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1 Introduction
Understanding structure-property relations helps to improve the efficiency of any system, es-

pecially in case of material science. Model materials could be used to systematically study

the influence of a single structure parameter on the property in a specific application. In case

of the material class of porous carbons, such specific applications are based on solid-liquid or

solid-gas interface interactions, for instance as adsorbent, catalyst, catalytic support or electrode

material.[1]

An application of porous carbons which is getting more and more attention is in the field of

renewable energy [2–4]. In order to compensate for the fluctuating nature of renewable energy

sources like wind, water and sun, efficient ways of electric energy storage are needed. The

recent success story of the american car company TESLA already demonstrated the successful

application of lithium ion batteries for electromobility. Another possibility for the mobile storage

of electric energy are electric double layer capacitors (EDLCs).[5,6] Here, activated carbons

are used as electrode materials and CDCs were already applied to probe for structure-property

relations in this application.[7,8] Due to the relatively high energy density of carbon based

EDLCs, these type of capacitors are often referred to as super capacitors.[5] Their energy storage

properties are based on the mechanism of physical charge separation at the solid-liquid interface

of the porous carbon electrodes and the liquid electrolyte. Although they could only store about

a tenth of the electric energy compared to a common lithium ion battery, [9] they could be

charged and discharged within seconds at an efficiency of ≈ 95 % [10] and could provide

power densities of up to 10 kW kg−1, over a cycle life greater than 100,000.[11] Thus, they are

commonly used for applications were high power densities and high reliability is demanded, i.e.

braking energy recovery, electrical grid stabilization, uninterruptible power supply units or as

power supply for emergency doors in air planes.[12]

Another application of porous carbons which is recently advancing is solid acid cataly-

sis.[13,14] It is foremost applied in the field of green chemistry.[15–17] The term green chem-

istry summarizes the aspiration of chemical production to be environmentally friendly by (1)
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reducing production waste, (2) focusing on the processing of biological educts and (3) smart

intertwining of different process chains.[18] An example is the production of ethyl levulinate

(EL) which is an efficient biofuel.[19–21] The last step of its synthesis is typically the esterifica-

tion of levulinic acid with ethanol. This liquid phase reaction could be effectively catalyzed by

solid acids.[22–26] In general, heterogeneous catalysis by solid acids is an attractive alternative

to homogeneous catalysis by liquid acids, like sulfuric or hydrochloric acid.[27] Unlike liquid

acids, solid acids could be easily recycled, directly reused and do not demand highly corrosion

resistant reactor materials. On the downside, solid acids could suffer from diffusion limitation,

which makes them less efficient for catalysis. Yet, there are also examples of solid acids being

even more efficient than the liquid sulfuric acid itself.[27,28] This is due to the fact, that the

efficiency of solid acids is affected to a major degree by the mechanism of the catalyzed reaction

and the solid-liquid interface interaction of the educts and products at a molecular level.

In order to induce maximum effectivity, the structure of a solid acid needs to be tailored for a

specific reaction. An efficient selection and optimization of a carbon based solid acid catalyst for

the EL synthesis relies on the deduction of structure-property relations. The same is true for the

application of porous carbon as electrode material for EDLCs. Both applications are based on

interactions at a solid-liquid interface. In order to study the structure-property relations in these

applications, carbide derived carbon (CDC) could be used as model material [29–32] because its

structure, i.e. porosity, pore size, specific surface area and graphitization degree, is uniform and

tunable over a wide range.[33] Besides, CDC stands out by its purity, reproducibility and narrow

pore size distribution.[29] Being a porous carbon, it is also light weight, tunable in surface

chemistry [34–37], electrically conductive [31] and exhibits hydrothermal stability [38]. The

basis for studying structure-property relations is (1) an in depth characterization of the carbon

texture, microstructure and surface chemistry, (2) finding ways to systematically tune these

characteristics and (3) to probe the effect on the application. This methodology will be applied

in this work for the porous carbon model material CDC and the application for electric energy

storage using EDLCs and solid acid catalysis of ethanol and levulinic acid.
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2 Background

2.1 Overview on Porous Carbons

In this work, the material carbide derived carbon (CDC) is synthesized and used as a carbon

model material to probe structure-property relations in EDLC energy storage and solid acid

catalysis. It is a porous carbon material and compares to other porous carbons. This chapter

provides some general information on this type of material class.

2.1.1 Industrial Applications

Porous carbons of industrial importance are activated carbons. Traditionally, this terminology

refers to the value added to simple charcoal. It makes the carbonaceous charcoal active for

different applications, foremost as adsorbents (see figure 2.1a). The activity of porous carbon

is based on the complex porous structure which is introduced by an activation process (see

figure 2.1b). It is denoted as carbon texture and is defined by the internal specific surface

area SSA (500 - 1500 m2 g−1), the specific pore volume SPV (≥ 0.2 mL g−1) and the pore

size distribution, which could be either narrow or broad. Another important characteristic of

activated carbon is the amount of surface functional oxygen-groups.

All these characteristics are influenced by the type of charcoal precursor, e.g. wood, nutshells,

fruit stones, peat, charcoal, brown coal, bituminous coal, mineral oil products and nearly all

other carbon-containing materials, and the type of activation, e.g. chemical or gas-phase. The

chemical activation by zinc chloride or phosphoric acid is applied mostly to uncarbonized start-

ing materials like saw dust or peat. It exploits the dehydrating effect of these chemicals and is

conducted at temperatures ranging from 400 °C to 1000 °C. The traditional gas-phase activa-

tion is conducted by heating a carbonized material like wood charcoal with steam and carbon

dioxide at temperatures ranging from 800 °C to 1000 °C. The carbonization, itself, is realized by

3



(a) (b)

Figure 2.1: General information on activated carbon according to Ullmann’s Encyclopedia of Industrial Chem-
istry.[39] (a) Gas- and liquid-phase applications of carbonaceous adsorbents. (b) Schematic model on
the pore structure of activated carbon.

pyrolysis in oxygen free atmosphere, at temperatures ranging from 500 °C to 1000 °C. It is pos-

sible to apply a combination of both activation methods, as well.[39] There are many different

approaches for classification, e.g. appearance (powdered or granular activated carbon, cylindri-

cal or spherical pellets, activated carbon fibres, activated coke), pore size distribution (activated

coke, activated carbon, carbon molecular sieves) or field of application (carbon molecular sieves,

decolorizing carbon, water-treatment carbon, catalyst carbon, drinking-water carbon, solvent-

recovery carbon). Thereby, the nomenclature could be confusing, with all activated cokes beeing

activated carbons, as well. A summary of specific applications, categorized according to their

microstructure, is provided in table 2.1.

Porous carbons could be applied for various applications in catalysis, as well.[40,41] They can

either serve as support for noble metal catalysts or as a catalyst, itself.[38,42,43] The following

properties qualifies for the application: high hydrothermal stability, high surface areas, variable

surface chemistry and good recycling possibilities for noble metals. Promising applications are

within biomass conversion. Recently reported examples are aqueous phase reforming of xyli-

tol[44], biomass deoxygenation[45], hydrolysis of cellobiose[46] and selective oxidation of glu-

cose. Other green chemistry applications are reported for, both, oxidative processes like waste

water cleaning and reductive processes like the hydrodechlorination of 4-chlorophenol.[47,48]

2.1 Overview on Porous Carbons 4



Table 2.1: Typical applications of carbon-based adsorbents according to "Ullmann’s Encyclopedia of Industrial Chem-
istry". Material classes were selected due to their prominent microstructure feature (CMS: dcalc ≈ 0.5-
1 nm, Activated Coke: SSA≤ 400 m2 g−1, Activated Carbon - fine pore: 50-70 % of SPV (0.8-1.2 mL g−1)
≤ 20 nm, Activated Carbon - medium/wide pore: 50-80 % of SPV (0.8-1.7 mL g−1) ≥ 20 nm).[39]

Material Class Type Gas-phase Liquid-phase Catalysis

Activated Carbon fine-pore intake air and exhaust
air cleanup, odor control,
adsorption of low-boiling
hydrocarbons

dechlorination, removal
of micropollutants, gold
recovery, decaffeination

catalyst for chemi-
cal reactions

medium-
pore

solvent recovery, adsorp-
tion of medium-boiling
hydrocarbons

potable and wastewater
purification

catalyst support
for impregnation

wide-pore adsorption and recovery
of high-boiling hydrocar-
bons

decolorization, wastewa-
ter purification

catalyst support
for impregnation

Activated Coke dioxin and furan adsorp-
tion, SO2 and NO2 re-
moval

deozonisation, removal
of manganese and iron

n/a

Carbon Molecular
Sieves

N2 and O2 recovery from
air, CH4 from biogas

n/a n/a

The production of biodiesel is an application as solid acid catalyst which is later discussed in

more detail.

2.1.2 The Carbon Texture & Microstructure

The carbon microstructure summarizes the following material characteristics: (1) the type of

allotropic modification (graphite, diamond, fullerene, nanotube) and (2) the state of order at

a molecular level, e.g. crystalline, turbostratic or amorphous carbon. The carbon texture sum-

marizes the following material characteristics: (1) the state of order at a microscopic level, e.g.

templated, hierarchical, homogeneous or heterogeneous, (2) the internal and external surface

area and (3) the pore structure which is characterized by porosity, pore volume and pore size

distribution. The chemical composition, i.e. hetero atoms and surface functional groups, is

another crucial characteristic. The presence and the composition of these characteristics sum

up to specific material properties which qualifies the material for a specific application. This

correlation is commonly denoted as structure-property relation. Some fundamental properties

which result from the state of order at a molecular level are summarized in table 2.2. For ex-

ample, graphite qualifies for an application as pencil lead and dry lubricant due to mechanical

anisotropy, as electrode material in batteries and electric arc furnaces due to electrical conduc-
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Table 2.2: Relation of a crystalline graphitic and an amorphous carbon structure to different properties. (+) high,
(0) medium and (-) low.

Property Crystalline Graphite Amorphous Carbon

atomic hybridisation sp2 sp2 / sp3
electrical / mechanical anisotropy yes / yes no / no
stability in oxygen / inert-gas atmosphere ≈ 700 °C / 3800 °C ≈ 350 °C / 1200 °C
stability against oxidizing / acidic / alkaline chemicals + / + / + - / 0 / 0
electrical / thermal conductivity + / + - / -
hydrophobicity + 0
porosity 0 variable

tivity and thermal stability, and as heat protection cladding due to thermal conductivity and

stability.

Carbon materials are not either crystalline graphite or amorphous carbon but a complex mix-

ture of both phases. With increasing temperature and decreasing pressure, crystalline graphite

is the thermodynamically stable phase.[50] The degree of graphitization and aromatic sp2-

hybridization is illustrated in figure 2.2a as a function of temperature. With increasing temper-

ature, amorphous carbon gradually transforms to turbostratic carbon and, finally, to perfectly

ordered graphite. Natural graphite is made up of multiple single crystals of graphite. The crys-

tals, itself, are formed by the stacking of multiple basal planes. A single basal plane is called

graphene. It is a planar monolayer of sp2-hybridized carbon atoms forming aromatic 6-fold

(a)
(b)

Figure 2.2: Schematic illustration of (a) the graphitization process during heat treatment influences the degree
of order, from amorphous carbon to crystalline carbon,[49] and (b) dimensional characterization of
graphitic domains.[1]
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rings which yields a conjugated pi-electron system. Note, that the illustrated temperatures refer

to a post-synthetic graphitization process at ambient pressure, they strongly depend on the car-

bon material, as well. In fact, carbons could be divided into those which are graphitizing and

those which are not.[51] This statement refers to a post synthetic graphitization.

The nomenclature to quantify the dimensions of a single crystal of graphite is depicted in

figure 2.2b. The crystal length is denoted as La and the crystal height as Lc. Typically, activated

carbons exhibit crystalline domains with a length of La ≈ 2 nm and a height of Lc ≈ 1 nm. In

comparison, the graphitic crystals within natural graphite could exhibit an average length of

La = 210 nm and a height of Lc = 94 nm.[39] Note, that the quantity of graphitic domains is

usually small in activated carbons. The ratio of graphitic carbon to amorphous carbon is denoted

as the degree of graphitization. The quality of a graphite crystal is characterized by the average

stacking distance of the basal planes. The minimum stacking distance is d002 = 0.3354 nm. It

is found in a defect free single crystal of graphite. A larger distance of d002 = 0.3450 nm is

typically found in turbostratic carbon and is induced by defect sites in the basal planes which

lowers the three-dimensional uniformity of the graphitic domain, yielding ribbons with mutually

random orientation. The stacking distance increases up to d002 = 0.3700 nm with increasing

amount of defect sites.[52] As an example for the effect of heat treatment, Vazquez-Santos

et al. treated polymer derived porous carbon at ambient pressure with temperatures up to

2700 °C.[53] This increased the average crystal length from La = 3.8 nm to La = 64 nm and

crystal height from Lc = 1.6 nm to Lc = 32 nm. At the same time, the stacking distance

decreased from d002 = 0.3450 nm to d002 = 0.3370 nm. In this case, the data was gathered by

x-ray powder diffraction (XRD) but RAMAN analysis is suited to estimate La, as well.[54]

Beside temperature and pressure, the graphitization of carbon could be influenced by numer-

ous catalysts.[55] The catalysts reduce the necessary temperature and increase the degree of

graphitization. They also influence the mechanism of graphitization and the resulting carbon

texture and microstructure. The mechanism of catalytic carbon graphitization is based on car-

bon atoms being dissolved in catalyst particles and precipitated in a high degree of order. The

mechanism was first reported for nickel in 1969 by Presland et al.[56] It could be exploited

for the production of carbon nanomaterials like carbon nanotubes, as well.[57] Oya et al. pro-

posed the migration of catalytic particles through amorphous carbon and categorized respective

XRD patterns.[55] The authors reported that small nano particles induce turbostratic carbon
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by migration whereas bigger micrometer particles are forming highly ordered graphitic shells.

Typical graphitization catalysts are transition metals like iron, nickel, cobalt, copper, gold or

platinum, but also main group elements like boron or silicon. It was found that oxides and

other compounds of catalytically active elements could be active, as well. For the application of

a graphitization catalyst, it is important to consider the heating process to certain graphitization

temperature. For example, boron oxide (B2O3) exhibits low activity because, unlike boron form-

ing boron carbide (BC4), it evaporates at higher temperatures.[58] Copper compounds (CuF2,

CuSiF6, CuO and CuCl) exhibit the same activity as metallic copper.[59] The oxide of iron

Fe2O3even exhibits a higher activity compared to metallic iron [60]. In contrast, nickel looses

the catalytic activity upon oxidation. In case of copper, the similar activity was explained by the

temperature induced decomposition of oxides to metallic copper.

2.1.3 The Carbon Surface

The surface of porous carbon is versatile because carbon forms stable compounds with many el-

ements. In general, the reactivity of a carbon surface depends on the state of order. In crystalline

carbon the majority of carbon atoms are in a an aromatic and fully saturated binding state. At

defect sites carbon atoms exhibit an unsatisfied valence, so called dangling bonds, which could

be saturated by a reaction with a mobile reactant. Usually this reactant is atmospheric oxy-

gen, forming oxygen-containing functional groups. Typical surface functional oxo-groups are

depicted in figure 2.3a. Amorphous carbons are not ordered within an sp2 π-electron binding

state which makes them less chemically inert and more reactive. As a result, the oxidation of

amorphous carbon is favored at sp3-hybridized carbon atoms by side chain reactions.[36] In the

first place, the degree of surface functional groups depends on the carbon synthesis process, it-

self. In case of activated carbon, the activation is based on the reaction with oxidizing reactants

to obtain a porous structure. As a result, the degree of surface functional oxygen-containing

groups is inherently high.

At any degree of functionalization, such surface functional groups influence the interaction

with molecules in near proximity. The most simple example is the wetting with water. Hy-

drophilic surfaces are easily wetted and exhibit a wetting angle of ≤ 90°. Hydrophobic surfaces

are the opposite. Yan et al. reported on wetting angles of carbon surfaces ranging from 5 ° to
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(a) (b)

Figure 2.3: Surface functionalization of porous carbon. (a) Scheme of carbon surface after oxidation, showing the
various surface functional oxo-groups.[61]. (b) Scheme of carbon surface (i) after sulfonation by oxidiz-
ing acids like H2SO4 and Oleum (65%), showing the surface functional groups sulfonic acid, carboxylic
acid and hydroxyl [26] and (ii) for the reactive coupling of sulfanilic acid yielding benzene-sulfonic surface
groups [62].

167 °, which is close to the respective minimum and maximum of 0 ° and 180 °.[62] For exam-

ple, highly ordered pyrolytic graphite (HOPG) exhibited a wetting angle of 90 °, films deposited

by plasma-enhanced chemical vapor deposited (PE-CVD) an angle of 167 ° and carbonized spin

coated films an angle of 52 °. A treatment of the carbonized films by oxidizing nitric acid HNO3

or by sulfanilic acid with sodium nitrite (see figure 2.3b (ii)) introduced hydrophilic surface

groups and lowered the contact angle to 36 ° and 5.5 °, respectively. The carbon allotropes

graphite, fullerenes, and diamond are considered hydrophobic, whereas surface functional oxo-

groups are introducing hydrophilicity. As a result, the interaction of carbon surfaces with water

molecules depends on the type of the carbon microstructure, but also on the degree and type

of surface functional groups. This structure-property relation to water can be used to estimate

and tune the interaction of porous carbons with any other polar molecules. This is crucial,

for a material class which is characterized by its large surface area and, therefore, affects al-

most any application. It explains why oxidative processes are key to the industrial production of

porous carbons, not only for the creation of porosity, itself. A summary of wet- and dry-chemical

oxidation methods is provided in table 2.3.
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Table 2.3: Comparison of wet- and dry-chemical oxidation methods for porous carbon. Table was adapted from
"Carbon Nanomaterials".[63]

Chemistry Reactants Characteristic Benefits Limitations

wet acids (HNO3,
H2SO4, H3PO4,
HCl, H2O2), bases
(KOH, NaOH,
KMnO4, NH4OH)

introduces all
kinds of surface
functional oxo-
groups and other
hetero atoms.

very homogeneous,
high selectivity with
respect to sp2 and
sp3 carbon, lower
temperature

require extensive wash-
ing and corrosion-resistant
equipment, environmen-
tally harmful and expensive
waste disposal, little process
control during treatment
(high sample loss/reduced
selectivity)

dry gas (air, O2,
O3, CO2), vapor
(H2O)

introduces fore-
most surface
functional oxo-
groups of low
acidity

high process control
using in situ character-
ization, fast and inex-
pensive, easy to scale
up, no filtration/sepa-
ration required

require high temperatures,
not able to remove metal
impurities, use of aggressive
substances or supplementary
catalysts, may require addi-
tional supplements( e.g. cat-
alyst, oxidation inhibitors)

Depending on the type of method, the oxidation of carbon also introduces acidic surface

functional groups like carboxylic acid. Acidic groups strongly influence the interaction with

ions, which could be used for the application as selective adsorbent in water treatment or to

tune the loading and dispersion of metal catalysts upon wet impregnation with metal salts.[64]

The introduction of surface functional sulfonic acid groups (see figure 2.3b (i)) is especially

interesting for an application in solid acid catalysis [65]. The Brønsted acidic strength of

pKa = -2.8 is significantly higher than the one of carboxylic acid, with a value of pKa = 4.7,

and close to the acidic strength of liquid sulfuric acid of pKa = -3. Sulfuric acid groups are

commonly introduced by the coupling reaction of sulfanilic acid (see figure 2.3b (ii)) or by wet-

chemical functionalization using sulfuric acid H2SO4 (98%). Sulfuric acid is a mildly oxidizing

and strongly hygroscopic acid which does not alter the carbon microstructure of amorphous

carbons significantly.[64] The degree of functionalization could be increased by using fuming

sulfuric acid (65 wt% SO3), i.e. Oleum (65%).

Sulfur trioxide SO3 is the reactive species in sulfuric acid and oleum, it reacts with a carbon

surface as depicted in figure 2.4. Thereby, sulfonic acid groups (−SO3H) are introduced by an

electrophilic aromatic substitution reaction to aromatic 6-fold carbon rings which is denoted

as sulfonation (see figure 2.4a). Alternatively, organo sulfates (−O − SO3H) are introduced by

a nucleophilic addition reaction to hydroxyl groups which is denoted as sulfatation (see fig-
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Figure 2.4: Textbook mechanisms for introducing sulfur surface groups in porous carbons with SO3 as active
species.[35] (a) Electrophilic aromatic substitution reaction yielding sulfonic acid surface groups and
(b) nucleophilic addition reaction yielding organo sulfate surface groups.

ure 2.4b). The reported mechanisms are based on studies of graphene oxide (GO) and reduced

graphene oxide (rGO).[35] In rGO the aromaticity of graphene is dominant. In GO the hydroxyl

groups are the dominant functional group. In case of microporous carbons, the mechanism of

sulfonation is not well studied. Although the mechanism of sulfonation was proposed back in

the 1960’s by Cerfontain, modern computational simulations suggest that spatial hindrance in

micropores of porous carbon materials could inhibit the formation of stable transition states

in the electrophilic substitution mechanism, especially for the most stable trimolecular mecha-

nism.[66] Such spatial hindrance is not present in planar graphene sheets. A destabilization of

the transition state would favor rather a sulfatation than a sulfonation.

Spacial hindrance of sulfonation could also lead to a reduction of the introduced amount of

sulfonic acid groups. This effect could be assumed from data published by Kitano et al.[67] The

authors reported detailed data on the sulfonation of different carbons, which were produced

by pyrolysis of ZnCl2-impregnated wood powder at temperatures of 200 - 600 °C.[67] The

nonporous carbons which were pyrolysed below 500 °C exhibited a functionalization degree of

SAspec ≈ 1.3 mmol g−1, after sulfonation (80 °C, 10 h) by fuming sulfuric acid (15 wt% SO3).

