted high resolution XPS of the C 1(s) photoelectron envelopes for Cys0.2 
and TCys0.2 after hydrothermal treatment at 180 °C and after pyrolysis at 550 °C and 900 °C. 
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Fig. A 2 Deconvoluted high resolution XPS of the N 1(s) photoelectron envelopes for Cys0.2 
and TCys0.2 after hydrothermal treatment at 180 °C and after pyrolysis at 550 °C and 900 °C. 
 

 

Fig. A 3 Deconvoluted high resolution XPS of the S 2(p) photoelectron envelopes for Cys0.2 
and TCys0.2 after hydrothermal treatment at 180 °C and after pyrolysis at 550 °C and 900 °C. 
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Chapter 4 

 

Fig. A 4 a) TEM and b) SEM image of OPS-Cys after template removal at 550 °C. Elemental 
analysis shows an elemental composition of 84.4 wt % C, 2.7 wt % H, 3.4 wt % N and 1.9 wt % 
S. 
 

 

Fig. A 5 TEM images of a) OPS_latex, b) OPS_latex after HTC at 180 °C and c) OPS_latex + 
MPA after HTC at 180 °C. 
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Fig. A 6 X-Ray diffractograms of nitrogen, sulfur and sulfur/nitrogen dual doped CHS. 
 

Chapter 5 

Fig. A 7 a) SEM and b) TEM image of solid product obtained with cysteine after HTC at 180 °C. 
A heterogeneous morphology is obtained, implying that the controlled gel formation is hindered 
by addition of cysteine. c) nitrogen sorption isotherm for CA-CS, showing the low surface area of 
the material. 
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Fig. A 8 X-Ray diffractograms of pyrolized carbon aerogels
 

Fig. A 9 TEM images of a) CA_900, b) CA-TC_900, and c) CA-TCA_900 
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Fig. A 10 a) Nitrogen sorption isotherms and b) pore size distributions (QSDFT model) 
obtained for aerogels after HTC at 180 °C. 
 

 
Fig. A 11 Deconvoluted C1(s) N1(s) and S2(p) photoelectron envelopes of CA-TC (a, b, c, 
respectively), and CA-TCA (d, e, f, respectively) 
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Fig. A 12 Deconvoluted C1(s) N1(s) and S2(p) photoelectron envelopes of CA-TC_900 (a, b, c, 
respectively), and CA-TCA_900 (d, e, f, respectively) 
 

Table A 1 Peak assignments for the the C1(s) and N 1(s) photoelectron envelopes for PCA1_300mg 
and PCA1_300mg_900. 

Peak 

Binding Energy (eV) 

fraction of species (%) 

PCA1_300mg PCA1_300mg_900 Assignment 

C1s 

285.00 
59.4 

285.00 
75.8 C1 sp2 C-C or C-H35, 46, 99 

286.02 
29.1 

286.30 
13.6 

C2 C-O / C-N / C-S35 

287.80 
8.7 

287.50 
5.3 

C3 C=O / C=N35, 101 

289.60 
2.9 

288.90 
2.1 

C4 O=C-O106 

- 
- 

290.50 
3.2 

C5 π-π* shake up satellite18, 46 

N1s 

- 
- 

398.50 
38.5 

N1 pyridinic44, 46 

400.40 
100.0 

- 
- 

N2 pyrrolic44 

- 
- 

401.38 
38.4 

N3 quaternary35, 44 

- 
- 

403.50 
23.1 

N4 pyridinic N-Oxide35 
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Fig. A 13 TEM images of a) PCA3_600mg, b) S-CA and c) SN-CA 
 

 
Fig. A 14 a) Nitrogen sorption isotherms and b) pore size distributions (QSDFT model) 
obtained for S, N and SN doped aerogels after HTC at 180 °C. 
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Fig. A 15 TEM images of a) PCA1_150mg_900, b) PCA1_300mg_900, c) PCA1_600mg_900, d) 
PCA1_300mg_900, e) PCA2_300mg_900, f) PCA3_300mg_900, g) PCA3_600mg_900, h) S-CA_900 
and i) SN-CA_900 
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Fig. A 16 N2 sorption isotherms of a) Borax series, b) PCA series and c) PCA3_600mg_900, S-CA 
and SN-CA after pyrolysis at 900 °C. The corresponding pore size distributions (QSDFT model) 
are shown in d), e) and f), respectively. 
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9.3 List of abbreviations 

13C MAS ssNMR 13C Magic Angle Spinning solid state Nulcear Magnetic Resonance 

BET Brunauer-Emmet-Teller

CA Carbon aerogel 

CHS Carbon Hollow Spheres

CV Cyclic Voltammetry

Cys/CS L-Cysteine 

DFT Density Functional Theory

DMT 2,5 DiMethyl-Thiophene

EAS Electrophilic Aromatic Substitution

EDG Electron-Donating Group

EDX Energy Dispersive X-ray spectroscopy

EWG Electron-Withdrawing Group

FT-IR Fourier-Transform Infrared Spectroscopy

Glu D-(+)-Glucose 

HMF HydroxyMethylFurfural

HRTEM High-Resolution Transmission Electron Microscopy

HSAB Hard and Soft Acids and Bases

HTC HydroThermal Carbonization

htHTC High temperature HydroThermal Carbonization

LBAE Lobry de Bruyn – Alberda van Ekenstein transformation 

LbL Layer-by-layer 

LSV Linear Sweep Voltammetry

ltHTC Low temperature HydroThermal Carbonization

MPA 3-Mercapto-Propionic Acid

MTP 2-Methyl-ThioPhene

ORR Oxygen Reduction Reaction

PCA 2-Pyrrol-CarboxAldehyde

PEG PolyEthylene Glycol

PS PolyStyrene 
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QSDFT Quenched Solid Density Functional Theory 

RDE Rotating Disk Electrode

RF Resorcinol-formaldehyde

SDBS 4-DodecylBenzeneSulfonic acid

SDS Sodium Dodecyl Sulfate

SEM Scanning Electron Microscopy

SHV SuperHeated Vapor

Stc Starch (soluble)

STEM Scanning Transmission Electron Microscopy

TCA 2-Thienyl-CarboxAldehyde

TCAcid 2-Thiophene-Carboxylic Acid

TCys/TC S-(2 Thienyl)-L-Cysteine

TDCA 2,5-Thiophene-DiCarboxAldehyde

TEM Transmission Electron Microscopy

TGA ThermoGravimetric Analysis

XPS X-ray Photoelectron Spectroscopy

XRD X-Ray Diffraction

Xyl D-(+)-Xylose
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