The pyrolysis at temperatures ≥ 500 °C, yielded mixed micro-/mesoporous carbons. The aro-
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maticity, specific surface area SSA and pore volume SPV increased with increasing temperature.

The functionalization degree decreased with increasing temperature of pyrolysis, to a minimum

value of SAspec = 0.47 mmol g−1. The correlation of the sulfonation mechanism to the carbon

microstructure was not discussed in detail.

A crucial characteristic of surface functional groups is that they decompose at elevated tem-

perature. In general, surface functional oxygen-containing groups decompose to CO, CO2 and

H2O.[61] Note, that the heat induced desorption of surface functional groups induce reactive

dangling bonds on the carbon surface.[72] The volatile gases desorb from the carbon surface

and induce a loss in sample mass. The decomposition temperature depends on the type of func-

tional group, which could be exploited for a quantitative analysis by temperature programmed

desorption analysis (TPD). Thereby, a carbon sample is heated in inert gas atmosphere and

the sample mass is recorded as a function of temperature. The decomposition temperatures

and volatile products of common oxygen-containing functional groups are plotted in figure 2.5,

based on various studies.[68–71] The illustration points out three important aspects for the ap-

plication of TPD analysis on functionalized carbons. First, the decomposition temperature for a

single type of functional group varies significantly. It is influenced by neighboring groups, the

total degree of functionalization and the carbon material, itself. Second, the temperature ranges

for the decomposition of different functional groups overlap. Third, the decomposition of func-

tional groups induces the degradation of the original carbon surface. This could be observed

Figure 2.5: Box-plot of decomposition temperatures for surface functional oxo-groups found in literature, based on
experimental and computational data.[68–71]
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at the example of hydroxyl groups, which decompose to CO, as well. As a consequence, the

TPD method is usually combined with a mass spectrometer (TG-MS), which allows the quan-

tification of the decomposition products. This method enables a more detailed analysis of the

decomposition process. Yet, the assignment of a specific oxygen-containing functional group to

a certain signal is strongly dependent on the signal processing and deconvolution algorithm.

Nevertheless, TG-MS is perfectly suited to quantify the decomposition of sulfonic acid groups

beside oxygen-containing groups. For a detailed discussion of the methodical approach and the

correlation of experimental data to the surface sensitive XPS analysis, see Appendix A.1.

2.2 Carbide Derived Carbon: A Model Carbon

Carbide derived carbons (CDCs) are porous carbons which usually exhibit little amounts of

surface functional groups. This is one of the reasons why CDCs are often applied as model

carbons. The selective synthesis of carbon, based on a metal carbide was first reported in 1994

by Gogotsi et al. The authors observed a formation of carbon films on silicon carbide under

hydrothermal conditions.[73,74] The method was enhanced by the reaction with chlorine-

containing gases.[75,76] It was observed, that the reaction of chlorine with carbides could

lead to the formation of nanoporous carbon materials [77,78]. The method could be applied

to various carbides, e.g. SiC , TiC , Z rC , B4C ,TaC or Mo2C .[79–84] The method is based on

the isomorphic extraction of the metallic atoms by a gas-phase reaction with chlorine, while the

carbon atoms remain at their initial positions of the carbide crystal structure. The result is a

nanoporous carbon with a homogeneous carbon texture and microstructure, with an average

pore sizes ranging from 0.8 nm to 2.1 nm.

The carbon texture strongly depends on the stoichiometry of the carbide and the size of the

metallic atoms, because the crystal structure of the carbide is acting as a template. The mi-

crostructure depends on the metallic component of the carbide, as well. The process allows

the conversion of carbides of any shape such as powders, whiskers, nanowires, monoliths or

foams.[85,86] The kinetics of titanium carbide chlorination was studied by Becker et al.[87]

and the kinetics of silicon carbide chlorination by Knorr et al.[88] In the year 2003, the group

of Gogotsi et al. first reported the tuning of the pore size of Ti3SiC2 derived CDC by vary-

ing the synthesis temperature.[89,90] In the year 2005, they reported that the concept was
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successfully applied to titanium carbide (TiC) and it was found that TiC-CDC exhibits a carbon

microstructure which is highly sensitive to the chlorination temperature TCDC.[29] Subsequently,

this concept was applied to various carbides, as well.[91]. A comprehensive summary on CDC

was given by Presser et al. in 2011.[33]

2.2.1 Synthesis of TiC-CDC

The chlorination of TiC at temperatures of TCDC ≤ 1000 °C yields porous TiC-CDC, with a gravi-

metric yield of 56.2 wt% [89], a high specific surface area of SSA ≥ 1500 m2 g−1, a unimodal

average pore size ≤ 1 nm and a narrow pore size distribution (PSD).[91] The average pore

size is tunable, it increases with increasing chlorination temperature TCDC.[92] The carbon mi-

crostructure is amorphous and carbon dangling bonds could be saturated by chlorine. Upon

exposing the freshly synthesized material to air, various hydroxyl and carbonyl groups are intro-

duced to the surface.[93] In order to remove residual chlorine and volatile metal chlorides from

the microporous carbons, Portet et al. studied the gas-phase post-treatment at 600 °C by Ar, H2

or NH4. They found that the hydrogen treatment is suited to remove chemisorbed chlorine and

to saturate dangling bonds, yielding CDC with little amounts of surface functional groups.

The group of Etzold et al. chlorinated TiC up to temperatures of TCDC = 1585 °C.[38] A

synthesis at TCDC ≥ 1200 °C yields decreased surface areas, increased pore sizes and a broader

PSD. According to the IUPAC classification, TiC-CDC-1200 is still predominantly microporous

but TiC-CDC-1300 is already mesoporous. The data on the respective carbon microstructure

of TiC-CDC is summarized in table 2.4. The group found, that the effect of increased pore

Table 2.4: Carbon microstructure of TiC-CDC after chlorination at temperatures TCDC ranging from 800 °C to
1585 °C.[38]

Chlorination Specific Specific Average EELS TPO onset DVS onset
Temperature Surface Area Pore Volume Pore Size sp2-carbon

TCDC SSABET SPVQSDFT dcalc Tonset p/p0
m2 g−1 mL g−1 [nm] [%] [°C] [%]

800 1674 0.76 0.91 92.5 504 46
1200 1204 0.77 1.28 95.5 562 63
1300 771 0.84 2.18 98.3 631 72
1400 464 0.9 3.88 98.3 645 > 80
1500 283 0.71 5.02 98.6 665 n/a
1585 170 0.69 8.12 99.1 678 n/a
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sizes and broader PSD is significantly stronger with higher chlorination temperature. The sur-

face area of TiC-CDC-1500 is as low as SSABET = 283 m2 g−1 an the average pore size as

high as dcalc = 8.12 nm. The material exhibits a broad PSD, with pore sizes ranging from

dcalc = 3.8 nm to about dcalc = 30 nm. The effect of the chlorination temperature on the

carbon texture is explained by the increasing degree of carbon graphitization which occurs at

TCDC ≥ 1300 °C. According to EELS measurements, the sp2-hybridized carbon fraction increases

up to 99 % after chlorination at a TCDC = 1585 °C. The graphitization of the carbon microstruc-

ture could be imaged by TEM analysis. The illustrations of amorphous (C), partially (A,D) and

fully graphitized carbon (B) are summarized in figure 2.6. As a result of graphitization, the

carbon surface becomes more hydrophobic and the oxidation stability increases. The group

tested the hydrophilicity by dynamic vapor sorption of water at a temperature of 40 °C. The

amorphous carbon TiC-CDC-800 showed a significant water uptake of almost 50 wt%, at a

relative humidity ≥ 40 %. The water uptake of TiC-CDC synthesized at TCDC = ≥ 1300 °C

was below 5 wt%, at a relative humidity of 80 %. Besides, the oxidation stability in air was

tested by temperature programmed oxidation (TPO). The onset temperature of oxidation in-

creased from Tonset = 520 °C to Tonset = 631 °C, by increasing the chlorination temperature

from TCDC = 1000 °C to TCDC = 1300 °C. Increasing the temperature to TCDC = 1585 °C, further

increased the oxidation stability to Tonset = 678 °C.

The group of Osswald et al. studied the microstructure of TiC-CDC which was synthesized at

chlorination temperatures ranging from TCDC = 600 °C to TCDC = 1300 °C. They found evidence

for incipient graphitization at a temperature of TCDC = 1000 °C. Their results on TPO analysis

are summarized in figure 2.7. The TPO analysis of TiC-CDC-1000 exhibited two distinct oxida-

Figure 2.6: TEM images of TiC-CDC synthesized at (A) 1200 °C and (B) 1585 °C [38] and nano-TiC-CDC based on a
nanosized TiC precursor, synthesized and hydrogen treated at indicated temperatures (C,D).[94]
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Figure 2.7: TPO (solid lines) and derivate weight fraction (dashed lines) of TiC-CDC chlorinated at a temperature
TCDC of (a) 600 °C, (b) 1000 °C and (c) 1300. Experiments conducted in air at 2 ◦C min−1.[97]

tion regimes. The derivative weight fraction showed maxima at 520 °C and 570 °C. The first

maximum was ascribed to the oxidation of amorphous carbon and the second to the oxidation

of turbostratic carbon. The results on the microstructure are supported by Urbonaite et al. using

RAMAN and EELS analysis.[95,96]

2.2.2 Graphitization Catalysts

The microstructure of TiC-CDC is not only sensitive to the chlorination temperature but to cat-

alytically active metals, as well. Kormann et al. [98] studied the effect of Fe(II), Fe(III) and

Ru(III) salts on the chlorination of biomorphic TiC ceramics [99,100]. Therefore, porous TiC

was impregnated by dip coating into saturated salt solutions and chlorinated at temperatures

ranging from TCDC = 600 °C to TCDC = 1200 °C. The resulting carbon microstructure was an-

alyzed by RAMAN, TEM and nitrogen sorption analysis. The transition metal salts already in-

fluenced the microstructure at low concentrations of 0.5 wt%. According to RAMAN analysis,

the state of order was significantly increased, even after chlorination at a low temperature of

TCDC = 600 °C. The micro-/mesoporous volume fraction and the specific surface area decreased.

It was found, that ruthenium is more active than iron and that the initial oxidation state of iron

is irrelevant.

Kern et al. [31] studied the influence of Fe(III), Co(II) and Ni(II) chloride salts on the chlori-

nation of sintered SiC monoliths at a temperature of TCDC = 1200 °C. Therefore, the monoliths

were impregnated with up to 8.6 wt% metallic cations, using the solvent evaporation method.

Unlike TiC-CDC, carbon derived from SiC is none graphitizing upon chlorination at high temper-

atures of TCDC =≥ 1200 °C. Yet, all three metal salts are catalytically active for the graphitization
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process, with nickel showing the highest activity. The TPO analysis revealed a bimodal oxida-

tion. The first oxidation regime, from 500 °C to 700 °C, was ascribed to amorphous carbon

and the second oxidation regime, from 600 °C to 800 °C, to graphitic carbon. The graphitiza-

tion degree was determined by the derivative weight loss area of the oxidation regime, which

corresponded to graphitic carbon. Accordingly, the cobalt salt induced a graphitization degree

of 24 wt% and 37 wt%, at a loading of 0.34 wt% and 1.66 wt%. The nickel salt induced

100 wt% graphitization, at a loading amount of 3.1 wt%. The graphitization influenced the

texture, as well. The respective surface area was reduced from SSABET = 1502 m2 g−1 to

SSABET = 151 m2 g−1. The results are supported by the study of Jeong et al., on the effect of

iron catalysts in the chlorination of silicon carbide at temperatures ranging from TCDC = 1000 °C

to TCDC = 1200 °C.[101]

2.2.3 Advanced Texture Control

The texture of CDC could be tuned towards a hierarchical structure, as well. This approach is

interesting for applications where inner diffusion is critical.[33,102] Osswald et al. reported

how the texture of TiC-CDC could be tuned by a post-synthetic oxidation in air and carbon

dioxide.[97] The authors found that CO2 is best suited to control the development of porosity

in amorphous TiC-CDC-600. In reference to Rodriguez-Reinoso et al. [103], they stated that the

"porosity development may be explained by a two-step process starting with (1) the formation

of new micropores at moderate conditions, and (2) widening into larger pores for longer times,

leading to an increase of the total pore volume".[97] Schmirler et al. reported the transfer

from post-synthetic activation [104] to in-situ activation.[105] The in-situ activation by CO2

was conducted simultaneously to the chlorination of SiC. As the conversion of carbide particles

to carbon is driven from the outer surface to the inner core, the carbon in the outer spheres of

a particle is activated for a longer time than the carbon in the core of a particle. According to

Schmirler et al., the resulting ratio of meso- to micropores decreases with increasing distance

from the outer surface of a particle, towards the inner particle core.

Ariyanto et al. reported a more simple approach to synthesize core-shell pore structures with

a respective gradient. The approach is illustrated in figure 2.8.[106] The authors started the

chlorination of particulate TiC (2 µm) at a temperature of TCDC = 1200 °C and subsequently
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Figure 2.8: (a) Schematic of the coreeshell porous particle.[106] (b) Scheme of synthesis of a hollow core material
based on CDC route.[32]

reduced the temperature to TCDC = 800 °C, before full conversion was reached. They found that

CDC had formed, which exhibits a mesoporous shell and a microporous core (see figure 2.8a).

The carbons showed excellent supercapacitor performance, with reduced influence of inner dif-

fusion limitation. Furthermore, the authors reported the synthesis of hollow-core particles by

oxidative removal of an amorphous core (see figure 2.8b). Schmirler et al. reporter another ap-

proach to obtain hierarchical micro- and macroporous CDC by chlorination of a tailored silicon

carbide, which contained free silicon phases. The Si/SiC precursor monolith yielded micro-

porous CDC with secondary porosity, i.e. channels of 3 µm in size and 0.23 mL g−1 in total

pore volume.[107] A similar approach was reported by Yeon et al. by employing preceramic

polymer-derived silicon carbonitride (SiCN) precursors.[108] Knorr et al. reported on differ-

ent approaches for the synthesis of silicon carbide derived carbons with a secondary foam-like

porosity, as well.[109]

2.2.4 Post-Synthetic Treatments

Osswald et al. first reported on the structural evolution of CDC upon vacuum annealing up to

temperatures of TVA = 2000 °C.[110] The authors stated, that the post-synthetic treatment of

TiC-CDC-600 by vacuum annealing could be an alternative to the conventional structural evolu-

tions methods, i.e. carbon dioxide and air activation.[97] At temperatures TVA = ≤ 1500 °C, the

specific pore volume and the surface area increased with increasing temperature. Thereby, the

surface area increased from initially SSABET = 1425 m2 g−1 to SSABET = 2000 m2 g−1, while

no significant change in PSD was observed. At annealing temperatures of TVA = ≥ 1600 °C, the

SSABET decreased gradually with increasing temperature. In comparison, isothermal activation

in CO2 at 875 °C for 12 h increases the SSA to over 2600 m2 g−1, but it also induces a weight
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loss of 54 wt%, it increases the average pore size to 1.5 nm and it significantly broadens the

PSD.

Dyatkin et al. conducted similar experiments on TiC-CDC microparticles and SiC-CDC

nanoparticles, but reported a different material response.[111] The authors confirmed, that

the specific pore volume SPVQSDFT and specific surface area SSABET could be increased with

little effect on the PSD, but only at a significantly lower vacuum annealing temperature of

TVA = 700 °C. At temperatures TVA = ≥ 1100 °C, the subnanometer pores started to merge

and collapse, accompanied by graphitic reorganization which increased the size of ordered sp2

domains. The treatment induced a weight loss of 10 - 15 %, which was ascribed to the removal

of surface functional groups, attached carbons, and trapped or chemisorbed species. As a re-

sult, the authors stated that "the conductivity and hydrophobicity increases [...], although these

properties are partially convoluted with porosity".

2.3 Probing Structure-Property Relations with CDC

Carbide derived carbon (CDC) is used as model carbon to study structure-property relations

because it exhibits reproducible and homogeneous properties. It was mostly applied in literature

to probe relations linked to the graphitization degree, the average pore size and the pore size

distribution.

2.3.1 Overview

A well studied carbon application is the adsorptive storage of hydrogen. According to Gogotsi

et al., TiC-CDC is perfectly suited as model carbon for this application. The authors list the

following qualifications: "(1) narrow pore size distribution tunable with better than 0.05 nm

sensitivity in the range 0.5 to 1.5 nm (2) SSA up to 2000 m2 g−1 (3) up to 80 % open pore

volume available to hydrogen (no closed porosity); and (4) moderate cost just a fraction of that

of CNT and close to that of synthetic activated carbons"[29]. Studying the structure-property

relations revealed, that the average pore size exhibits the dominant effect on hydrogen uptake

over surface chemistry.[112] It was found, that the optimum pore size ranges from 0.6 nm

to 0.7 nm and that pores larger than ≈ 1.5 nm are significantly less effective. A review was

published by Sevilla et al. in 2014.[30] The narrow pore size distribution qualifies TiC-CDC as
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model carbon for carbon molecular sieves (CMS), as well. Silvestre-Albero et al. studied the

selectivity of CO2/N2 separation as a function of the chlorination temperature. They found that

TiC-CDC is highly selective for CO2 adsorption, in general.[113]

For catalytic applications, porous carbons are typically loaded with catalytically active met-

als. This could be realized by wet impregnation, which is based on ion adsorption of solvated

metal salts. Kern et al. published a systematic study of nickel ion adsorption on carbide derived

carbons.[114] Subsequently, the authors reported on the effect of nickel salts on carbon graphi-

tization and the structure-property relation on thermal and electrical conductivity.[31] Gläsel et

al. reported on structure-property relations of TiC-CDC based dehydrogenation catalysis.[38]

The authors studied the effect of synthesis temperature and surface chemistry on the catalytic

performance in the dehydrogenation reaction of ethylbenzene to styrene. They found that the

styrene selectivity increases dramatically with increasing chlorination temperature TCDC, which

correlates to an increasing degree of graphitic character. Hasse et al. reported on the prepa-

ration of CDC supported platinum catalysts.[64] The authors studied the effect of nitric and

sulfuric acid treatment on the carbon texture and surface chemistry of SiC-CDC and TiC-CDC,

synthesized at temperatures ranging from TCDC = 800 °C to TCDC = 1200 °C. They correlated

(1) the relative changes in SSA and SPV to the degree of functionalization, (2) the resulting

platinum cluster size to the pH during impregnation and (3) the resulting platinum cluster size

to the precursor species used for impregnation. They found that the degree of functionalization

correlates inversely proportional to the degree of graphitization. This effect was ascribed to

the higher stability of graphitic carbon to oxidation. Also, a decrease in SPV at a low degree

of functionalization is mainly induced by the mass increase due to the introduction of surface

functional oxo-groups.

Schlange et al. reported on the application of a respectively prepared TiC-CDC supported

platinum catalyst as electrocatalyst in a direct methanol fuel cell (DMFC). The loading of nitric

acid treated TiC-CDC-1200 with platinum by the polyol alcohol reduction method resulted in

mean platinum cluster sizes as low as 1.16 nm, with a narrow size distribution. The authors

found that the CDC supported catalyst exhibited an 18 % increased activity for the cathodic

oxygen reduction reaction (ORR), compared to a commercial carbon black supported platinum

catalyst, and stated three structure-property relations which increase the catalytic performance

in DMFC applications: (1) high platinum dispersion in combination with a carbon support with
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(2) high specific surface area and (3) high degree of graphitization to reduce the electric resis-

tance. Ariyanto et al. applied the CDC route for the synthesis of hollow-core carbon particles

(see figure 2.8b).[32] The authors studied the structure-property relation of hollow-core CDC

supported platinum for the anodic oxidation of methanol in a DMFC application. They found

that the hollow-core carbon support reduces the influence of diffusion limitation, while the

graphitic character of the carbon shell ensures good electric conductivity and yields excellent

long-term stability of the high catalytic activity.

2.3.2 Electric Energy Storage

Jänes et al. first reported in the year 2004 on the application of CDCs in electric double layer

capacitor (EDLCs) for electric energy storage.[115] The authors reported on the electrochemical

characteristics of CDC in non-aqueous electrolyte solutions, derived from TiC , α− SiC , Mo2C ,

Al4C3 and B4C . The nanoporous material TiC-CDC performed best. In 2006, Chmiola et al.

[7] and Dash et al. [92] reported on pore size tuning in TiC-CDC by the variation of the

chlorination temperature TCDC and the application in EDLCs. They found that the energy storage

capability was maximized after synthesis at low temperatures ranging from TCDC = 600 °C

to TCDC = 800 °C and reported high capacitance values of up to Cspec = 130 F g−1, with a

high long term stability of up to 10,000 cycles. Since then, CDCs were repeatedly applied by

different research groups to deduce structure-property relations, which helped to consolidated

the understanding and the optimization of charge storage in EDLCs.[5,6]

Electric Double Layer Capacitors (EDLCs)

EDLCs are electric energy storage devices, which are a type of electrochemical capacitors (ECs),

see figure 2.9.[116,117] They are based on porous electrodes which are drained with an elec-

trolyte. The first EDLC was patented by General Electric back in 1957. The standard material

used for electrode production is activated carbon powder. It exhibits a decent electrical con-

ductivity of typically 0.05 S m−1 [118], a high specific surface area of 1000 - 3000 m2 g−1 and

exhibits sufficient stability [119].

In comparison to electrolytic and electrostatic capacitors, ECs exhibit significantly higher en-

ergy densities, which could be almost as high as the one of simple batteries. Yet, they exhibit the
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Figure 2.9: Classification of common types of capacitors. Scheme adapted from Pandolfo et al.[116]

characteristics of a capacitor, i.e. high charge-discharge efficiency, high cycle life, fast electric

response and high specific power. As a consequence, ECs are often referred to as supercapaci-

tors. ECs are classified to EDLCs, pseudocapacitors and hybrid capacitors. Typical specifications

of EDLCs are compared to batteries in table 2.5. The classification is based on the mechanism

of electric charge storage, which depends on the type of material that is used as electrode mate-

rial.[120,121] In EDLCs the electric charges are stored at the electrode/electrolyte-interface, the

mechanism is referred to as electric double layer (EDL) capacitance (see figure 2.10). In pseu-

docapacitors the electric charges are stored by fast faradayic charge transfer reactions of redox

activ species, the mechanism is referred to as pseudocapacitance. Hybrid capacitors summarize

devices based on a combination of EDL- and pseudocapacitance but also of EDL-capacitance and

battery technology. Lukatskaya et al. [122] published a review on EC characteristics and the

various possibilities for energy storage.

Charge Storage Mechanism

The mechanism of energy storage in EDLCs is governed by the physical laws of electrostatic

charge separation. The electric response and principles are similar to electrostatic capaci-

Table 2.5: Comparison of common properties of electric charge storing devices: batteries, electrostatic capacitor
and electric double layer capacitors (EDLC). Table adapted from Zhang et al.[120]

Electrical Discharge Charge time Energy Specific Charge- Cycle
Energy Storage time Density Power discharge life
System [W h kg−1] [W kg−1] efficiency

Battery 0.3 - 3 h 1 - 5 h 10 - 100 50 - 200 0.7 - 0.85 500 - 2000
EDLC 0.3 - 30 s 0.3 - 30 s 1 - 10 1000 0.85 - 0.98 > 100,000
Capacitor 10−6 - 10−3 10−6 - 10−3 < 0.1 > 10,000 1 > 500,000
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tors.[9] In a first approximation, the system could be quantified by the respective equations

on capacitance, energy and power:

C =
Q
U
= ε0εr

A
d

, E =
1
2

CU2, Pmax =
U2

4ESR
(2.1)

with the capacitance C [F], the electric charge Q [C=A s], the electric potential U [V], the

relative permittivity εr [F m−1], the vacuum permittivity ε0 [F m−1], the area of a charged

surface A [m2], the distance between charged surfaces d [m], the energy E [J], the maximum

power Pmax [W=J s−1] and the equivalent series resistance ESR. Accordingly, the capacitance

C is a measure of the electric charge Q which is accumulated at a surface A at a given electric

potential U. It increases with increasing surface area A and decreasing distance d of charge

separation.

In electrostatic capacitors, two electrodes are separated by a dielectric membrane, which

inhibits short circuit (see figure 2.10a). The minimum distance between the oppositely charged

electrodes is limited by the thickness of the dielectric membrane. In EDLCs the electrodes are

made of nanoporous carbon materials, soaked with an electrolyte (see figure 2.10b). Upon

applying an electric potential to the porous electrode, the electrolyte ions of opposite charge

are directly accumulating on the charged surfaces of the porous materials and form an electric

double layer (EDL). The interaction of a charged surface with an electrolyte is described by the

Stern model (see figure 2.10c). It quantifies the electric potential φ of a charged surface as a

Figure 2.10: Schematic illustration of (a) an electrostatic capacitor, (b) an electric double-layer capacitor (EDLC) and
(c) the Stern model describing the electric double layer (EDL) forming on charged surfaces in liquid
electrolytes, with the potential φ. Illustration (a),(b) adapted from Zhong et al.[123] and (c) from
Béguin et al.[5]
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function of the distance from this surface and correlates this potential to the state of order of

the electrolyte ions. The stern layer contains the solvated counter ion, the electric potential is

qualified by a constant potential drop and it’s thickness is in the range of angstroms. It is based

on the Helmholtz layer model. The diffuse layer is qualified by an exponential decrease of

the electric potential, with increasing concentration of ions, which have the same charge than

the surface. Within the bulk layer, the potential of the charged surface is fully compensated

by the formation of this electric double layer. The high SSA of nanoporous carbon electrodes

directly translates to a high capacitance of EDLCs.[124] Thereby, the performance is highly

sensitive to the carbon texture [125,126] and the electrolyte, itself [127]. The electrolyte is

either aqueous, based on an organic solvent or an ionic liquid.[123] Electrolyte properties of

interest and common examples are summarized in table 2.6.

Key parameters for, both, the carbon texture and the electrolyte are size dependent diffusion

limitations (particle size, pore size distribution, ionic radii), conductivity, cost and the range of

stability, i.e. the electric potential window. Besides, the performance of a EDLC is influenced

by conductive [132] and binding additives, and the assembling process itself.[133] A common

conductive additive is carbon black, at a weight fraction of 5 wt%.[134,135] It increases the

conductivity of the electrode material to an optimum threshold, which was recently defined by

a simulative approach to 0.1 S m−1.[136] The binder is essential for inter-particulate cohesion

and adhesion of the active electrode material to the current collector. Common binders are

PTFE, PV DF and CMC at weight fractions from 5 wt% to 10 wt%. The layer thickness of

Table 2.6: Comparison of typical electrolyte properties.

General Properties Aqueous Electrolyte Organic Electrolyte Ionic Liquid

Pseudocapacitance yes no no
Potential window [V] < 1 2.5 - 2.7 3 - 6
Conductivity + - - -
Cost - 0 / + + +
Common Example H2SO4 * H2O [TEA][BF4] * AN [EMI][TFSI]

Cation (bare / solvated size [nm]) H3O+ (0.2 1 / -) T EA+ (0.67 4 / 1.3) EM I+ (0.67 x 0.43 6 / -)
Anion (bare / solvated size [nm]) SO−2

4 (0.48 2 / -) BF−4 (0.48 4 / 1.13) T FSI− (0.8 x 0.3 6 / -)
Solvent water (H2O) acetonitrile (AN) -
Concentration c [mol/l] 0.5 1.5 n/a
Conductivity σ [S m−1] 15.4 3 1.4 5 n/a

Data according to 1Marcus et al. [128], 2Marcus et al. [129], 3Casas et al. [130], 4Yang et al. [131],
5Béguin et al. [5], 6Pandolfo et al. [116].
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the active electrode material can range from 50 µm to 1000 µm and strongly influences the

performance.[137] These factors complicate the comparison of published data and can lead to

overestimation of the actual gravimetric performance of EDLC assemblies.[138]

In general, there are two parameters which can be adjusted to maximize the capacitance and,

thus, the energy density of EDLCs. Either by increasing the SSA or by decreasing the thickness

of the EDL. In porous carbons, high surface areas of up to SSA = 3000 m2 g−1 are enabled by

the high fraction of inner surface area. According to Shi et al., the inner and outer surface area

of porous carbons exhibit different EDL characteristics, based on their accessibility to ions.[139]

Their contributions could be fitted by a simple model. Different research groups found that

increasing the inner surface area is only effective up to SSA = 1200 m2 g−1 [140] or rather

SSA = 1000 m2 g−1 [141], independent of the electrolyte. The authors concluded that for high

inner surface areas "the average pore wall thickness becomes close to the screening length of the

electric field" and that "the pore wall can no longer accommodate the same amount of charge

at a given electrode potential"[140]. The second parameter is influenced by the interaction of

the electrolyte with the carbon surface chemistry and microstructure. It is evaluated as key for

further optimization.[142]

In 2001, Eliad et al. first reported on the ion sieving effect, observed for microporous car-

bon electrodes in EDLCs.[143] The authors used this effect to estimate the effective ion size

in electrolytic solutions. They applied cyclic voltammetry to measure the electroadsorption

effectivity of different cations, e.g.K+, Na+, Li+, Ba2+, M g2+, NO−3 , Cl−, F−, SO2−
4 , in activated

carbons with pore sizes ranging from 0.36 to 0.58 nm. They found that the effective ion size

strongly depends on the valency of the ions and explained this observation by the influence of

the solvent shell. They stated that the solvent shell of doubly charged cations exhibit almost

twice the effective size compared to monovalent cations and that monovalent anions are likely

to loose their solvent shell upon electroadsorption, in contrast two a doubly charged anion, e.g.

sulfate anions. According to this theory, an electrolyte ion in the size of the average pore size

looses its solvent shell, upon entering the pore to compensate the charges on the internal surface

of a charged electrode material. In 2006, Chmiola et al. published the effect of systematic pore

size tuning on the performance of EDLCs.[144] The authors used CDC, with an average pore

size ranging from 0.6 nm to 2.25 nm, in combination with the electrolyte T EA (1.5M). The
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electrolyte exhibits a minimum bare anion size of 0.48 nm and a maximum solvated cation size

of 1.3 nm (see figure 2.11a).

They found an anomalous increase in capacitance at pore sizes smaller than 1 nm. The

authors argued that the interaction quality of a charged surface with an electrolyte ion, which

is fully or partially stripped of its solvent shell, is significantly higher. This could be explained

by the fact, that the distance between the charged pore wall and the electrolyte ions of opposite

charge decreases (see figure 2.11b). Simon et al. reviewed this charge storage mechanism

in 2010.[8] Largeot et. al oberserved a similar behavior for an ionic liquid electrolyte.[146]

The authors also observed a dramatic drop in capacitance for extremely small pores. This was

ascribed to the effect of ion sieving, which implies that the respective electrolyte ions were too

big to come in contact with the entire inner surface area. But, the theory of Chmiola et al. is

not undisputed. Centeno et al. observed no changes in surface normalized capacitance for pore

sizes ranging from 0.7 nm to 15 nm.[147] The authors studied the same organic electrolyte in

combination with 28 different activated carbons. In all cases, the mobility of electrolyte ions

within porous electrodes is strongly dependent on their size, relative to the average pore size.

In comparison to the organic electrolyte T EA (1.5M), the aqueous electrolyte H2SO4 (0.5 M)

Figure 2.11: Geometric confinement at the example of the organic electrolyte T EA, with the cation tetraethylam-
monium (T EA+), the anion tetrafluoroborat (BF−4 ) and the solvent molecule acetonitrile (AN). Illus-
trations adapted from Chmiola et al.[145] (a) Average pore size dcalc of TiC-CDC as a function of the
chlorination temperature TCDC, in relation to the size of the unsolvated cation TEA+ (0.67 nm) and an-
ion BF−4 (0.48 nm) and the solvated cation T EA+ ∗AN (1.3 nm) and anion BF−4 ∗AN (1.16 nm). Ion sizes
according to calculations by Yang et al.[131] (b) The cations T EA+ enter the pores of TiC-CDC either
bare or with partial solvent shells.
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contains the smaller cation (see table 2.6). Thus, it is inherently better suited to penetrate the

internal surface area of ultra-microporous carbons for charge compensation.

Surface Functional Groups

Surface functional groups influence the wetability by making the carbon surface more or less

hydrophilic. A surface which is more effectively wetted by an electrolyte yields higher capac-

itance values.[148,149] In case of the aqueous electrolyte H2SO4 (0.5 M), Bleda-Martínez et

al. reported a positive influence on the capacitance by oxygen groups, which release carbon

monoxide during TPD analysis. The authors denoted these groups as CO-type oxygen groups,

which are assumed to consist predominantly of hydroxylic and carbonylic functionalities.[69]

The linear correlation was ascribed to the increased surface wetability and pseudo capacitance

reactions, in combination with the acidic electrolyte. According to Frackowiak and Béguin

[125], the following reactions of electroactive functional surface groups have to be considered

in combination with a redox-active electrolyte:

> C −OH � C = O+H+ + e− (2.2)

−COOH � −COO+H+ + e− (2.3)

> C = O+ e−� C −O− (2.4)

Interestingly, the CO2-type oxygen groups like carboxylic acid did not exhibit this linear cor-

relation to an increased capacitance. Recently published data based on XAFS analysis suggests,

that acidic oxo-groups like carboxylic acid could influence the orientation of electrolyte ions,

relative to the charged carbon surface.[150] The authors found, that within confined carbon

materials, the electrolyte interaction with surface functional carboxylic acid groups not only

influences the mobility of the cations but of the anions, as well. In order to quantify such

interaction energies, a computational study based on quantum mechanical (QM) simulation

was conducted by Schweizer et al.[151] The authors investigated the interaction quality of the

electrolyte ions in T EA (1.5M) with differently functionalized aromatic carbon models. The

simulations yielded strong interaction energies if hydrogen bonds were formed between a type
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of surface functional group and the electrolyte anion tetrafluoroborate (BF4). Accordingly, the

combined interaction energy of the ion pair T EA/BF4 was high if naphthalene was functional-

ized by an hydroxyl group (−OH), a carboxy group (−COOH) or a sulfonic acid group (−SO3H).

The respective interaction energies were -103 kJ mol−1, -104 kJ mol−1 and -159 kJ mol−1. In

comparison, the combined interaction energy of the ion pair with plain naphthalene and the

carbonyl functionalized derivative 1,4-naphthochinon was only moderate, with -57 kJ mol−1

and -53 kJ mol−1, respectively. As a consequence, the thio-group sulfonic acid has to be consid-

ered as a strongly coordinating surface functional group, which influences the charge balancing

diffusion of the ions of the electrolyte T EA (1.5M). The interaction energy of -159 kJ mol−1 is

significantly higher compared to carboxylic acid with -104 kJ mol−1 and hydroxyl groups with

-103 kJ mol−1. In contrast, the carbonyl group has to be considered as moderately coordinating

surface functional group, with an interaction energy of only -53 kJ mol−1.

Electric Characterization

There are two common experimental approaches to probe the performance of porous carbon

materials as electrode material in EDLCs. First, a standard 3-electrode cell (TEC) based on a

rotating disc electrode (RDE) and, second, an actual EDLC assembly based on coin cells, for

(a) (b)

Figure 2.12: Electrochemical characterization of porous carbon. (a) 3-Electrode setup, with working electrode (WE),
counter electrode (CE) and reference electrode (RE) inside a liquid electrolyte. (b) EDLC coin cell assem-
bly.
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example. Both approaches are illustrated in figure 2.12. The TEC setup is usually applied

to quickly probe ball milled powders for screening purposes. Due to the negligible influence

of outer diffusion limitation, the setup is well suited to deduce structure-property relations.

Another benefit is the fact, that little amounts of few milligrams are sufficient for testing. Yet,

an actual EDLC coin cell assembly is crucial to test the applicability for effective energy storage

on a system level, which is governed by the effects of diffusion limitation and electric resistivity.

Note, that the performance of an assembly not only depends on the active carbon material, but

also on the parameters of cell preparation and essential additives, which increase binding and

conductivity.[136,137,152] In all cases, the measure for the energy storage potential is either

the specific capacitance Cspec or the specific energy density Espec. The specific capacitance Cspec

could be calculated from cyclic voltammetry (CV) according to equation 2.5, with the maximum

cycling voltage Umax, the minimum cycling voltage Umin, the cycling range∆U and the scanning

rate ν.

Cspec =

Umax
∫

Umin

I(U) dU

2νm∆U
(2.5)

The energy density Espec is usually calculated from cell discharge according to equation 2.6,

with the power P, the time for cell discharge ∆t and the mass of active material mA.

Espec =

t=∆t
∫

t=0
P(t) d t

3600 ·mA
(2.6)

Commonly, a TEC setup is characterized by CV analysis to determine Cspec and an EDLC coin

cell assembly by CPD and EIS analysis to determine Espec and the frequency dependent com-

plex capacitance.[153] With respect to the comparability of results of both setups, capacitance
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and energy density values are normalized to the active carbon material, alone. Thus, energy

densities reported in scientific literature do not include cell packing.[138]

2.3.3 Solid Acid Catalysis

Acid catalysis is the most simple and, at the same time, the most important type of catalysis. It

summarizes the catalytic effect of Lewis and Brønsted acidity. It is exploited, for example, for the

synthesis of esters, the alkylation of aromatic rings or for isomerization reactions. Sulfuric acid

is the most consumed liquid acid catalyst, with an annual consumption for catalytic purposes of

15 million metric tons worldwide.[27] In contrast, the high runners of solid acid catalysis are

zeolites, with an annual consumption of 241 thousand metric tons worldwide.[154] The fact

that most of this is consumed for fluidic catalytic cracking (FCC), the most important conver-

sion process in petrochemistry, demonstrates their importance. Porous carbons could be applied

as solid acid catalysts, as well. In order to introduce Brønsted acid sites, the carbon backbone

could be functionalized by surface functional sulfonic acid groups.[35] To the best knowledge

of the author, the systematic application of CDC to probe structure-property relations in solid

acid catalysis is not reported, yet.Solid acid catalysis is categorized as heterogeneous catalysis.

Table 2.7: Comparison of solid acids to liquid acids for catalysis.

Solid Acids Liquid Acids

Examples Lewis Acids (silica, alumina, zeolites, mixed
metal oxides, heteropoly acids), Brønsted
Acids (zeolites, heteropoly acids), supports
(silica, carbon, polymers) functionalized
with Lewis and Brønsted acidic surface
functional groups.

Brønsted Acids (HCl, HF, H2SO4), Lewis
Acids (AlCl3, BF3)

Characteristics particle/pellet size, heat conductivity, ther-
mal (in-) stability of support and surface
functional groups, inner surface area, pore
size and distribution

solubility

Benefits easily separated and recycled, educt and
product selectivity by molecular size rela-
tive to pore size

industry standard and cheap, high activity

Limitations inner diffusion limitation hinders activity,
homogenization necessary, difficulty of han-
dling increases with decreasing particle size
and for nanomaterials.

typically no molecular selectivity, highly
corrosive to metals, contributes to reaction
products, high effort for separation and re-
cycling, expensive downstream processing
and high waste water production
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According to Rinaldi and Schüth, "the main reason to consider heterogeneous catalysis for in-

dustrial processes is the ease of catalyst separation after the reaction".[155] A summary of basic

information on solid and liquid acid catalysis is provided in table 2.7.

Industrial Applications

There are numerous industrial applications for solid acid catalysis.[13,157] The important in-

dustrial applications of solid acids were summarized in the Encyclopedia of Materials: Science

and Technology [14] to the topics (1) esterification, etherification, hydration, and dehydration

(2) alkylation of aromatics, amines, and alkanes (3) isomerization (4) bifunctional catalysts

for reformulated gasoline and (5) hydrocarbon cracking (FCC). In 1999, Tanabe and Hölderich

published detailed information on catalytic applications and the types of solid acids being used,

respectively. The quantitative information is illustrated in figure 2.13. Since then, solid acids

additionally gained importance in the field of biomass conversion, which is used for the pro-

duction of chemicals and novel biofuels.[155] This is due to the fact, that solid acids are highly

efficient in the hydrolysis of complex sugars, cellulose and lignin, and that they could provide

additional reaction control in multi-step and cascade reactions by educt and product selectivity.

Beside hydrolysis reactions, the transesterification reaction of vegetable oils is probably the most

important application.[15–17] Thereby, the reaction of methanol or ethanol with triglycerides

is catalyzed by solid acids to form fatty acid alkyl esters, i.e. biodiesel. In Germany, fatty acid

methyl esters (FAME) could be blended with conventional diesel according to DIN EN 590 at a

volume fraction of up to 7 %. The quality criteria of the FAMEs are regulated by DIN EN 14214.

Figure 2.13: Overview on solid acid catalysis. (a) Types of solid acids. (b) Applications of solid acids. Illustration by
Rinaldi and Schüth [155] based on data from Tanabe and Hölderich [156].
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The resulting diesel fuel B7 is sold nationwide since 2009. The type of solid acids being used

for such transesterification catalysis are sulfonated ion-exchange resins [158] or sulfonated car-

bons.[27] A typical sulfonated ion-exchange resin used for catalysis is AMBERLYST®-15. Being

a macroporous resin, it exhibits only minor influence of inner diffusion limitation for many ap-

plications.[159] Chakrabarti et al. published an exhaustive review on the application of cationic

ion-exchange resins as catalyst in general.[160]

Sulfonated Carbons

Sulfonated carbons are solid acids which compare to sulfonated ion-exchange resins. Both types

of solid acids are based on the catalytic activity of surface functional sulfonic acid groups. Sul-

fonated carbons are perfectly suited for an application in biomass conversion, with the precursor

of the carbon possibly being biomass itself.[161] They are reported to be highly effective cat-

alysts for esterification [2] and hydrolysis reactions [3], as these type of reactions profit from

high acidic strength but demand only low reaction temperatures, typically below 100 °C. The

acidity of the sulfonic acid group is exceptionally high, with the Brønsted acid strength being

close to the one of liquid sulfuric acid. The logarithmic acidity constant is as low as pKa = -2.8,

in comparison to pKa = - 3.0. Also, the acidity of NAFION®-NR50, which is another com-

mercially successful sulfonated ion-exchange, is as low as the one of sulfuric acid (100 %). It

exhibits a Hammett acidity function value as low as H0 =-13, in comparison to H0 =-12.3.[160]

A major drawback of sulfonated resins and carbons is their limitation to low temperature ap-

plications, because the sulfonic acid groups decompose at elevated temperatures. Samms et al.

reported, that the sulfonic acid groups of the ion-exchange resin NAFION®-NR50 start to de-

compose at 280 °C. Accordingly, this is approximately the maximum operating temperature for

sulfonated carbons. In comparison to sulfonated carbons, ion-exchange resins are even more

temperature sensitive because the polymer backbone could degrade at relatively low temper-

atures, as well. According to the manufacturer, the maximum operation temperature of the

resins AMBERLYST®-15 and NAFION®-NR50 is 120 °C and 200 °C, respectively. This limita-

tion in temperature disqualifies sulfonated solid acids for typical zeolite applications, like the

alkylation of monoaromatics (300 °C to 400 °C, 20 bar) and hydrocarbon cracking (400 °C to

500 °C, ≈ 1 bar). Typical catalyst regeneration methods like treatment with oxygen or with

steam at temperatures ranging from 700 °C to 800 °C is of course not possible, either.
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Gates et al. reported on a remarkable property of sulfonated solid acids under anhydrous

conditions.[162] The group studied the dehydration of t-butyl alcohol catalyzed by the sul-

fonic acid resins AMBERLYST®-15 and DOWEX 50W in comparison to homogeneous catalysis

by using p-toluenesulfonic acid. They observed that the reaction rate was significantly higher

upon using the sulfonic acid resins. This is remarkable because heterogeneous catalysts usually

exhibit lower activity, due to inner diffusion limitation. Additionally, they observed that the

normalized reaction rate, i.e. the reaction rate per equivalent of sulfonic acid, increased for

these sulfonated solid acids with increasing degree of functionalization. The authors concluded

that the type of catalytic dehydration mechanism depends on the degree of functionalization.

They proposed an alternative mechanism to the formation of an intermediate carbenium ion,

if the resin is functionalized by a high degree of sulfonic acid groups (θ ≥ 0.4). The authors

suggested that four interacting sulfonic acid groups enable a concerted reaction mechanism by

the formation of a stereo selective reaction pocket. As a result, the normalized reaction rate in-

creases with increasing degree of functionalization. They based this hypothesis on the fact, that

sulfonic acid groups are not only strong proton donors but also strong acceptors of hydrogen

bonding. As a result, sulfonic acid groups in near proximity form strong hydrogen bonding to

each other. In case of liquid catalysis by p-toluenesulfonic acid, the catalytically active sulfonic

acid groups become less accessible to the reactant due to the strong mutual interaction. As a

result, the normalized reaction rate of homogeneous sulfonic acid catalysis at anhydrous condi-

tions decreases with increasing catalyst concentration and the activity could become lower than

the one of sulfonated solid acids.

Suganuma et al. reported that sulfonated carbons could even exceed the catalytic activity of

sulfuric acid.[28] The authors studied the catalytic cellulose conversion by hydrolysis in aqueous

phase (3.4 wt% of microcrystalline cellulose powder in water, 29 wt% catalyst loading, 100 °C)

and compared different solid acids with sulfuric acid (96 %). Therefore, they synthesized a

sulfonated carbon by pyrolysis of microcrystalline cellulose powder at 450 °C and subsequent

sulfonation by liquid phase treatment (80 °C, 10 h) with fuming sulfuric acid (15 wt% SO3). The

synthesis yielded a sulfonated solid acid with a specific surface area of only SSABET = 2 m2 g−1

and a functionalization degree of SAspec = 1.9 mmol g−1. The microstructure was assumed to

be nonporous, with amorphous carbon being composed of randomly oriented aromatic carbon

sheets. They found that the catalytic activity of the sulfonated carbon was higher than the one of
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sulfuric acid, despite the fact that the Brønsted acid density of sulfuric acid (20.4 mmol g−1) was

even ten times higher. The authors explained this phenomenon by the influence of hydration,

which decreases the direct interaction of the effective acid site with the reactant. Whereas

sulfuric acid is easily hydrated by a strongly coordinated solvent shell of water molecules, such

strong interactions could not be observed by FTIR measurements for the sulfonated carbon. As

a consequence, the surface functional sulfonic acid groups were labeled as being tolerable to

hydration. The authors assumed that the hydrophobic character of the aromatic carbon, in near

proximity to the sulfonic acid groups, could be a possible explanation for the low degree of

hydration.

Hara et al. also observed that sulfonic acid groups in sulfonated carbon exhibit a high tol-

erance to hydration. The authors studied the hydrolysis of cyclohexyl acetate in an excess

amount of water (1:33 molar ratio, 0.3 wt% catalyst loading, 80 °C).[27] They prepared a

solid acid based on a carbonized resin (polymerized furfuryl alcohol, carbonized for 72 h in Ar

at 270 °C) by liquid phase sulfonation (250 °C, 15 h) with sulfuric acid (> 96 %). The sul-

fonation of the amorphous material yielded an exceptionally high functionalization degree of

SAspec = 4.9 mmol g−1 and a carbon microstructure which was described by the authors as a

composition of sulfopolycyclic aromatic hydrocarbons, with a surface area of SSA = 24 m2 g−1.

They found this sulfonated carbon to be more efficient in catalyzing the hydrolysis of cyclohexyl

acetate than the same weight amount of sulfuric acid (> 96 %). The turnover frequency TOF

per surface functional sulfonic acid group of the solid acid was ten times higher than the one

found for sulfuric acid, with a solid acid productivity of Pspec = 1 µmol g−1 s−1. The negative

effect of water on homogeneous sulfuric acid catalysis was reported by Liu et al. at the example

of the esterification of acetic acid with methanol (acid/methanol molar ratio of 1:2, 50 ppm

(c/c) catalyst loading, 60 °C, 1h).[163] The authors found that the initial catalytic activity of

sulfuric acid decreased by up to 90 %, with increasing ratio of initially added water (water/acid

molar ratio of 1.3:1 at maximum).

Budarin et al. reported on sulfonated carbon optimized for aqueous phase esterifications.[65]

First, the authors prepared mesoporous starch, which was doped with p-toluenesulfonic acid,

vacuum annealed (180 °C, 6 h) and subsequently carbonized (350 - 700 °C). Second, the

mesoporous carbon denoted as Starbon® was functionalized by liquid phase sulfonation

(80 °C, 4 h) with sulfuric acid (99.999 %), which yielded materials with a surface area of
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SSA ≈ 220 m2 g−1, an average pore size of dcalc ≈ 8 nm and a functionalization degree rang-

ing from SAspec 0.3 mmol g−1 to 0.5 mmol g−1. Thereby, the resulting SAspec decreased with

increasing carbonization temperature. Subsequently, the solid acid activity of the materials

was tested in the esterification of succinic acid and ethanol (acid/ethanol/water molar ratio of

1:30:50, 3.5 wt% catalyst loading, 80 °C, 5 h). The authors found, that the catalytic activity of

sulfonated Starbon® was exceptionally high (333 µmol g−1 s−1), in comparison to the zeolite

β25 (67 µmol g−1 s−1), the sulfonated resin DARCO®-KBG (81 µmol g−1 s−1) and even sulfuric

acid (142 µmol g−1 s−1). The authors did not provide data on the hydrophilicity of the materials

or any other explanation on the high activity of the sulfonated carbons in the esterification of

succinic acid.

The influence of diffusion limitation is minimized for sulfonated carbons which exhibit either

a small SSA or a high fraction of external surface area, e.g. carbon nanotubes. Peng et al.

reported on sulfonated carbon nanotubes as a strong protonic acid catalyst.[164] Sulfonation

(250°C, 18 h) of carbon nanotubes by sulfuric acid (98 wt%) yielded a high degree of func-

tionalization of SAspec = 1.90 mmol g−1. The temperature stability of the sulfonic acid groups

was reported to range from 120 °C to 230 °C. The sulfonated nanotubes, which exhibit a high

fraction of external surface area, were significantly more active in catalyzing the esterification

of acetic acid and methanol at 55 °C than a respectively sulfonated activated carbon, which

exhibited a high fraction of inner surface area. Sulfonated carbons, with a small surface area in

the range of SSA = 1 m2 g−1 to SAspec = 22 m2 g−1 could be synthesized for example by sulfuric

acid assisted hydrothermal carbonization of glucose [165,166], naphthalene [167] or sucrose

[168]. Liang et al. reported on this novel type of sulfonated carbons in 2009.[165] The group

used glucose as precursor, which was carbonized and subsequently sulfonated (150°C, 15 h)

by sulfuric acid (96 wt%) to yield a sulfonated carbon with a high degree of functionalization

of SAspec = 2 mmol g−1. The catalytic activity was tested in the acetalization reaction of ben-

zaldehyde and 1,2-ethanediol. It performed significantly better than p-toluenesulfonic acid and

AMBERLYST®-15. The authors did not provide an explanation for the superior performance.

Esterification of Levulinic Acid

The esterification of levulinic acid, or 4-oxopentanoic acid, is another typical application of

sulfonated carbons. It is a carboxylic acid which is considered a valuable biomass derived plat-
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Figure 2.14: Routes for EL production from biorenewable resources.[172]

form chemical for green chemistry.[4] Traditionally, levulinic acid is produced by the treat-

ment of carbohydrate-containing materials like lignocellulose with sulfuric acid at high tem-

peratures.[169,170] A detailed review on the production of levulinic acid from lignocellulosic

biomass was published by Girisuta.[171] The ethyl ester of levulinic acid, ethyl levulinate (EL),

is considered a highly promising second-generation biofuel, which is defined as being derived

from non-food biomass, i.e. lignocellulosic biomass or woody crops, agricultural residues or

waste, or non-food energy crops grown on marginal land unsuitable for food production. EL

exhibits good blending effects on mineral diesel fuel properties [19], improves cold flow prop-

erties [20] and achieves good engine performance [21]. The different synthesis pathways for

EL are illustrated in figure 2.14, respectively.

The illustration is taken from Ahmad et al., the authors recently published a detailed review

on the production of EL from biorenewable feedstocks. Therefore, the application of solid acids

are particularly of interest. Peng et al. for example reported on the application of sulfated metal

oxides for direct EL production from glucose in ethanol, under hydrothermal conditions (5 wt%

of glucose in ethanol, 5 wt% catalyst loading, 200 °C, 3 h).[173] They found sulfated zirconia

to be most effective, with a yield of 30 % after 3 h. Direct EL production from fructose in

ethanol (8 wt% of fructose in ethanol, 2.3 wt% catalyst loading, 140 °C, 24 h) was reported by

Saravanamurugan et al. for sulfonic acid functionalized SBA-15 catalysts under hydrothermal
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conditions, as well.[174] The functionalized mesoporous silica showed good performance, with

yields up to 57 %.

Besides the direct production of EL from biomass, the esterification of levulinic acid with

ethanol by solid acid catalysis was studied, as well.[22–26] The mechanism of an esterification

reaction in general is shown in figure 2.15. Note, that this reaction mechanism was only recently

published by Shi et al. [175,176] and supersedes the traditional textbook mechanism by Watson

[177] from 1935. The new reaction mechanism is based on density functional theory calcula-

tion and supported by electrospray-ionization mass spectrometry. It is a two step reaction, with

the first step being the hydroxyl-oxygen protonation and the second being a trimolecular es-

terification of an acylium ion with two alcohol molecules. The rate determining step is the

hydroxyl-oxygen protonation of the carboxylic acid. Consequently, the effective catalysis of an

esterification reaction profits from high acidic strength of the catalyst.

Fernandez et al. studied the catalytic activity of sulfated metal oxides, zeolites and the sul-

fonated resin AMBERLYST®-15 (acid/ethanol molar ratio of 1:5, 2.5 wt% catalyst loading,

70 °C, 5 h). They found that AMBERLYST®-15 was most efficient, with a conversion X of 54 %,

followed by sulfated stannia (SnO2) and sulfated titania (TiO2). Sulfated niobia (N b2O5) and

zirconia (Z rO2) were significantly less active. Their low activity (X < 15 %) was similar to

the tested zeolites (X < 12 %). Their activity decreased in the following order: H/MCM-22 >

H/USY > H/BEA > H/ZSM-5 > H/MOR. The poor performance of the zeolites was ascribed

to the influence of inner diffusion limitation. For example, the zeolite USY was least acidic

(0.75 mmolNH3g−1) but exhibited the second highest zeolite activity. This was ascribed to the

fact that it has one of the largest pore systems among zeolites, with channels of 0.74 nm and

cavities of 1.3 nm in size. In comparison, the maximum length of the levulinic acid molecule

Figure 2.15: The acid-catalyzed carboxylic acid esterification is a two-step reaction: (1) hydroxyl-oxygen protonation
and (2) trimolecular esterification.[175]
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ranges from 0.56 nm to 0.73 nm and the length of the ethyl ester ranges from 0.65 nm to

0.92 nm (Avogadro Software, UFF force field). Note, that the maximum dimension depend on

the conformation of the linear molecules.

Patil et al. studied the modification of the H/BEA zeolite to enhance the catalytic activity in

the esterification of levulinic acid and ethanol.[25] They treated the microporous zeolite, which

exhibits channels of only 0.6 nm in diameter, by sodium hydroxide solutions of different con-

centrations (0.05 - 1.2 M) and obtained bimodal micro-/mesoporous H/BEA zeolite derivatives.

With increasing concentration, the treatment induced leaching of silicon and reduced the degree

of crystallinity determined by XRD. As a result, the treatment affected the microstructure and

acidity. The maximum acidity was obtained at a moderate concentration of 0.1 M, with a value

of 0.69 mmolNH3g−1 relative to the initial acidity of 0.53 mmolNH3g−1. Thereby, the fraction of

mesoporous surface area increased from initially 9 % to 44 %, with a minor increase in surface

area from SSABET = 580 m2 g−1 to SSABET = 620 m2 g−1. In a typical reaction (acid/ethanol

molar ratio of 1:6, 20 wt% catalyst loading relative to acid, 78 °C, 5 h) the respective material

H/BEA0.10 exhibited a significantly increased activity. The conversion was increased from ini-

tially X = 15 % to X = 40 %, relative to a blind activity of 3.5 % conversion without catalyst and

a selectivity of 98 %. This effect was mainly ascribed to the introduction of mesopores into a

microporous matrix. Note, that the applied amount of catalyst was unusually high. The authors

also provided data on the influence of the catalyst amount (10, 15, 20, 30, 40 wt%) and the

acid/ethanol molar ratio (1:4, 1:6, 1:8, 1:10) on the conversion induced by H/BEA0.10. They

observed a dramatic increase in conversion from 7 to 40 % upon increasing the catalyst loading

from 10 to 20 wt%. No further increase in conversion was observed for higher catalyst loadings.

Upon increasing the acid/ethanol ratio from 1:4 to 1:6, the conversion increased from 30 to

40 %. Further increasing the ratio only induced a minor increase in conversion. As a result,

the bimodal micro-mesoporous H/BEA zeolite derivatives are still strongly affected by inner dif-

fusion limitation. The high conversions are based on high amounts of inefficient catalyst, with

low overall turnover frequency TOF per active site.

Lee et al. reported on a sulfonated carbon, which showed similar catalytic activity for the

production of EL as AMBERLYST®-15.[26] The authors prepared a carbon catalyst simply by

mixing sodium lignosulfonate, which is a waste material by-product of the sulfite pulping pro-

cess in paper-making, with sulfuric acid. The resulting material exhibited a low surface area
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of SSA = 3.19 m2 g−1 and a functionalization degree of SAspec = 0.96 mmol g−1, which was

further increased to SAspec = 1.24 mmol g−1 by a second sulfonation (150 - 175 °C, 12 h) using

fuming sulfuric acid (20 wt% SO3). After extensive washing and the absence of sulfate ions

according to a barium chloride test, the authors identified hydrolysis of sulfonic acid groups

upon stirring in water at 95 °C for 5 h, with a decrease in specific surface area SAspec of up

to 29 %. In the esterification of levulinic acid and ethanol (acid/ethanol molar ration of 1:10,

8.6 wt% catalyst loading relative to acid, 77 °C, 23 h), the sulfonated carbon achieved a yield

of Y = 67 % and the sulfonated resin AMBERLYST®-15 a yield of Y = 75 %, despite the fact

that the functionalization degree of the sulfonated carbon was significantly lower than the one

of AMBERLYST®-15 (SAspec = 4.7 mmol g−1). The authors also tested both catalysts for the

esterification of cyclohexanecarboxylic acid and ethanol (acid/ethanol molar ration of 1:10,

23 wt% catalyst relative to acid mass, 76 °C, 23 h), where the sulfonated carbon induced even

higher yields (Y = 85 %) than AMBERLYST®-15 (Y = 83 %), with a turnover frequency TOF

per sulfonic acid site more than 4 times higher. The authors explained the high efficiency of

the sulfonated carbon by the low internal surface area and the "hydrophobic interactions be-

tween the graphene-like domain and the non-polar part of reactants". In reverse, the sulfonated

resin AMBERLYST®-15 is not efficient in catalyzing the EL synthesis, due to poor accessibility

of the active sites and high hydrophilicity. Yet, it generally shows high activity because it simply

exhibits an exceptionally high amount of sulfonic acid groups.

Oliveira et al. also reported on sulfonated carbon, which showed similar catalytic activity

for the production of EL as AMBERLYST®-15.[178] The authors sulfonated carbon nanotubes

with concentrated sulfuric acid for 15 h at six different temperatures ranging from 150 °C to

280 °C. The sulfonation affected the initial surface area of SSABET = 270 m2 g−1. With in-

creasing sulfonation temperature, the resulting surface area increased from SSABET = 255

to SSABET = 378 m2 g−1). In contrast, the XRD and RAMAN patterns indicated that the

graphitic structure was not affected by sulfonation. The sulfonation at temperatures ≤ 230 °C

yielded similar total acidities of about 0.5 mmolNH3g−1, in comparison to 2.4 mmolNH3g−1 for

AMBERLYST®-15. The sulfonation at 250 °C and 280 °C yielded a significantly reduced to-

tal acidity of 0.3 mmolNH3g−1 and 0.2 mmolNH3g−1, respectively. The lower functionalization

degree was explained by the limited thermal stability of the sulfonic acid groups, which was

determined by TG-MS measurements to a temperature ranging from 280 °C to 300 °C. The
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catalytic activity of the sulfonated carbons was tested against AMBERLYST®-15 in the esterifi-

cation of levulinic acid and ethanol (acid/ethanol molar ration of 1:5, 2.5 wt% of catalyst, 70 °C,

5 h). The sulfonated nanotubes functionalized at temperatures ≤ 230 °C and AMBERLYST®-

15 induced similarly high conversions of up to X = 55 %. The conversion was significantly

lower after sulfonation at high temperatures of 250 °C and 280 °C, with values of X = 40 %

and X = 20 %, respectively. Nevertheless, the sulfonated nanotubes are highly efficient in com-

parison to AMBERLYST®-15. With regard to their maximum acidity being only one fifth, the

average turnover frequency TOF per sulfonic acid site is about 5 times higher.

The possibility of using heteropolyacids (HPAs) as reusable solid acid catalyst for the pro-

duction of EL was recently reported, as well.[23,24] Pasquale et al. first published the in-

corporation of a HPA, namely the Wells-Dawson acid (H6P2W18O62), into a mesoporous silica

structure.[23] The immobilization is necessary because the HPA is easily soluble in ethanol. The

Wells-Dawson HPA included in silica was synthesized by the sol–gel technique. The resulting

silica materials exhibited a surface area of SSABET ≈ 550 m2 g−1, with an average pore size of

dpore ≈ 2.6 nm. No quantitative information on the effective acidity was provided. In a typical

reaction (acid/ethanol molar ration of 1:64, 2 wt% catalyst loading, 78 °C, 10 h) the catalyst

induced a yield of Y = 76 % in the first and Y = 68 % in the second, third and forth run.

The selectivity was at S = 100 %, with no byproducts as γ-valerolactone, angelica lactone, 4-

etoxy γ-valerolactone being detected. The authors only compared the solid acid performance

to a similarly prepared Keggin type HPA based on silicotungstic acid (H4SiW12O40) and the

unsupported HPAs, respectively. They found, that the supported Keggin type HPA exhibited a

significantly lower yield of only Y = 38 %, while the the yield of the homogeneous catalysis by

both unsupported HPAs was as high as Y = 93 %. The authors did not discuss the root cause

for the lower yield of the supported HPAs. Besides, the provided information about the varia-

tion of the reaction parameters temperature and the acid/ethanol molar ratio. The variation of

the reaction temperature to 40 °C, 60 °C and 78 °C induced a reaction yield of approximately

Y = 0 %, Y = 30 % and Y = 76 %, respectively. The variation of the acid/ethanol molar ratio

to 1:3 and 1:64 only had a negligible effect.

Yan et al. also reported on a one-step synthesis of a Keggin HPA included in silica, based on

silicotungstic acid (H4SiW12O40), for the production of EL.[24] The authors synthesized silica

materials at HPA weight fractions ranging from 0 % to 40 %, which exhibited surface areas rang-
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ing from SSABET = 130 m2 g−1 to SSABET = 650 m2 g−1. They tested their catalytic activity in

the esterification of levulinic acid with methanol and ethanol (acid/ethanol/cyclohexane molar

ration of 1:19:26, 1.8 wt% catalyst loading, 75 °C, 6 h). Note, that a high amount of cyclohex-

ane was used. They determined a maximum yield of Y = 67 %, at a conversion of X = 75 %

and a selectivity of S = 89 %. They also observed a lower, but, stable yield of Y = 56 % in the

second, third and forth run. The authors did not compare the catalytic activity to other types of

solid acids, neither.
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3 Aim and Scope of this Work
Carbide derived carbon (CDC) is a model material for porous carbons because its porosity, pore

size, specific surface area and graphitization degree could be tuned over a wide range. It was

already applied in literature to deduce structure-property relations for EDLC energy storage in

order to optimize the energy density of such devices. Thereby, the focus was on pristine TiC-CDC

without additional functionalization. Besides, variations of the synthesis of CDC are reported in

literature in order to increases the variety of the carbon texture and microstructure for study-

ing structure-property relations. Some methods aim to introduce secondary porosity, others to

increase the degree of graphitization by applying graphitization catalysts or high temperatures,

either during synthesis or during post-synthetic vacuum annealing.

This work aims to apply TiC-CDC to deduce structure-property relations for EDLC energy

storage and solid acid catalysis of the synthesis of ethyl levulinate. To the best knowledge of the

author, the influence of surface functional sulfonic acid groups on the EDLC performance, the

systematic introduction of sulfonic acid groups to CDC of variable texture and microstructure

and the catalytic influence of metallic impurities in the synthesis educt titanium carbide on the

carbon graphitization and the resulting texture and microstructure has not been studied yet.

In this work, the following structure related topics are studied and the respective properties

are tested for both applications, if applicable: (1) analysis of texture and microstructure of

pristine and functionalized carbons, (2) identification and quantification of surface functional

groups, (3) gas-phase functionalization by chlorine, hydrogen and vacuum annealing and (4)

liquid-phase functionalization by fuming sulfuric acid.

42



4 Experimental
This chapter provides information on the synthesis and functionalization of porous carbon ma-

terials (see section 4.1), the protocols for material characterization (see section 4.2) and the

experimental approach to test the performance in both applications (see section 4.3).

4.1 Material Synthesis and Functionalization

This section provides information on the standard synthesis procedure for the production of car-

bide derived carbon CDC based on titanium carbide (TiC) and the functionalization by vacuum

annealing at temperatures up to TVA = 2000 °C, by gas-phase hydrogen and chlorine treatments,

and by liquid-phase acid treatments.

4.1.1 Synthesis of Carbide Derived Carbon (CDC)

Carbide derived carbons (CDC) were synthesized by selective etching of titanium carbide (TiC)

with chlorine (Cl2 (4.0)), at temperatures ranging from TCDC = 500 °C to TCDC = 1500 °C. A

TiC-CDC material synthesized for example at a chlorination temperature of TCDC = 800 °C is

denoted as TiC-CDC-800. Titanium carbide, which was used for the synthesis of TiC-CDC, was

purchased from Alfa Aesar (LOT: T25A008, 2.5 µm, 99.5 %). The synthesis was conducted in

a horizontal hot-wall tube reactor. For a typical synthesis, 5 g of TiC was evenly spread in a

graphite crucible of 12 cm in length and loaded to the reactor. Subsequently, the reactor was

evacuated to a target pressure of 2 mbar and flushed with He (3.8). After heating the reactor to

the chlorination temperature TCDC at a constant helium flow of 2 LNh−1, chlorine was constantly

dosed to at a concentration of 1 mmol m−3 and a velocity of 0.03 m s−1. The reactive extraction

of titanium was finished after a reaction time of 5 h. The reactor was flushed with He (3.8) for

30 min and hydrogen was dosed for 30 min at a concentration of 1 mmol m−3 and a velocity

of 0.03 m s−1. The subsequent reaction with hydrogen was conducted at the same temperature
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than the chlorination, except for TiC-CDC-500 where the hydrogen treatment was conducted at

the elevated temperature of THT = 600 °C.

4.1.2 Vacuum Annealing

The treatment of carbon by vacuum annealing induces graphitization at high temperatures. It

was applied to pristine porous carbons and after applying graphitization catalysts to enhance

the graphitization process.

Standard Procedure

The treatment by vacuum annealing was conducted with the vacuum furnace CAF 140/140-

2000 G. The furnace was operated at 20 mbar, under a constant Ar (5.0) flow of 2 LN min−1, up

to the maximum temperature of TVA = 2000 °C. The heating and cooling of the furnace was al-

ways conducted at maximum rates. The maximum rates depended on the temperature regime.

The maximum heating rate was 20 K min−1 below 1200 °C, 15 K min−1 between 1200 °C and

1500 °C, 10 K min−1 between 1500 °C and 1800 °C and 5 K min−1 between 1800 °C and 2000 °C.

The maximum cooling rate was 20 K min−1 between 2000 °C and 1000 °C, 10 K min−1 between

1000 °C and 500 °C and 5 K min−1 below 500 °C. For a typical vacuum annealing, 300 mg

of carbon was placed inside a graphite crucible and loaded to the furnace. The furnace was

evacuated by a membrane pump to a target pressure of 2 mbar, flushed with Ar (5.0) to am-

bient pressure and evacuated again to a target pressure of 2 mbar. A constant Ar (5.0) flow

of 2 LN min−1 resulted in an operating vacuum of about 20 mbar. In oder to remove residual

oxygen and humidity, the furnace was heated to 200 °C for 2 h. Afterwards, the furnace was

heated for 2 h to the annealing temperature TVA. The carbon was unloaded, when the furnace

was cooled down below 200 °C.

Graphization Catalysts

In order to enhance the graphitization of a porous carbon upon vacuum annealing, two different

graphitization catalysts were applied. The catalysts were iron and nickel. Both catalysts were

applied at target weight concentrations of 1 wt%, 5 wt% or 20 wt%. Therefore, porous carbon

was wet impregnated by a solution of FeCl3 or NiCl2 ∗ 6 (H2O) in ethanol. The target weight

4.1 Material Synthesis and Functionalization 44



concentration of the catalyst was varied by adjusting the concentration of the metal salt solution,

which was used for wet impregnation. The concentration of the impregnation solution was

0.29 g L−1, 1.45 g L−1 and 5.81 g L−1 in case of FeCl3, and 0.41 g L−1, 2.03 g L−1 and 8.10 g L−1

in case of NiCl2 ∗ 6 (H2O). Prior to wet impregnation, the porous carbon was dried for 24 h

at 120 °C and 20 mbar. The carbon was transferred to a flask, mixed with the impregnation

solution (100 mL g−1) and exposed to ultrasonic treatment in a water bath for 1 h. Subsequently,

the dispersion was poured into an evaporating dish and left at room temperature, until complete

evaporation of the solvent. The impregnated carbon was transferred to a crucible (Al2O3) and

placed inside a hot-wall tube reactor where the metal salt was reduced for 2 h by hydrogen

(5 mmol m−3) at a temperature of 300 °C. Heating and cooling was conducted under inert

nitrogen atmosphere at 5 K min−1. The actual catalyst weight concentration was determined

by ICP-AES analysis at the example of the activated carbon DARCO®-KBG. See table C.6 for

details.

4.1.3 Gas-Phase Functionalization

The standard procedure for the synthesis of TiC-CDC is described in section 4.1.1. It includes the

hydrogen treatment, subsequent to the reactive extraction of titanium by chlorine. A material

which was produced according to the standard procedure is denoted as pristine TiC-CDC. The

freshly synthesized TiC-CDC, which was not yet hydrogen treated and is still loaded in the

reactor at chlorination temperature, is denoted as TiC-CDC-PURE. In case of a chlorination

temperature of TCDC = 800 °C, the respective denotation is TiC-CDC-800-PURE.

Hydrogen Treatment

For the variation of the hydrogen treatment temperature THT, the reactor temperature was in-

creased after the reactive extraction at the chlorination temperature TCDC was finished. There-

fore, the reactor was heated at 200 K h−1 to variable target temperatures, while flushing with

He (3.8) at a constant gas flow of 2 LN h−1. After the target temperature was reached, the re-

actor was dosed with hydrogen for 30 min at a concentration of 1 mmol m−3 and a velocity of

0.03 m s−1. Beside the variation of the temperature, different treatments were applied which

replaced the standard hydrogen treatment. They are categorized to liquid-phase, gas-phase and
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mixed-phase treatments. The liquid-phase treatments were applied to TiC-CDC-PURE which

was cooled down to room temperature and unloaded from the reactor. Therefore, TiC-CDC-

PURE was either washed with water or hydrochloric acid. In case of washing with water, the

carbon material (1 g) was loaded in a soxhlet apparatus, washed for 24 h and dried at 50 °C.

In case of washing with hydrochloric acid, the material was dispersed in a flask with 200 mL

of HCl (37%) and stirred for 4 h at 100 °C. After filtration, the material was washed with wa-

ter by using a soxhlet apparatus water for 24 h, and dried at 50 °C. The gas-phase treatments

were applied directly to TiC-CDC-PURE which was either exposed to an elevated temperature of

1200 °C or exposed to a vacuum of 2 mbar at the respective chlorination temperature TCDC. In

both cases, the reactor was first flushed with He (3.8) for 30 min, after the reactive extraction

by chlorine was finished. For the temperature exposure, the reactor was heated at 200 K h−1

to 1200 °C for 30 min at a constant helium flow of 2 LNh−1. For the exposure to vacuum,

the reactor was continuously evacuated to a residual pressure of 2 mbar for 5 h. The mixed-

phase treatments of TiC-CDC-PURE are a combination of liquid- and gas-phase treatment. First,

TiC-CDC-PURE was washed in a soxhlet apparatus with H2O for 24 h and dried at 50 °C. Af-

ter drying, the material (1 g) was loaded back to the hot-wall tube reactor. The reactor was

evacuated and flushed with He (3.8). After atmospheric pressure was reached, the reactor was

evacuated constantly to a target pressure of 2 mbar and heated at 10 K min−1 to a temperature

of 800 °C for 5 h.

Chlorine Treatment

The gas-phase treatment was applied to pristine TiC-CDC. Therefore, 300 mg of pristine TiC-

CDC-500, TiC-CDC-800 and TiC-CDC-1000 were placed in separate carbon crucibles and loaded

to a hot-wall tube reactor. The reactor was evacuated and subsequently flushed with He (3.8)

to atmospheric pressure. At a constant He (3.8) flow of 2 LN h−1, the reactor was heated at

200 K h−1 to a variable target temperature which is denoted post-chlorination temperature TPC.

After the target temperature was reached, Cl2 (4.0) was dosed to the reactor for 60 min at a

concentration of 6 mmol m−3 and a velocity of 0.01 m s−1. Subsequently, the reactor was cooled

down to room temperature at a constant He (3.8) flow of 2 LN h−1. The materials were then

washed in a soxhlet apparatus with deionized water for 24 h and dried at 50 °C.
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4.1.4 Liquid-Phase Functionalization

The liquid-phase functionalization of porous carbon introduces surface functional groups. It was

applied after the synthesis of TiC-CDC and to the activated carbon DARCO®-KBG. The liquid-

phase functionalization was mainly realized by different acid treatments. The strongly oxidizing

nitric acid (HNO3 (65%)) was applied to introduce surface functional oxo-groups. The mildly

oxidizing acids oleum (Oleum (65%)) and sulfuric acid H2SO4 (98%) were applied to introduce

sulfonic acid surface groups. A functionalization with these acids is denoted as sulfonation. The

introduction of surface functional groups was also realized by direct coupling of sulfanilic acid

to the carbon surface. This reductive coupling reaction yields exclusively benzenesulfonic acid

surface groups.

After any wet chemical functionalization, the carbon powder was separated, using a glass fil-

tration apparatus. The apparatus was equipped with a nylon filter paper (0.2 µm) and mounted

on a filter flask. Filtration was enforced by applying vacuum using a membrane filter pump.

Subsequently, the sample was washed three times with deionized water. In addition to this

standard sample washing, further sample washing procedures were applied to ensure the com-

plete removal of the respective functionalization agents. Detailed information on the evaluation

of different washing procedures are attached in the appendix, see section A.3. The specific

amounts of deionized water used for standard sample washing and further washing procedures

are defined in the following functionalization protocols.

Nitric Acid / Sulfuric Acid

For a typical functionalization with nitric or sulfuric acid, 50 mL of HNO3 (65%), H2SO4 (98%)

or H2SO4 (50%) reacted with 1 g carbon in a flask for 2 h. Typical reaction temperature was

90 °C for HNO3 (65%) and 180 °C for H2SO4 (98%). The carbon was placed in a two-neck flask,

which was equipped with a Dimroth condenser. The condenser was connected to an assembly

of two washing bottles, which were inversely connected in a row. The first washing bottle,

directly connected to the condenser, was left empty and the second washing bottle was filled

with 200 ml of an aqueous solution (20 wt%) of sodium hydroxide (NaOH). After the acid

was added, the mixture was heated to reaction temperature and stirred for 2 h. After cooling
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down, the mixture was diluted into 200 mL of water, the functionalized carbon was separated

by filtration and washed with water (3 x 50 mL). The carbon was dried over night at 50 °C

and transferred to a soxhlet apparatus, where it was extracted with deionized water for 24 h.

Finally, the carbon was dried at 50 °C for 24 h.

Fuming Sulfuric Acid

For a typical functionalization, 25 mL of Oleum (65%) reacted in a flask at 90 °C with 500 mg

of carbon. The carbon was put in a two-neck flask, equipped with a Dimroth condenser and

a pressure-equalizing dropping funnel. The condenser was connected to an assembly of two

washing bottles, which were inversely connected in a row. The first washing bottle, directly

connected to the condenser, was left empty and the second washing bottle was filled with 200 ml

of an aqueous solution (20 wt%) of sodium hydroxide (NaOH). Using the dropping funnel, the

oleum was slowly added to the carbon. Afterwards, the mixture was heated to 90 °C and stirred

for 2 h. The reaction mixture was cooled down and transfered to a pressure-equalizing dropping

funnel. The dropping funnel was connected to the assembly of washing bottles and mounted on

a flask, which was filled with 500 mL of water and cooled by an ice bath. Under vigorous stirring,

the reaction mixture was added drop-wise to the water. The diluted mixture was filtrated and

the carbon was washed with water (3 x 50 mL) and dried at 50 °C for 24 h. Again, the carbon

was washed with 100 mL of water, by vigorous stirring in a flask for 3 h at 100 °C. Finally, the

carbon was separated by filtration, washed with water (3 x 50 mL) and dried at 50 °C for 24 h.

Sulfanilic Acid

The functionalization with sulfanilic acid was realized by a two-step synthesis. In the first step,

the reactive agent p-diazobenzenesulfonic acid was synthesized on the basis of sulfanilic acid.

In the second step, the p-diazobenzenesulfonic acid was coupled to the carbon surface under

reductive conditions. For the synthesis of p-diazobenzenesulfonic acid, 6.5 g (0.038 mol) of

sulfanilic acid (SAc) was dispersed in an aqueous solution (1 M) of 37.5 mL hydrochloric acid

(HCl). The suspension was cooled to a temperature of 0 °C -5 °C. Under vigorous stirring,

41.5 mL of an aqueous solution (1 M) of sodium nitrite (NaNO2) was added drop-wise by using

a dropping funnel and the suspension was stirred for 50 min at the reaction temperature of

0 °C -5 °C. Afterwards, the product p-diazobenzenesulfonic acid was separated by filtration and
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washed by cold water. Subsequently, 1 g of carbon was dispersed in a mixture of 50 mL of

water, 50 mL of ethanol and 6 g of p-diazobenzenesulfonic acid. The suspension was cooled to

a temperature of 0 °C -5 °C. Under vigorous stirring, 50 mL of an aqueous solution (50 wt%)

of phosphinic acid (H3PO2) was added drop-wise using a dropping funnel and the suspension

was stirred for 30 min at the reaction temperature of 0 °C -5 °C. Afterwards, the functionalized

carbon was separated by filtration and washed by water, until pH neutrality was reached. The

material was dried at 50 °C.

4.2 Material Characterization

The characterization methods for porous carbons were divided into bulk and surface sensi-

tive methods. In order to deduce structure-property relationships for a porous material, both

types of methods have to be applied at equal measure. The carbon bulk properties of interest

were texture and crystallinity. The critical parameters and analysis methods are summarized

in the following section (see section 4.2.1). The surface properties of interest were quality and

quantity of surface functional groups and surface wetability. The characterization methods are

described in the second section (see section 4.2.2).

4.2.1 Bulk Properties

The texture and crystallinity of porous carbon is denoted as bulk properties. The carbon texture

refers to the following characteristics: specific surface area SSA, specific pore volume SPV and

specific pore size dcalc. The crystallinity refers to crystalline phases inside the porous carbons.

The carbon materials were predominantly amorphous. Crystalline phases were either metallic

impurities inside TiC-CDC, graphitization catalysts, which were applied for vacuum annealing,

or domains of graphitic carbon. Metallic impurities in TiC-CDC were iron, cobalt and nickel.

Graphitization catalysts were iron and nickel.

Nitrogen Sorption Analysis

Nitrogen sorption analysis was applied to characterize the carbon texture. It yielded the specific

surface area SSA, the specific pore volume SPV and the specific pore size dcalc. The analysis was

conducted at liquid nitrogen temperature of 77 K, with either the instrument NOVAe® 3000,

4.2 Material Characterization 49



NOVAe® 4200 or QUADRASORB®. All instruments were operated at similar measurement

protocols and by using the same data reduction parameters. Data evaluation was conducted ac-

cording to, both, BET and QSDFT method. In case of QSDFT evaluation, equilibrium conditions

and slit pore geometry was assumed. The mean pore diameter dcalc was calculated according to

equation 4.1.

dcalc =
2 · SPVQSDFT

SSAQSDFT
(4.1)

For a typical analysis, 50 mg of porous carbon was degassed for 24 h at 240 ◦C. In case of

carbons with surface functional groups, the material was degassed for 4 h at 140 ◦C. It must be

noted, that the conditions of material degassing influences the measurement results. If possible,

same conditions were applied to compare different materials within an experimental series.

An error of up to 10 % has to be considered, upon comparing results which were obtained

under different conditions. The results, including the measurement conditions, are presented in

table C.10. The table also includes multiple results for the same material, which were measured

under different conditions.

X-Ray Powder Diffraction

The x-ray powder diffraction (XRD) analysis was used to identify the quality and quantity of

crystalline phases, which occurred in the porous materials. It was applied to characterize all

three types of crystalline phases: metallic impurities, graphitization catalysts and graphitic do-

mains. The results are presented in table C.6 and table C.4. Two different instruments were

used for the material characterization. Both instruments were operated in reflection mode. The

instrument X’Pert PRO® enabled low-resolution analysis, at a step size of 0.03°, an integration

time of 5 s and a scattering angle (2θ) from 2° to 80°. The instrument EMPYREAN® enabled

high-resolution analysis, at a step size of 0.013°, an integration time of 0.3 s and a scattering

angle (2θ) from 10° to 75°. For both instruments, the average instrumental line broadening

was 0.08° (Al2O3). The characterization of graphitic domains was based on the (002) reflex.

The reflex was deconvoluted by fitting three Voigt profiles to yield the amorphous (A1), tur-

bostratic (A2) and graphitic (A3) component. [55] See figure B.2b for a graphical illustration.
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The normalized degree of graphitization Gnorm
XRD was defined according to equation 4.2, with the

denominator being the maximum value of each material testing series.

Gnorm
XRD =

∞
∫

−∞
A2 dθ +

∞
∫

−∞
A3 dθ

� ∞
∫

−∞
A2 dθ +

∞
∫

−∞
A3 dθ

�max · 100 (4.2)

The graphitic crystallite size Lc was calculated separately for A2 and A3 according to the Scher-

rer equation by equation 4.3, with the shape constant K = 0.9, the wavelength of copper Kα

radiation λ = 0.154 nm, the line broadening ∆(2θ ) and the Bragg scattering angle θ of the

(002) reflex.

Lc =
K ·λ

∆(2θ ) · cosθ
(4.3)

The (002) lattice plane distance d002 in graphitic domains was calculated according to the Bragg

equation by equation 4.4, with the wavelength of copper Kα radiation λ (0.154 nm) and the

Bragg scattering angle θ of the (002) reflex.

d002 =
λ

2 · sinθ
(4.4)

The reference distances for ideally pure graphite (d002 = 0.3354 nm) and turbostratic graphite

(d002 = 0.3450 nm) were taken from literature. [52]

Raman Spectroscopy

Raman analysis was used to characterize the crystalline phases of graphitic carbon after vac-

uum annealing. The instrument SENTERRA was used, with a laser wavelength of 532 nm. Each

sample was measured 60 times at a laser power of 0.5 mW and an integration time of 10 s. The

characteristic D band (≈ 1350cm−1), and the satellites D’ (≈ 1530cm−1) and D” (≈ 1620cm−1)
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where fitted by Voigt profiles. The G band (≈ 1580cm−1) was fitted by a Breit-Wigner-Fano

profile. Peak centers were allowed to move freely during fitting. Fitting was conducted accord-

ing to Levenberg–Marquardt algorithm. In case of highly amorphous carbons, an additional

Voigt profile was defined at a fixed wavenumber of 1160cm−1. The crystallite size La was cal-

culated according to equation 4.5 on basis of the HWHM of the G band and the HWHM of the

Breit-Wigner-Fano profile, respectively.

La =
(68± 4)−HW HM

5.2± 0.5
(4.5)

The applied evaluation is valid for a crystal size smaller than La = 10 nm. [179] The results are

presented in C.4.

Temperature Programmed Oxidation

The controlled oxidation of carbon was realized by temperature programmed oxidation (TPO)

analysis. It was used to characterize the amorphous carbon matrix and quantify the graphitic do-

mains after vacuum annealing. The instrument Hi-Res™ TGA 2950 was used in air atmosphere,

with a heating rate of 5 K min−1, up to a maximum temperature of 850 ◦C. For a typical analy-

sis, 25 mg of carbon was load to a platinum crucible and the mass was measured as a function

of the temperature. Analysis data is illustrated by the negative differential mass loss diagram

(DTG), showing carbon oxidation as a positive peak. See figure B.1a for a graphical illustration.

The amorphous carbon matrix was characterized by the onset temperature of oxidation Tonset.

The value was determined by the intersection of the two tangents which were defined by linear

fitting the original mass-temperature plot. The quantification of graphitic domains was applied,

if two oxidation regimes were present (see figure B.1b). The graphitic oxidation peak is always

at higher temperature, relative to the amorphous oxidation peak. The DTG peaks were fitted by

Voigt profiles according to Levenberg–Marquardt algorithm. The degree of graphitization GTPO

was defined by equation 4.6, with the amorphous oxidation peak OA and the graphitic oxidation

peak OG. The results are presented in C.6.
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GTPO =
OG

(OG +OA)
· 100 (4.6)

Atomic Emission Spectroscopy

The analysis method of inductively coupled plasma atomic emission spectroscopy (ICP-AES)

was used to determine the trace metal content within the synthesis of CDC. Trace metals in the

educt TiC and product TiC-CDC were iron, nickel and cobalt. The analysis was also applied

to determine the actual loading of the graphitization catalysts iron and nickel on DARCO®-

KBG and TiC-CDC. The analysis was conducted by using the instrument CIROS CCD, with a

detection limit of 0.01 wt%. Solid materials needed to be disintegrated before analysis. For a

typical analysis, 100 mg of material were used for chemical pulping in a liquid acid mixture,

by using microwave treatment. In case of TiC , the mixture contained 6 mL of HF , 2 mL of

HNO3 (65%) and 2 mL of HCl (37%). In case of carbon, the liquid used for chemical pulping

was a mixture of HNO3 (65%) and H2SO4 (98%).

4.2.2 Surface Properties

The carbon surface properties of interest were quality and quantity of surface functional groups

and the surface wetability. The typical surface functional group contained the hetero atoms

oxygen, sulfur or both. The oxygen containing oxo-groups were hydroxyl, carbonyl, lactones,

carboxylic acid and acid anhydrides. The sulfur containing thio-groups were sulfonic acid, ben-

zenesulfonic acid and organosulfate. Both, oxo- and thio-groups influence the surface wetability

of porous carbon. Nevertheless, the surface wetability is also influenced by the graphitization

degree of carbon, with graphite being highly hydrophobic.

Thermogravimetric - Mass Spectrometry

The thermogravimetric-mass spectrometry (TG-MS) was used to analyze the quality and quan-

tity of surface functional groups. In order to induce a temperature programmed desorption

(TPD) of functional surface groups, the instrument STA 409 PC Luxx® was used for ther-
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mogravimetric analysis (TGA) in He (3.8), up to a temperature of 1000 ◦C. The off-gas was

analyzed by an online coupled, quadrupole mass spectrometer (MS), which was either the in-

strument OmniStar™ GSD 301 or UGA-200. For a typical TG-MS setup, the MS instruments were

coupled with a 1/32 inch stainless steel capillary, with external electric trace heating at 220 ◦C.

In order to increase sensitivity, both MS instrument detectors were operated at channel electron

multiplier (CEM) mode. For the instrument UGA-200, the heating parameters for sample-line

and elbow were set to the maximum value of 120 ◦C, and for chamber and capillary to zero.

This setup yielded a stable temperature of the analysis chamber of 92 ◦C. For the instrument

OmniStar™ GSD 301, the CEM voltage was set to 1.2 kV and the parameter for capillary heating

was set to the maximum value of 200 ◦C. A typical result of a quantitative TG-MS measurement

is illustrated in figure 4.1, respectively.

Figure 4.1: Typical TG-MS analysis, using the instrument OmniStar™ GSD 301, of a porous carbon with functional sur-
face groups (here: DARCO®-KBG). Fitting the numeric signal fit functions F(t) of the TPD products, water
(H2O), carbon monoxide (CO) and carbon dioxide (CO2), to the DTG signal by using the Levenberg-
Marquardt algorithm. The illustration includes the sum of the MS signals (SUM). The intensity of the MS
signal H2O (m/z 18 ) was insitu calibrated by fitting the physically adsorbed water fraction.

Prior to TG-MS measurement, the samples were stored in a drying oven at 50 °C and TGA cru-

cibles (Al2O3) in a desiccator filled with silica gel. For a typical TG-MS measurement, a sample

mass of 50 mg was transfered to a crucible and the sample mass was determined by an exter-

nal balance, instantaneously. The filled crucible was mounted in the TGA instrument, which

was subsequently degassed by a membrane pump for 5 min. Then, the instrument was purged

with He (3.8) and after ambient pressure was reached, the overall gas flow was adjusted to
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200 mLNmin−1 (100 mLNmin−1 protective flow and 100 mLNmin−1 purge flow). The measure-

ment was started by heating the sample at 5 K min−1 to 100 °C for 3 h. Subsequently, the sample

was heated at 5 K min−1 to 1000 ◦C for 30 min. This mass loss regime defined the total sample

mass loss for MS signal quantification. Thereby, the MS analysis was conducted at the mass-

to-charge ratios (m/z) of m/z 4 (He), m/z 12 (C), m/z 14 (N), m/z 16 (O), m/z 18 (H2O),

m/z 28 (CO / N2), m/z 32 (O2), m/z 44 (CO2) and m/z 64 (SO2). The quantitative evaluation

of the MS measurement was conducted according to an automated MS signal processing proto-

col using the software Fityk. More information on the quantitative TG-MS analysis is provided

in the appendix (see section A.1). The MS signal processing which was applied in this work is

illustrated in figure 4.2, at the example of a CO signal (m/z 28).

(a) (b)

Figure 4.2: TG-MS signal processing for CO (m/z 28) at the example of TiC-CDC-800 (Oleum (65%) 2 h/60 °C). (a)
Correction of the MS signal by subtraction of the intensity corrected CO2 (m/z 44) signal, to account
for the molecule fragmentation to CO (m/z 28) (gray), and the component of carbon bulk burn-off
(blue). (b) Fitting of the corrected MS signal by multiple gaussian functions to obtain a numeric signal
fit function F(t).

The signal processing protocol was defined as follows:

(i) All signals: polynomial baseline, normalize to maximum intensity

(ii) CO signal: correction for CO2 fragmentation

(iii) CO/CO2 signal: correction for carbon burn-off
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(iv) Gauss fitting to obtain F(t)(H2O), F(t)(CO), F(t)(CO2) and F(t)(SO2)

(v) DTG signal: insitu calibration by fitting of F(t)(H2O)

(vi) DTG signal: fitting of F(t)(CO), F(t)(CO2) and F(t)(SO2), at fixed F(t)(H2O)

X-Ray Photoelectron Spectroscopy

The x-ray photoelectron spectroscopy (XPS) was used to qualify the binding state of surface

functional thio-groups after wet chemical functionalization of porous carbon. It was also

used to quantify carbon surface hetero atoms (S, O, N , P), before and after wet chemical

functionalization. The results are summarized in table C.5. For a typical analysis, the instru-

ment SSX 100 ESCA was operated at ultra high vacuum, with monochromatic Kα radiation

(λ= 0.154 nm), generated at a potential of 9 kV and a current of 10 mA. Low resolution survey

spectra were used to quantify hetero atoms and high resolution binding spectra were used to

qualify the binding state. The pass energy was 150 eV for survey spectra and 50 eV for binding

spectra. The signals were processed by subtracting a Shirley background. In case of sulfur bind-

ing spectra, the spectra were fitted by using Voigt profiles, with a fixed width of the Gaussian

component of FWHM = 1.166 eV. The 2p doublets were fitted with a fixed intensity of S2p1/2,

being 0.556 times the intensity of S2p3/2, and a fixed peak position of S2p1/2, being shifted by

+1.16 eV relative to S2p3/2.[180]

Energy Dispersive X-Ray Spectroscopy

The energy dispersive x-ray spectroscopy (EDX) is not inherently a surface sensitive character-

ization method. It provides an elemental information depth in the range of micrometers. But,

it was used to quantify the hetero atoms oxygen and chlorine after the gas-phase functionaliza-

tion of TiC-CDC by post-chlorination, which is a surface sensitive carbon treatment. A typical

analysis consisted of 3 independent spot measurements, with an electron acceleration voltage

of 20 kV and zero angle. Measurement spots were selected at a magnification of x 30.000 on

planar particle surfaces, if possible.
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Dynamic Vapor Sorption

The dynamic vapor sorption analysis (DVS) was used to probe the hydrophilicity of pristine TiC-

CDC by water vapor sorption. Thereby, the sample mass is measured as a function of the partial

water pressure. The adsorption of water molecules at the carbon surface induces an increase

in sample mass. In case of a hydrophilic carbon surface, the adsorption of water takes place

at a low partial pressure pp−1
0 . The beginning of water adsorption is defined as the onset of

water sorption. The geometrical determination of the onset pressure is exemplary illustrated for

TiC-CDC-1200 in figure 5.2. The instrument DVS 1085 was used to measure water adsorption

isotherms. For a typical analysis, 6 mg of porous carbon was mounted inside a platinum crucible

to the instrument. The sample was dried insitu at 120 °C. The measurement was conducted at

40 °C, with an equilibrium condition of 0.001 mg min−1.

4.3 Applications

4.3.1 Electric Energy Storage

The performance of TiC-CDC in electric energy storage was either probed by three electrode cell

(TEC) or electric double layer capacitor (EDLC) characterization.

TEC Characterization

The three electrode cell (TEC) characterization was realized by using a standard rotating disc

electrode (RDE) setup. It is an accurate method to probe the electrochemical potential on the

working electrode but it is prone to error when probing heterogeneous materials which need

to be loaded to the working electrode as liquid ink. The preparation of a respective carbon ink

is a crucial cause of error (see section A.2). The details of the preparation and application of

the inks which were used in this work are summarized in table C.11. The measurements were

conducted according to the following optimized protocol:

(i) Milling of carbon

(ii) Ink preparation

(iii) Ink application
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(iv) Electrochemical measurement

The carbon milling was realized by wet ball milling for 1 h at 450 min−1 using the instrument

PM 100, with 2-propanol (4 mL / 200 mg) and Z rO2 balls (3 mm, 110 g). The milled carbon

was dried at 50 ◦C.For ink preparation, 10 mg of carbon was vacuum dried for 24 h at 120 °C.

Subsequently, the carbon was mixed with a liquid (0.205 mL mg−1). The liquid contained the

binder nafion and either ethanol, propan-2-ol, water or a mixture thereof. Ultrasonic treatment

was applied to homogenize the inks. The fresh ink was applied to the working electrode (WE)

by stepwise dispensing the ink with a micro pipette. The working electrode was a glassy carbon

RDE electrode (5 mm diameter). The target loading amount was either 48.78 µg or 97.56 µg.

Depending on the ink concentration, the amount of ink ranged from 10 µL to 32 µL. Solvent

evaporation was enforced by a constant Ar (5.0) flow of 6 mLNmin−1, which enhanced the

homogeneity of the coating, as well. The electrochemical measurement was conducted for three

independently prepared electrodes, using the instrument PARSTAT 4000A or PARSTAT MC 1000.

The electrolyte was either an aqueous solution of H2SO4 (0.5 M) or an organic solution of

T EA (1.5M) in acetonitrile (ACN). In case of H2SO4 (0.5 M), the counter electrode (CE) was

platinum and the reference electrode (RE) was a silver chloride electrode (0.21 V vs. SHE).

Cyclic voltammetry was recorded from -0.2 V to +0.6 V. In case of T EA (1.5M), the CE was a

graphite rod and the RE was a silver nitrate electrode (0.3 V vs. SCE), filled with a solution of

silver nitrate (0.01 mol L−1) and T EA (0.1 mol L−1) in ACN . Cyclic voltammetry was recorded

from -0.6 V to +0.2 V. For both electrolytes, scanning rates ν were 0.005 V s−1, 0.02 V s−1,

0.05 V s−1, 0.1 V s−1, 0.5 V s−1, 1 V s−1, 2 V s−1, 3 V s−1, 4 V s−1 and 5 V s−1. At each scanning

rate the sample was cycled three times. The third cycle was used for evaluation.

EDLC Characterization

Due to the missing reference electrode, a simple (EDLC) coin cell assembly is inherently less

suited to probe the material influence. But, it is crucial to evaluate the actual performance

in electric energy storage. The EDLCs were characterized by constant power charge-discharge

(CPD) analysis to determine the energy density Espec. Additionally, CV analysis was conducted to

determine the specific capacitance Cspec and EIS analysis was conducted to test the cell response.

A detailed study on the influence of preparation parameters is provided in the appendix (see
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section A.2). For EDLC preparation, the porous carbon is denoted in the following as active

material. The measurement was conducted according to the following protocol.

(i) Mixing of active material

(ii) Carbon paste preparation

(iii) Electrode preparation

(iv) Coin cell assembly

(v) Electrochemical measurement

(i) In order to increase to conductivity of the electrodes, 850 mg of the active material were

mixed with 100 mg of the carbon black SUPER-P®. Mixing was realized with a impact knife

mill for 2 min.

(ii) The carbon mixture (950 mg) was dispersed in a solution of 50 mg carboxymethyl cellu-

lose(C MC) in 5 mL of bi-distilled water. Dispersing was conducted by the instrument ULTRA-

TURRAX® T 25, with a rotation speed of 8000 min−1 for 2 min.

(iii) The electrodes were prepared by coating the carbon paste to a current collector, using

the instrument MSK-AFA-I-UL. The current collector was an aluminum foil, with a thickness of

50 µm. The foil was mounted to the instrument and fixated by applying vacuum. Subsequently,

the foil was roughened by an abrasive pad and the paste was applied to a single spot, at once.

The coating was conducted with a doctor blade, with a slit width of 200 µm and a speed of

20 mm s−1. Drying at air was enforced by using an infrared lamp. After drying, the dry layer

thickness (LT) was measured using the thickness gauge F 1101/30. Electrode discs of 15 mm

in diameter were punched with the instrument MSK-T-07. The average mass of the supporting

current collector was determined to 22.04 mg, with a sampling size of 10.

(iv) The coin cells were assembled inside a CR2032 casing, according to figure 2.12b. All parts

were purchased from MTI Corporation. For accurate mass determination, the electrode discs

were dried for 24 h in vacuum at 100 ◦C. The spacers were made of stainless steal, with a

diameter of 15.5 mm and a width of 0.2 mm. The membrane was made of a polypropylene
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polyethylene copolymer by Celgard LLC, with a diameter of 19 mm and a width of 25 µm. After

applying 50 µL of the electrolyte T EA (1.5M) to the carbon coating of both electrodes, the cells

were assembled and crimped by using the instrument MSK-160D-220.

(v) For the electrochemical characterization, two different measurements were conducted. Both

measurements were conducted for three coin cells, of the same kind. The first measurement

was cyclic voltammetry according to the protocol described for a TEC analysis. The second

measurement was constant power charge-discharge CPD. Therefore, the cells were charged at a

constant power to a potential of 2.5 V, exposed to the potential of 2.5 V for 20 s and discharged

at a constant power to a potential of 0 V, respectively. The applied power was varied to values

of 0.25 W g−1, 0.5 W g−1, 0.75 W g−1, 1.0 W g−1 and 1.25 W g−1, relative to the mass of the

active material mA.

4.3.2 Solid Acid Catalysis

A detailed study on the liquid phase reaction of levulinic acid with ethanol is provided in the

appendix (see section A.3). All details on the applied functionalizations, the subsequent sample

washing and resulting catalytic activity are summarized in table C.8. For a typical esterification

reaction, a 25 mL two-neck flask was equipped with a Dimroth condenser and loaded with

10.45 mL (0.179 mol) of ethanol (EtOH) and 4 g (0.0345 mol) of levulinic acid or 2.17 mL

(0.0345 mol) of acetic acid, to a acid/ethanol molar ratio of ≈ 1:5. After the reaction mixture

was heated to 60 °C at 450 rpm, 0.08 g (2 wt% relative to the acid mass) of catalyst was

added and stirred for a reaction time of tr = 5 h. Samples were drawn from the reaction

mixture (≈ 0.3 mL) at tr = 0 min, tr = 20 min, tr = 40 min, tr = 60 min, tr = 180 min and

tr = 300 min. The catalyst was directly separated from the samples, by using a syringe filter

(0.2 µm, PTFE), and 40 µL of the filtrate were diluted into 0.96 mL of a 0.1 M solution of methyl

propyl ketone in 1,4-dioxane. The diluted samples were analyzed by gas chromatography (GC),

where methyl propyl ketone acted as internal standard. The quantitative analysis was realized

by offline gas chromatography (GC) analysis. For a typical analysis, the column Optima FFAP

was used, with a diameter of 0.25 mm, a liquid film thickness of 0.25 µm and a length of 30 m.

The injection volume was 0.2 µL, with a temperature of 280 ◦C and a split of 1:30. Dosing
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the carrier gas He (3.8) at 1 mL min−1 resulted in a mobile phase velocity of 0.259 m s−1.

The furnace was heated at 10 K min−1 from initially 60 ◦C to 220 °C, for 10 min. A flame

ionizer detector (FID) was used at 250 °C. The esterification reaction was evaluated by the

initial reaction rate r0 for the evolution of the reaction product ethyl levulinate (EL) according

to equation 4.7, with the concentration cr, as a function of the reaction time tr, and the initial

concentration c0 (tr = 0 min).

r0 =
cr − c0

tr
· 106 (4.7)

For the calculation of r0, the maximum measured value of the concentration cr was selected,

with cr < 0.2 mol L−1. A concentration of 0.2 mol L−1 (X = 0.0812) was typically reached after

a reaction time ranging from tr = 60 min to tr = 300 min. Due to initial catalyst aggregation

and poor catalyst dispersion, some measurements exhibited an induction phase of low activity.

In order to decrease the overall error, an evaluation according to equation 4.7 was favored over

a linear regression of all data points with cr < 0.2 mol L−1. The catalyst activity was evaluated

by calculating the specific productivity Pspec, according to equation 4.8, with the initial reaction

rate r0, the reaction volume Vr and the catalyst mass mCat. The typical reaction volume was

Vr = 0.014 L.

Pspec =
r0 · Vr

mCat
(4.8)

The turn over number (TON) was calculated according to equation 4.9, based on the specific

productivity Pspec and a reaction time of tr = 5 h, with the blind productivity Pblind, the produc-

tivity for the adsorption of the reaction product EL Pads and the integrated MS signal intensity

of sulfur dioxide nSO2
, at a mass-to-charge ratio of m/z 64).

TON =
(Pspec − Pblind − Pads) ·mCat · (5 · 3600 s)

nSO2
· 103

(4.9)
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The blind productivity Pblind was calculated for the reaction rate without catalyst, with a hypo-

thetical catalyst mass of 0.08 g, to a value of 0.34 µmol g−1 s−1. The adsorption productivity

Pads was estimated to an average value of -0.1 µmol g−1 s−1. The estimation was based on ad-

sorption experiments of ethyl levulinate on various catalysts. See table C.2 for details on the

product adsorption. For details on the TG-MS measurements, which were used to determine

nSO2
, see table C.9.
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5 Tuning the Structure of TiC-CDC
This chapter summarizes the material characterization of pristine and functionalized TiC-CDC. It

discusses the effects of gas-phase functionalization by hydrogen and chlorine (see section 5.2),

vacuum annealing (see section 5.3) and liquid-phase functionalization by sulfonic acid intro-

ducing treatments (see section 5.4) on the texture, microstructure and surface chemistry of

TiC-CDC (see section 5.1).

5.1 The Structure of TiC-CDC

This section summarizes the characterization of pristine TiC-CDC, with regard to the carbon

texture, microstructure and metallic impurities.

5.1.1 Carbon Texture and Microstructure

The data on the carbon texture of TiC-CDC is illustrated in figure 5.1. Upon increasing the

chlorination temperature from TCDC = 500 °C, the surface area slightly increased up to a tem-

perature of TCDC = 1000 °C, to a maximum value of SSAQSDFT ≈ 1700 m2 g−1 (see figure 5.1a).

Further increasing the chlorination temperature to TCDC = 1200 °C yielded a significantly lower

surface area. Thereby, the average pore size increased constantly from dcalc = 0.65 nm, over

dcalc = 0.72 nm and dcalc = 0.83 nm, to dcalc = 1.32 nm. After chlorination at a temperature as

high as TCDC = 1500 °C, the average pore size was dcalc = 4.55 nm (see table C.10). The pore

size distribution (PSD) already broadened significantly upon increasing the temperature from

TCDC = 500 °C to TCDC = 1200 °C (see figure 5.1b). The specific pore volume increased from

SPV = 0.55 cm3 g−1 to SPV = 0.77 cm3 g−1, respectively. For a summary on the texture and

particle size of all porous and non-porous materials applied in this work see table C.1 .

The data on surface chemistry and stability of the TiC-CDC carbon texture is illustrated in

figure 5.2. The amount of surface functional groups was determined by temperature pro-

grammed desorption (TPD) and the oxidation stability in air by temperature programmed
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oxidation (TPO). Both characteristics depended on the chlorination temperature TCDC. With

increasing temperature, the amount of surface functional groups decreased and the oxidation

(a) (b)

Figure 5.1: Carbon texture of TiC-CDC. For details, see Appendix table C.10. (a) Specific surface area SSAQSDFT and
calculated mean poresize dcalc of TiC-CDC based on measurements using the instrument AUTOSORB® .
(b) Pore size distribution based on differential pore volume dV .

(a) (b)

Figure 5.2: Surface chemistry and stability of TiC-CDC carbon texture. (a) The total TPD mass loss upon heating to
1000 °C in nitrogen atmosphere and the stability upon oxidation in air determined by TPO analysis at
10 K min−1, represented by the onset temperature Tonset. (b) Dynamic vapor sorption (DVS) of water at
40 °C. The indicated onset of TiC-CDC-1200 exemplary quantifies the partial pressure value for surface
wetting.
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stability increased (see figure 5.2). Dynamic vapor sorption (DVS) of water was applied to probe

the hydrophilicity of the carbon surfaces (see figure 5.2b). The onset water pressure increased

gradually from a value of 44 pp−1
0 , for TiC-CDC-500, to a value of 62 pp−1

0 , for TiC-CDC-1200.

As a result, the hydrophilicity of TiC-CDC decreases with increasing chlorination temperature.

The microstructure of TiC-CDC was analyzed by XRD and RAMAN spectroscopy. The results

are summarized in figure 5.3. The XRD spectra identified amorphous materials for a chlorina-

tion temperature of TCDC ≤ 1000 °C (see figure 5.3a). After chlorination at a temperature of

TCDC ≥ 1200 °C, carbon crystallinity could be identified by the (002), (100) and (101) reflexes.

In case of RAMAN analysis, the spectra of the amorphous materials differed significantly (see

5.3b). The D and D” band were more prominent for TiC-CDC-500 and TiC-CDC-800 than for

TiC-CDC-1000. In general, this indicates a higher degree of disorder and structural variety of

the carbon configuration in TiC-CDC-500 and TiC-CDC-800.

(a) (b)

Figure 5.3: Analysis of the micro structure of TiC-CDC. (a) Low resolution XRD analysis using the instrument
X’Pert PRO®. XRD reflexes which correlate to phases of graphite are marked (b) Raman spectra.

5.1.2 Trace Metal Purity

Pristine TiC-CDCs were probed for metallic impurities using XRD and ICP-AES analysis. The

results of ICP-AES analysis are summarized in table C.7. The results of both characterization

methods are illustrated in figure 5.4. In general, a higher trace metal concentration was de-
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(a) (b)

Figure 5.4: Trace metal content of iron, nickel and cobalt within TiC-CDC-500, TiC-CDC-800 and TiC-CDC-1000 de-
tected by (a) ICP-AES analysis as a function of the CDC synthesis temperature TCDC (arrows indicate the
decrease upon chlorination, relative to the educt titanium carbide) and (b) high resolution XRD analysis
using the instrument SENTERRA. XRD reflexes which correlate to phases of graphite (*), Fe3C (θ ) and
Iron (α) are marked in the spectra, respectively.

tected after chlorination at lower temperatures TCDC (see figure 5.4a). Note, that the illustration

has a logarithmic scale. The majority of metallic impurities was iron, which was detected at a

maximum weight concentration of 0.88 wt% in TiC-CDC-500. Upon increasing the chlorination

temperature, less metallic impurities remained in TiC-CDC. The iron content in TiC-CDC-800

was 0.33 wt% and only 0.04 wt% in TiC-CDC-1000. The nickel content decreased from ini-

tially 0.06 wt% to 0.02 wt%. This trend was confirmed by high resolution XRD analysis (see

figure 5.4b). Iron related reflexes were strongly present for TiC-CDC-500 and significantly less

pronounced for TiC-CDC-800. The diffraction pattern identified the cementite (Fe3C) phase.

No iron related reflexes were detected for TiC-CDC-1000.

5.1.3 Discussion

The synthesis of TiC-CDC was based on powdered TiC 99.5 % (metals basis). The ICP-AES

analysis of TiC identified metallic impurities of cobalt (0.02 wt%), iron (0.67 wt%) and nickel

(0.13 wt%). In the synthesis of TiC-CDC, titanium is extracted from the carbide by the reac-

tion with chlorine at the chlorination temperature TCDC. After complete extraction, the mass is
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reduced by 79.9 %. Assuming that the metallic impurities are not removed by the reactive ex-

traction from the educt TiC , the maximum trace metal concentration in TiC-CDC is 0.1 wt% of

cobalt, 3.35 wt% of iron and 0.65 wt% of nickel. Chlorination temperatures of TCDC ≤ 1000 °C

yielded porous carbons which were contaminated by iron and nickel impurities. After chlo-

rination at temperatures TCDC ≥ 1200 °C, the metallic impurities were below detection limit,

by means of XRD and ICP-AES. Thus, the extraction of the respective metallic residues is poor

at low temperatures. This topic is further discussed in the following section about Hydrogen

Treatment (see section5.2.1).

The surface chemistry of TiC-CDC was sensitive to the chlorination temperature, as well.

At low temperatures, the carbon materials are highly amorphous. Due to the low degree of

order, high amounts of dangling bonds are present which are oxidized upon contact to air

atmosphere, forming surface functional oxo-groups. The explicitly high amount of oxo-groups,

which were found in analysis, deviate from literature data. This could be explained by the

fact, that the standard hydrogen treatment was conducted only for a short duration of 30 min.

The influence of the hydrogen treatment on the material properties is further discussed in the

following sections.

The trend of decreasing hydrophilicity of TiC-CDC, with increasing chlorination tempera-

ture, could be explained by two reasons. The fist reason is the decreasing amount of surface

functional oxo-groups, which decreased from 11.7 wt%, for TiC-CDC-500, to 0.7 wt%, for TiC-

CDC-1200, see table C.9 for details. The second reason is the increasing amount of graphitic

carbon character, with graphite being highly hydrophobic. It could be assumed, that both effects

apply.

5.2 Gas-Phase Functionalization

This section summarizes two different approaches for gas-phase functionalization which were

applied to systematically alter the structure of TiC-CDC. The first approach was the variation of

the standard hydrogen treatment process in the synthesis of pristine TiC-CDC (see section 5.2.1).

It was applied to freshly synthesized TiC-CDC which is denoted TiC-CDC-PURE. The second

approach was a post-synthetic treatment of pristine TiC-CDC by chlorine (see section 5.2.2).
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The study on gas-phase functionalization was conducted for the materials TiC-CDC-500, TiC-

CDC-800 and TiC-CDC-1000.

5.2.1 Hydrogen Treatment

In the synthesis of pristine TiC-CDC, the temperature of the hydrogen treatment THT depends on

the chlorination temperature TCDC. For the synthesis of pristine TiC-CDC-500, the material TiC-

CDC-500-PURE is treated with hydrogen at a temperature of THT = 600 °C. For the synthesis

of pristine TiC-CDC-800 and TiC-CDC-1000, the materials TiC-CDC-800-PURE and TiC-CDC-

1000-PURE are treated with hydrogen at a temperature of THT = 800 °C and THT = 1000 °C,

respectively. Two different approaches were applied to probe the influence of this hydrogen

treatment on the resulting TiC-CDC properties. First, the hydrogen treatment temperature was

varied and, second, the hydrogen treatment was replaced by alternative treatments. For the

variation of the temperature, TiC-CDC-500-PURE was treated with hydrogen at a temperature

of THT = 800 °C, THT = 1000 °C and THT = 1200 °C, TiC-CDC-800-PURE was treated with

hydrogen at THT = 1000 °C and THT = 1200 °C and TiC-CDC-1000-PURE was treated with

hydrogen at THT = 1200 °C.

The influence of the hydrogen treatment temperature is summarized in figure 5.5. The resid-

ual content of trace metals decreased with increasing temperature (see figure 5.5a). In case of

TiC-CDC-500, the initial iron content of 0.88 wt % decreased gradually to 0.51 wt%, 0.16 wt%

and, finally, to a content of 0.02 wt%, after the hydrogen treatment at the maximum temper-

ature of THT = 1200 °C. A similar trend was found for TiC-CDC-800, where the initial iron

content of 0.33 wt % decreased to 0.04 wt%, after hydrogen treatment at a temperature of

THT = 1000 °C. In case of TiC-CDC-1000, the initially low iron content was not further im-

proved by increasing the temperature to THT = 1200 °C. For all three materials, a moderate

increase of THT by 200 °C yielded a minor increase in specific surface area SSABET (see fig-

ure 5.5b). The impact on the surface area was higher after chlorination at temperatures,

with 2 % for TiC-CDC-500, 4 % for TiC-CDC-800 and 8 % for TiC-CDC-1000. Further in-

creasing the hydrogen treatment temperature of TiC-CDC-500 and TiC-CDC-800 by more than

200 °C, gradually decreased the specific surface area. The largest decrease of 14 %, to a value
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(a) (b)

Figure 5.5: Influence of the hydrogen treatment temperature THT of TiC-CDC-PURE during the synthesis of TiC-
CDC-500, TiC-CDC-800, TiC-CDC-1000 and TiC-CDC-1200 on (a) the residual trace metal content within
TiC-CDC, determined by ICP-AES for iron, nickel and cobalt, and (b) on the specific surface area SSABET,
as a function of the hydrogen treatment temperature THT.

of SSABET = 1132 m2 g−1, was observed for TiC-CDC-500 after hydrogen treatment at a tem-

perature of THT = 1200 °C.

Beside the variation of the hydrogen temperature, the hydrogen treatment of TiC-CDC-PURE

was replaced by alternative treatments. The influence of the alternative treatments are sum-

marized in figure 5.6. They were selected with respect to the removal of residual iron and are

categorized to liquid-phase (L) and gas-phase (G) treatments. The liquid-phase treatment of

TiC-CDC-PURE with water (L1) effectively reduced the residual metal content in TiC-CDC-500

from 0.88 wt% to 0.02 wt% and in TiC-CDC-800 from 0.33 wt% to 0.04 wt% (see figure 5.6a).

Note, that the residual metal content is illustrated at a logarithmic scale. Interestingly, the

liquid-phase treatment of TiC-CDC-1000 with hydrochloric acid (L2) did not effectively reduce

the residual iron content.

The effectivity of the gas-phase treatment with vacuum (G1) depended on the temperature

at which the treatment was applied. In case of TiC-CDC-500, where the treatment was ap-

plied at 500 °C to TiC-CDC-500-PURE, the residual iron content was not significantly reduced

(0.69 wt%). In case of TiC-CDC-800, where the treatment was applied at 800 °C to TiC-CDC-

800-PURE, the residual iron content was significantly reduced to 0.02 wt% (see figure 5.6b).
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The exposure of TiC-CDC-PURE to a high temperature of 1200 °C in inert atmosphere (G2)

was highly effective, as well. The gas-phase treatment at ambient pressure equally reduced the

residual iron content in TiC-CDC-500 and TiC-CDC-800 to 0.02 wt%, and in TiC-CDC-1000 to

0.03 wt%.

5.2.2 Chlorine Treatment

The second approach for gas-phase functionalization of TiC-CDC was a post-synthetic treatment

by chlorine. The term refers to the fact that the treatment was applied to pristine TiC-CDC ma-

terials, which were treated with hydrogen at standard conditions. The chlorine treatment was

conducted at a concentration of 6 mmol m−3, which is significantly higher than the concentra-

tion used for the synthesis of TiC-CDC (1 mmol m−3), at a temperature of either TPC = 800 °C,

TPC = 1000 °C, or TPC = 1200 °C.

The influence on the carbon texture and surface chemistry is illustrated in figure 5.7. The spe-

cific surface area SSAQSDFT of TiC-CDC decreased with increasing post-chlorination temperature

TPC (see figure 5.7b). The largest decrease was again observed for TiC-CDC-500. After post-

(a) (b)

Figure 5.6: Influence of alternative treatments of TiC-CDC-PURE on (a) the residual trace metal content of TiC-CDC,
determined by ICP-AES for iron, nickel and cobalt, and (b) on the specific surface area SSABET. Treat-
ments were (S) standard hydrogen treatment H2 for 0.5 h at CDC synthesis temperature TCDC, liquid
phase treatments by (L1) washing with water in a soxhlet apparatus for 24 hours and (L2) by washing
with HCl (37%) in a flask (200 mL g−1) at 100 °C, gas phase treatment by (G1) insitu vacuum annealing
in He (3.8) at 2 mbar for 5 hours at TCDC and (G2) annealing in He (3.8) for 2 hours at 1200 °C. See table
C.7 for details.
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chlorination at a temperature of TPC = 1200 °C, the surface area was decreased by -20 %, from

initially SSAQSDFT = 1226 m2 g−1 to SSAQSDFT = 980 m2 g−1. The impact on the carbon tex-

ture of TiC-CDC-800 was lower (-13 % SSAQSDFT) and even less pronounced for TiC-CDC-1000

(-9 % SSAQSDFT). In contrast, the average pore size dcalc increased with increasing temperature.

The chlorine treatment also influenced the residual metals which were found in the resulting

materials. In case of pristine TiC-CDC-800, even a treatment at low chlorine concentration

(1 mmol m−3) did reduce the iron content as a function of time. The impurities were reduced

from initially 0.33 wt% to 0.21 wt% after 10 min and to 0.12 wt% after 60 min (see table C.7).

The elemental analysis by EDX revealed the presence of the hetero atoms chlorine and oxygen

(see figure 5.7a). Note, that the data is illustrated at a logarithmic scale and that physisorbed

molecules would likely evaporate before analysis in ultra-high vacuum. In general, the amount

of hetero atoms was lower after treatment at higher temperatures. Thereby, The amount of

oxygen ranged from 2.7 at% to 7.2 at%, while the amount of chlorine was negligible, with

a typical value of ≈ 0.2 at%. Only in case of TiC-CDC-500, which was post-chlorinated at a

temperature of TPC = 800 °C, a significant amount of chlorine (0.85 at%) was detected. The

analysis does not provide any information about the binding state of the detected elements.

(a) (b)

Figure 5.7: Influence of gas phase functionalization by chlorine (6 M) for 1 h at 800 °C, 1000 °C and 1200 °C on the
carbon texture and surface chemistry of TiC-CDC. (a) The elemental content of carbon (C), oxygen (O)
and chlorine (C) determined by EDX analysis and (b) the specific surface area SSAQSDFT and mean pore
size dcalc.
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(a) (b)

Figure 5.8: Influence of gas phase functionalization by chlorine (6 M) for 1 h on the carbon surface chemistry. (a)
Mass change upon functionalization at 800 °C, 1000 °C and 1200 °C as a function of the post-chlorination
temperature TPC and (b) differential mass loss of pristine TiC-CDC-800 and post-chlorinated at 800 °C
during TGA analysis in He (3.8) at 5 K min−1.

Further insight on the influence of post-chlorination on the carbon texture and surface chem-

istry was gained by gravimetric sample analysis. The results are summarized in figure 5.8.

Differential sample weighing before and after the gas-phase treatment revealed the tempera-

ture dependent influence (see figure 5.8a). The change in sample mass ranged from -9.5 wt%

to +8.4 wt%. A low temperature of TPC = 800 °C increased the sample mass, whereas a high

temperature of TPC = 1200 °C decreased it. Additionally, the temperature programmed desorp-

tion (TPD) analysis was applied to study the surface functional groups of pristine TiC-CDC-800

and after post-chlorination at a temperature of TPC = 800 °C (see figure 5.8b). Both samples

show three similar mass loss regimes at approximately 260 °C, 400 °C and 700 °C. The quantita-

tive mass losses are higher after post-chlorination. The analysis of post-chlorinated TiC-CDC-800

by TG-MS detected no additional signals, which would correlate to chlorine species.

5.2.3 Discussion

Gas-phase functionalizations of TiC-CDC-500, TiC-CDC-800 and TiC-CDC-1000 were realized

by chlorine and hydrogen treatments. The variation of the hydrogen treatment temperature

THT of TiC-CDC-PURE revealed that the specific surface area SSABET increases after moder-
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ately increasing the temperature by 200 °C, relative to the chlorination temperature TCDC. An

increased specific surface area could be explained by two reasons. Firstly, the desorption of

metallic residues and reaction products of the chlorination decreases the mass and, therefore,

increases the mass normalized surface area. Secondly, the effective increase of the surface area

either by the declogging of existing micropores or the creation of new ones. Heating TiC-CDC-

PURE to higher temperatures by more than 200 °C induced a loss of specific surface area. It was

more pronounced for TiC-CDC which was synthesized at lower chlorination temperatures. The

loss could be explained by a collapse of carbon texture based on the restructuring of amorphous

carbon over dangling bonds. Note, that dangling bonds are additionally introduced upon heat-

ing.[72]. In case of the amorphous carbon TiC-CDC-500, the restructuring decreased the specific

surface area by -14 %, after hydrogen treatment at the maximum temperature of THT = 1200 °C.

In contrast, the positive effect of a moderately increased hydrogen treatment temperature on

the specific surface area was strongest for TiC-CDC-1000, which inherently exhibited the lowest

degree of restructuring over dangling bonds.

The variation of the hydrogen treatment temperature also revealed that the remaining

residues of iron, cobalt and nickel decrease with increasing temperature THT. The effect was

higher for TiC-CDC which was synthesized at lower chlorination temperatures TCDC. The alter-

native treatments of TiC-CDC-PURE, which replaced the hydrogen treatment of TiC-CDC-PURE,

were also effective to decrease the amount of metallic residues, namely the liquid-phase treat-

ment with water (L1) or hydrochloric acid (L2) and the gas-phase treatment at 1200 °C (G2).

The liquid phase treatment with water was the most effective. It could be assumed that until

TiC-CDC-PURE is treated with hydrogen, metallic impurities are present as volatile and soluble

chlorine complexes, i.e. FeCl3, NiCl2 and CoCl2. In case of a liquid-phase treatment, the sol-

uble impurities are removed by solvation. Upon heating to an increased temperature, relative

to the chlorination temperature, a purification is induced by the evaporation of metal chlorine

complexes. If hydrogen treatment is subsequently applied, remaining complexes are reduced to

elemental metals. The metal is fixated and interacts with the carbon material, yielding carbide

phases. In case of pristine TiC-CDC-500, iron carbide (Fe3C) could be clearly identified by XRD

analysis (see figure 5.4b). These carbides could only be removed by annealing in vacuum at

temperatures THT ≥ 1500 °C.[181]
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The gas-phase treatment of pristine TiC-CDC by highly concentrated chlorine (6 mmol m−3)

was found to be sensitive to the temperature TPC, at which the treatment is conducted. At a

low post-chlorination temperature of TPC = 800 °C, an increase in sample mass was observed.

The TPD measurement of TiC-CDC-800, before and after post-chlorination, identified similar

mass loss regimes which correlate to the decomposition of carboxylic acid (TTPD ≈ 260 °C),

hydroxyl groups (TTPD ≈ 400 °C) and carbonyl groups (TTPD ≈ 700 °C).[69]. The analysis by

TG-MS confirmed that no additional chlorine species were introduced. Thus, the observed mass

increase is due to an evenly increased amount of surface functional carboxylic acid-, hydroxyl-

and carbonyl-groups. It could be assumed that chlorine reacts with the carbon surface inducing

dangling bonds which are oxidized upon contact of the cooled down samples with air. This

mechanism is supported by the study of Menéndez et al.[72] The authors reported that heat

induced desorption of surface functional groups induce reactive dangling bonds on the carbon

surface, which are oxidized after the sample has been cooled down. But, the results contradict

the study of Pinkert et al., which was based on ordered mesoporous carbide derived carbon

(OM-CDC). The authors reported that the treatment of OM-CDC with chlorine gas (53 vol%) at

800 °C protects the surface from reoxidation.[182]

In contrast, a significant loss of sample mass is induced upon post-chlorination at high temper-

atures of TPC = 1000 °C and TPC = 1200 °C. Besides, the amount of introduced surface functional

oxo-groups decreased with increasing post-chlorination temperature, according to EDX analysis.

There are three possible causes for a decreased sample mass after post-chlorination. First, the

removal of metallic residues, which could account for a total mass loss of ≤ 1 wt%, at maxi-

mum (see figure 5.4a). Second, the reduction of the amount of surface functional oxo-groups.

Upon increasing the temperature from TPC = 800 °C to TPC = 1200 °C, this could account for a

relative decrease in sample mass by 2.8 wt% (see figure 5.7a). Thirdly, the etching of carbon by

a reaction with chlorine forming the volatile species tetrachloromethane (CCl4). Although the

reaction is thermodynamically unfavored at high temperatures, it is strongly favored by an ex-

cess of chlorine.[33] Also, the mass loss at a temperature of TPC = 1200 °C is more pronounced

for the highly amorphous carbon TiC-CDC-500 (- 9.5 wt%) than for the more aromatic carbon

TiC-CDC-1000 (- 4.8 wt%). More aromatic carbons are usually less prone to oxidation. Thus,

the main cause of mass loss is ascribed to the carbon etching by chlorine.
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Due to the subtle influence of gas-phase functionalization by hydrogen and chlorine on the

carbon texture and the amount of surface functional oxo-groups, respectively functionalized

TiC-CDC qualifies for an application in energy storage, i.e. as super capacitor electrode material,

to probe for structure-property relations. The results are discussed in chapter 6.1.

5.3 Vacuum Annealing

The influence of vacuum annealing on pristine TiC-CDC was studied as a function of the chlo-

rination temperature TCDC and the vacuum annealing temperature TVA. The three materials

TiC-CDC-500, TiC-CDC-800 and TiC-CDC-1000 were selected for this study. For details about

the application of graphitization catalysts upon vacuum annealing see appendix B. There, the

influence of iron and nickel is discussed at the example of the activated carbon DARCO®-KBG,

based on the master thesis of Bahret [183]. It was found, that both catalysts increase the

graphitization upon vacuum annealing at a temperature of TVA = 1500 °C. Thereby, nickel was

the more active graphitization catalyst and induced a more turbostratic graphitization, with

typically smaller average crystal sizes Lc.

5.3.1 Carbon Microstructure

The vacuum annealing of TiC-CDC at different temperatures TVA induced graphitization of the

carbon microstructure. The effect on the normalized graphitization degree Gnorm
XRD and the ox-

idation stability is summarized in figure 5.9. According to XRD analysis, the graphitization

degree was higher for TiC-CDC which was synthesized at lower chlorination temperatures TCDC

and for higher vacuum annealing temperatures TVA (see figure 5.9a). After vacuum annealing,

the graphitization was distinct for TiC-CDC-500 and less pronounced for TiC-CDC-800 and TiC-

CDC-1000. The maximum graphitization degree was determined for TiC-CDC-500 after vacuum

annealing at a temperature of TVA = 1600 °C. The respective signal intensity was normalized

to a value of Gnorm
XRD = 100 %. In case of TiC-CDC-800 and TiC-CDC-1000, the respective maxi-

mum signal intensities yielded graphitization degrees of Gnorm
XRD = 13 % and Gnorm

XRD = 8 %, after

vacuum annealing at TVA = 1800 °C. The TPO onset temperature Tonset is a measure of the oxi-

dation stability of carbon. It increased for the vacuum annealed carbons with increasing vacuum

annealing temperature, as well (see figure 5.9b). Interestingly, the TPO onset temperature of
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Figure 5.9: Graphitization of TiC-CDC-500, TiC-CDC-800 and TiC-CDC-1000 upon vacuum annealing for 2 h to tem-
peratures TVA from 1000 °C to 2000 °C. (a) The quantification of the total graphitization Gnorm

XRD (A2 +
A3) and (b) stability upon oxidation in air determined by TPO analysis at 10 K min−1, represented by the
onset temperature Tonset. Reference samples are shown as hollow symbols. See table C.4 for details.

vacuum annealed TiC-CDC was not influenced by the chlorination temperature TCDC. The initial

oxidation stability of pristine TiC-CDC-500 (Tonset = 438 °C), TiC-CDC-800 (Tonset = 467 °C)

and TiC-CDC-1000 (Tonset = 499 °C) increased equally to a temperature of Tonset ≈ 670 °C, after

vacuum annealing at a temperature of TVA = 1800 °C.

The analysis of carbon crystallite sizes by XRD analysis is summarized in figure 5.10. The

crystallite sizes Lc and the inter planar stacking distance d002 are shown as a function of the

annealing temperature TVA. The evaluation is based on the deconvoluted (002) reflex and

yields crystallite sizes and stacking distances for, both, the turbostratic (A2) and the graphitic

carbon (A3). In general, the crystal sizes found for the graphitic carbon were larger than for the

turbostratic carbon, with high graphitic values up to Lc = 70 nm in contrast to low turbostratic

values of Lc < 10 nm (see figure 5.10a).

Whereas TiC-CDC-500 and TiC-CDC-800 exhibited no trend in crystal size after vacuum

annealing, the crystal size of TiC-CDC-1000 increased significantly at a temperature of

TVA ≥ 1400 °C. The graphitic crystal size increased from Lc ≈ 20 nm to Lc ≈ 60 nm. In

contrast, the typical graphitic crystal size ranged from Lc ≈ 10 nm to Lc ≈ 20 nm, for TiC-

CDC-500, and from Lc ≈ 40 nm to Lc ≈65 nm, for TiC-CDC-800. A similar trend was found for
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Figure 5.10: XRD analysis of the graphitic domains of TiC-CDC-500, TiC-CDC-800 and TiC-CDC-1000 after vacuum
annealing for 2 h to temperatures TVA from 1000 °C to 1800 °C. (a) Crystallite sizes Lc (out-of-plane),
calculated by the FWHM of the turbostratic fit A2 (dots) and graphitic fit A3 (bars) of the carbon (002)
reflex. (b) Planar stacking distance d002 in graphite, calculated by the value of the scattering angle of
A2 (hollow dots) and A3 (filled dots), respectively. See table C.4 for details.

the planar stacking distance d002 within the carbon crystals (see figure 5.10b). The literature val-

ues of ideally stacked graphite (d002 = 0.3354 nm) and turbostratic carbon (d002 = 0.3450 nm)

are indicated in the figure as dashed lines.[52] The turbostratic fraction (A2) exhibited a larger

stacking distance than the graphitic fraction (A3), with values up to d002 = 0.3505 nm. The val-

ues of TiC-CDC-500 differed significantly from TiC-CDC-800 and TiC-CDC-1000, which showed

similar results. Only for TiC-CDC-500 the stacking distance of the turbostratic carbon was higher

than the literature values, without a significant dependency on the annealing temperature TVA.

Beside XRD analysis, the crystalline carbon domains were analyzed by RAMAN spectroscopy

(see figure 5.11). It was shown earlier, that the shape of the Raman spectra differs significantly

for TiC-CDC, as a function of the chlorination temperature TCDC (see figure 5.3b). After vacuum

annealing at a temperature of TVA = 1000 °C for 2h, the D and D” bands were independent of the

chlorination temperature (see figure 5.11a). The D” band disappeared equally, after annealing

at high temperatures of TVA ≥ 1400 °C. In contrast, the D’ band remained well defined. The

evaluation of the average crystal size La according to Mallet-Ladeira et al. yielded an increasing

crystal size with increasing annealing temperature (see figure 5.11b). It was found that the

crystal size increased independently of the chlorination temperature. Upon vacuum annealing
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Figure 5.11: Raman analysis of the graphitic domains of TiC-CDC-500, TiC-CDC-800 and TiC-CDC-1000 after vacuum
annealing for 2 h to 1000 °C, 1500 °C or 2000 °C. (a) Raman spectra after vacuum annealing for 2 h to
1000 °C and (b) Crystallite sizes La (in-plane).

to the maximum temperature of TVA = 1800 °C, the average crystal size of all three pristine

TiC-CDC materials increased equally from approximately La = 7 to La = 10 nm.

5.3.2 Carbon Texture

The influence of the vacuum annealing temperature TVA on the carbon texture, i.e. the specific

surface area SSAQSDFT and the average pore size dcalc, is summarized in figure 5.12. The average

pore size dcalc increased moderately with increasing annealing temperature, for temperatures

TVA ≤ 1400 °C (see figure 5.12a). The pore sizes of TiC-CDC-500 (dcalc = 0.76 nm), TiC-CDC-

800 (dcalc = 0.75 nm) and TiC-CDC-1000 (dcalc = 0.85 nm) increased equally to dcalc ≈ 1 nm.

Vacuum annealing to a temperature of TVA = 1800 °C increased the pore size of all materials

to dcalc = ≈ 4 nm. In contrast, the surface area decreased with increasing annealing temper-

ature. Thereby, the strength of the effect depended on the chlorination temperature TCDC. In

case of TiC-CDC-500, the impact was already strong after annealing at a low temperature of

TVA = 1000 °C. The material exhibited a surface area of only SSAQSDFT = 294 m2 g−1 after

annealing. In case of TiC-CDC-800, the loss of surface area was less pronounced. The impact

was least pronounced for TiC-CDC-1000, which still exhibited a relatively high surface area of
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Figure 5.12: Influence of vacuum annealing for 2 h to temperatures TVA from 1000 °C to 2000 °C on the carbon
texture of TiC-CDC-500, TiC-CDC-800 and TiC-CDC-1000. The values of the pristine materials are included
(-). Specific surface area SSAQSDFT as function of (a) the vacuum annealing temperature TVA and (b)
the total graphitization Gnorm

XRD . For details see table C.10.

SSAQSDFT = 1026 m2 g−1, after vacuum annealing at a high temperature of TVA = 1400 °C.

After annealing at the highest temperature of TVA = 1800 °C, the high loss of surface area was

independent of the chlorination temperature of TiC-CDC. The influence of vacuum annealing

on the surface area as a function of the normalized graphitization degree Gnorm
XRD is shown in

figure 5.12b. The surface area decreases inversely proportional with increasing Gnorm
XRD . This

trend depend again on the chlorination temperature. A normalized graphitization degree of

Gnorm
XRD ≈ 20 % correlated to a surface area of either SSAQSDFT = 17 m2 g−1 for TiC-CDC-1000,

of SSAQSDFT = 349 m2 g−1 for TiC-CDC-500 and of SSAQSDFT = 581 m2 g−1 for TiC-CDC-800.

In order to increase the thermal stability of the carbon texture, the materials TiC-CDC-500-

PURE and TiC-CDC-800-PURE were treated with hydrogen at elevated temperatures. The result-

ing onset temperature Tonset for oxidation was determined by TPO analysis (see figure 5.13b).

In case of TiC-CDC-500, the onset temperature of oxidation increased from Tonset = 438 °C to

Tonset = 531 °C, after increasing the hydrogen treatment temperature from THT = 600 °C to

THT = 1200 °C. For low chlorination temperatures of TCDC ≤ 1000 °C, the oxidation stability

increased linearly as a function of the hydrogen treatment temperature. Thereby, the absolute

values were independent of the initial chlorination temperatures. In case of TCDC = 1200 °C,
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Figure 5.13: Stability of the carbon texture of TiC-CDC as a function of the hydrogen treatment temperature THT
of TiC-CDC-PURE during the synthesis of TiC-CDC-500, TiC-CDC-800, TiC-CDC-1000 and TiC-CDC-1200.
(a) Stability upon oxidation in air determined by TPO analysis at 10 K min−1, represented by the onset
temperature Tonset. (b) Stability upon vacuum annealing in Ar (5.0) to a temperature TVA of 1200 °C
for 2 hours, represented by the specific surface area SSAQSDFT and mean pore size dcalc.

the oxidation stability did depend on the initial chlorination temperature. The onset temper-

ature for oxidation of pristine TiC-CDC-1200 (Tonset = 627 °C) was significantly higher than

the one of TiC-CDC-500 which was treated with hydrogen at a temperature of THT = 1200 °C

(Tonset = 531 °C).

Upon vacuum annealing of TiC-CDC-500 to a temperature of TVA = 1200 °C, the loss of

surface area was also least pronounced, when the hydrogen treatment was conducted at the

maximum temperature of THT = 1200 °C (see figure 5.13a). The annealing yielded a material

with a surface area as high as SSAQSDFT = 876 m2 g−1, which equates a reduction upon vac-

uum annealing of only -23 %. In comparison to pristine TiC-CDC-500, the surface area after

vacuum annealing was increased by 181 %. A similar trend was observed for TiC-CDC-800.

Moderately increasing the hydrogen treatment temperature by 200 °C, from a temperature of

THT = 800 °C to THT = 1000 °C, increased the surface area after vacuum annealing by 28 %,

from SSAQSDFT = 1351 m2 g−1 to SSAQSDFT = 1156 m2 g−1. This equates a loss of surface area

upon vacuum annealing by only 14 %.

Beside hydrogen treatment of TiC-CDC-PURE, alternative treatments were tested. The influ-

ence on the resulting TiC-CDC was discussed earlier (see section 5.2.1). The influence of these
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Figure 5.14: Influence of alternative treatments of TiC-CDC-PURE instead of hydrogen treatment during the synthe-
sis of TiC-CDC-500, TiC-CDC-800, TiC-CDC-1000 and TiC-CDC-1200 on the stability of the carbon texture
upon vacuum annealing to 1400 °C for 2 h. Treatments were (S) standard hydrogen treatment H2 for
0.5 h at CDC synthesis temperature TCDC and (a) liquid phase treatments by (L1) washing with water in
a soxhlet apparatus for 24 hours and (L2) by washing with HCl (37%) in a flask (200 mL g−1) at 100 °C,
or (b) gas phase treatment by (G1) insitu vacuum annealing in He (3.8) at 2 mbar for 5 hours at TCDC
and (G2) annealing in He (3.8) for 2 hours at 1200 °C. See table C.10 for details.

alternative treatments on the thermal stability of the respective carbon texture, upon vacuum

annealing to a temperature of TVA = 1400 °C, is shown in figure 5.14. A treatment is denoted

as effective, if it reduced the collapse of the carbon texture. In case of TiC-CDC-1000, the most

effective treatment was the liquid-phase treatment with water (L1) (see figure 5.14a). Upon vac-

uum annealing, the carbon material retained a high surface area of SSAQSDFT = 1512 m2 g−1.

The liquid-phase treatment with hydrochloric acid (L2) also increased the stability of carbon

texture. It yielded a material which retained a surface area of SSAQSDFT = 1198 m2 g−1 upon

vacuum annealing. In case of TiC-CDC-800, no treatment was effective to prevent the structural

degradation. Although the gas-phase treatments G1 and G2 were highly effective to reduce the

residual amount of iron in TiC-CDC-800-PURE (see figure 5.6b), the surface area was equally

decreased to SSABET = ≈ 630 m2 g−1 after vacuum annealing (see figure 5.14b). The combined

liquid- and gas-phase treatment (L1 + G1) was neither effective. In case of TiC-CDC-500, the

alternative treatments were least effective. In contrast to TiC-CDC-800, a minor dependency on
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the type of treatment was observed. With a surface area of SSABET = 226 m2 g−1, the highest

stability correlated to the treatment L1, which also yielded the lowest amount of residual iron.

5.3.3 Discussion

The vacuum annealing of TiC-CDC up to temperatures of TVA = 1800 °C induced strong effects

on the carbon texture and microstructure, with the following effects: decreasing surface area,

increasing oxidation stability and increasing graphitization degree. The effects were most pro-

nounced in TiC-CDC which was synthesized at low chlorination temperatures of TCDC ≤ 1000 °C.

The strength increased with higher vacuum annealing temperatures TVA. Note, that carbon

graphitization could be catalyzed by the residual metallic impurities of iron and nickel, which

originated from the synthesis educt TiC. The amount of residual iron impurities was higher

with lower chlorination temperature. At the example of TiC-CDC-500, the maximum content of

residual iron (0.88 wt%) correlated to the maximum degree of graphitization, after vacuum an-

nealing at TVA = 1800 °C. The maximum gravimetric graphitization degree could be estimated

to a value of GTPO ≤ 10 wt%, accompanied by a loss of surface area by -77 %. The estimation

is based on the fact, that a bimodal oxidation is usually observed in composites of graphitic and

amorphous carbon (see appendix B).[31] Here, no graphitic oxidation regime was present in

TPO analysis.

The induced graphitization was characterized by XRD and RAMAN analysis, which revealed

the presence of mostly turbostratic carbon, beside a small fraction of highly ordered graphitic

domains. The out-of-plane carbon crystal sizes Lc of the graphitic fraction was significantly

larger than the one of the turbostratic fraction. The former exhibited values up to Lc = 70 nm

and the later typically below Lc = 10 nm. The in-plane carbon crystal size La was determined

by Raman spectroscopy to values of La ≤ 10 nm. The fact that XRD analysis identified large

graphitic domains (A3) which were not identified by Raman analysis could be explained by two

possible reasons. First, the graphitic domains are either highly unsymmetrical or spherical in

shape. Second, In Raman analysis, large crystals induce defined excitation bands which exhibit

a small HWHM and small crystals induce broad excitation bands which exhibit a large HWHM.

As a consequence, small fractions of large and highly ordered graphitic carbon domains, which

coexist with large amounts of small domains of turbostratic carbon, could not be resolved.

5.3 Vacuum Annealing 82



Further information on the induced graphitization was gathered by evaluating the stacking

distance d002, based on XRD analysis. In case of TiC-CDC-800 and TiC-CDC-1000, the stacking

distances inside the graphitic and turbostratic domains was close to the literature reference

values, after vacuum annealing to high temperatures of TVA = ≤ 1400 °C. In case of TiC-CDC-

500, the graphitic stacking distance was significantly larger and even increased with increasing

annealing temperature TVA. This could have been caused by the significantly higher amount

of residual iron, inducing high degrees of structural rearrangement and disorder upon vacuum

annealing.

The specific surface area of TiC-CDC, which was synthesized at low chlorination temperatures

of TCDC ≤ 1000 °C, was strongly reduced upon vacuum annealing. The carbon texture of pris-

tine TiC-CDC-500 was influenced the most (see figure 5.12). After annealing at the maximum

temperature of TVA = 1800 °C, the specific surface area SSAQSDFT was decreased by - 77 % and

the average pore size dcalc was increased by 63 %. A possible explanation is the high content

of residual iron (0.88 wt%) which catalyzes the graphitization of carbon. In case of pristine

TiC-CDC-800 which exhibited a lower content of residual iron (0.33 wt%), the specific surface

area SSAQSDFT was decreased by only - 42 %. Beside catalytic graphitization, the lower degree

of textural degradation could be explained by the fact that TiC-CDC exhibited lower amounts of

surface functional oxo-groups after synthesis at higher chlorination temperatures TCDC. The to-

tal mass loss upon heating in He (3.8) to 1000 °C was determined by TPD analysis to 11.7 wt%

for TiC-CDC-500, to 8.3 wt% for TiC-CDC-800 and to only 1.6 wt% for TiC-CDC-1000 (see

table C.9). Upon heating to the respective vacuum annealing temperature, the decomposition

of these oxo-groups induces reactive dangling bonds.[72] Thus, the recombination over heat

induced dangling bonds seems to play a crucial role in the textural collapse of microporous

TiC-CDC upon vacuum annealing. Note, that the standard hydrogen treatment during the syn-

thesis of pristine TiC-CDC is already supposed to decrease the amount of surface functional

oxo-groups.

The lowest oxidation stability in air was determined for TiC-CDC-500, due to the amorphous

character (see figure 5.2). Thus, residual oxygen could be another reason for a low stability of

the carbon texture upon vacuum annealing. There are two possible sources of residual oxygen.

First, the inert gas Ar (5.0) which is constantly dosed at a rate of 2 L min−1. Second, the surface

adsorbed molecules within the furnace and, especially, within the micropores of TiC-CDC. With
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respect to the work of Osswald et al.[110], the absence of residual oxygen could be crucial to

retain a microporous carbon texture upon vacuum annealing. The authors reported textural

stability of TiC-CDC-600 up to a temperature of TVA = 1500 °C and the experiments were

conducted under ultra-high vacuum conditions (1.3 x 10−6 mbar). In this work, the applied

vacuum conditions were only moderate (24 mbar), but at the same time, the standard time

of hydrogen treatment in this work was only 30 min, in comparison to a 90 min treatment by

the the group of Osswald et al. Thus, the increased duration of hydrogen treatment could also

be responsible for the increased stability upon vacuum treatment, by decreasing the amount of

surface functional oxo-groups. This hypothesis is supported by the work of Dyatkin et al., where

hydrogen treatment was applied to TiC-CDC-800 for up to 180 min.[111] Yet, the authors also

reported a loss of specific surface area by -19 %, after vacuum annealing to a temperature of

TVA = 1400 °C. In comparison, the respective loss in this work was as high as 62 %.

The influence of the hydrogen treatment on the stability of TiC-CDC upon vacuum annealing

was either studied by replacing it with alternative treatments or by increasing the treatment tem-

perature THT. The different liquid- and gas-phase treatments, which were applied as alternative

treatments, foremost decreased the amount of residual metals, without passivating the carbon

surface and without reducing the amount of surface functional oxo-groups (see figure 5.2.3). In

case of TiC-CDC-1000, the loss of surface area upon vacuum annealing to TVA = 1400 °C was

effectively minimized by a liquid-phase treatment of TiC-CDC-1000-PURE with water (L1). In

comparison, all alternative treatments were less effective for TiC-CDC-500 and TiC-CDC-800,

although residual metals were equally well removed. This result emphasizes, that the textural

stability of microporous carbon upon vacuum annealing is strongly decreased by an amorphous

character, surface functional oxo-groups and heat induced dangling bonds, respectively. The in-

fluence of the hydrogen treatment temperature THT on the thermal stability was studied at the

example of TiC-CDC-500 and TiC-CDC-800. The thermal stability was probed by temperature

programmed oxidation (TPO) in air and by vacuum annealing in He (3.8) (see figure 5.13). In

all cases, the stability increased with increasing hydrogen treatment temperature.

It was discussed earlier (see 5.2.3), how the hydrogen treatment of TiC-CDC-500-PURE at

a temperature of THT = 1200 °C reduced the residual iron content to only 0.02 wt%. Now,

the respective oxidation stability increased by 28 % (see figure 5.13b) and the specific surface

area SSAQSDFT after vacuum annealing at TVA = 1200 °C was 181 % higher (see figure 5.13a), in
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comparison to pristine TiC-CDC-500. The oxidation stability of TiC-CDC, which was synthesized

at different chlorination temperatures (TCDC ≤ 1000 °C) but treated with hydrogen at the same

temperatures, was equally high (see figure 5.13b). As an example, the materials TiC-CDC-500

and TiC-CDC-800, which were both treated with hydrogen at a temperature of THT = 800 °C,

exhibited the same oxidation stability of Tonset≈ 470 °C. Note, that the materials differed in

the content of residual iron, with 0.51 wt% and 0.33 wt%, which did not influence the oxida-

tion stability. In case of a chlorination temperature of TCDC = 1200 °C, pristine TiC-CDC-1200

exhibited a significantly higher oxidation stability (Tonset = 627 °C) than TiC-CDC-500-PURE,

which was treated at a hydrogen temperature of THT = 1200 °C (Tonset = 531 °C). This could

be explained by the different degrees of graphitization, because the former exhibits a moderate

graphitization according to XRD analysis, whereas TiC-CDC-500-PURE which was treated with

hydrogen at THT = 1200 °C showed no graphitization, respectively. Upon vacuum annealing,

the carbon texture of TiC-CDC-500 which was treated with hydrogen at THT = 1200 °C, was less

stable than the one of TiC-CDC-800 which was treated with hydrogen at THT = 1000 °C. The

fact that the amount of residual iron in the respectively treated TiC-CDC-500 (0.02 wt%) was

even lower than in the respectively treated TiC-CDC-800 (0.04 wt%) (see figure 5.5a), empha-

sizes that the textural stability of TiC-CDC upon vacuum annealing is influenced by the degree

of carbon sp2-hybridization and aromaticity. Both characteristics increase with increasing chlo-

rination temperature TCDC.[184]

Due to the pronounced loss of surface area, the functionalization of TiC-CDC by vacuum

annealing at temperatures ≥ 800 °C is not suited for applications relying on strong surface

interaction, as supercapacitors in energy storage.[111] But, the following material properties

could be beneficial for an application as solid acid catalyst: introduction of graphitic domains

and increased average pore size. In case of TiC-CDC-1000, the liquid phase treatment L1 could

be applied to produce highly pure TiC-CDC-1000. This approach enables carbon graphitization

by vacuum annealing, without significant loss of surface area. The results of an application in

solid acid catalysis are discussed in section 6.2.
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5.4 Liquid-Phase Functionalization

The liquid-phase functionalization was realized either by exposing the carbons to different

types of sulfuric acid (H2SO4 (50%), H2SO4 (98%), Oleum (20%), Oleum (65%)) or by ap-

plying a reductive coupling reaction using sulfanilic acid. Due to the introduction of sulfur

to the carbon surface, the liquid-phase functionalization is denoted as sulfonation. It was

applied to pristine TiC-CDC (800 °C ≤ TCDC ≤ 1500 °C), vacuum annealed TiC-CDC-1000

(1200 °C ≤ TVA ≤ 1800 °C) and to the activated carbon DARCO®-KBG, as well. The acti-

vated carbon DARCO®-KBG by CABOT was used for the evaluation of surface characterization

methods and the testing of functionalization parameters. The effect of liquid-phase function-

alization was characterized by TG-MS, XPS and nitrogen sorption analysis. The results and

measurement conditions are summarized in table C.9, table C.5 and table C.10. The topic of

using TG-MS and XPS for carbon surface characterization is discussed in detail in the appendix

(see section A.1). For more results about different types of liquid-phase functionalization of

TiC-CDC see the master thesis of Krois [137] and for more results about sulfonation see the

master thesis of Steldinger [185] and Mayer [186], and the bachelor thesis of Drexler [187].

5.4.1 Sulfonation

The influence of sulfonation by Oleum (65%) on the texture of TiC-CDC is summarized in fig-

ure 5.15. The analysis of the specific surface area SSAQSDFT before and after sulfonation shows a

low impact on the carbon texture (see figure 5.15a). A minor influence on the pore size distribu-

tion (PSD) was measured for TiC-CDC-800 (see figure 5.15b). With TiC-CDC-800 being more

amorphous, it is more prone to oxidation. No significant influence on the pore size distribu-

tion was detected for TiC-CDC-1000 and especially for TiC-CDC with TCDC of ≥ 1200 °C. Using

sulfuric acid at lower concentrations ((H2SO4 (50%), H2SO4 (98%), Oleum (20%)) yielded

similar results, even upon increasing the reaction time to 6 h, or the temperature up to 180 °C

(see table C.10).

The influence of sulfonation by Oleum (65%) on the surface chemistry of TiC-CDC is sum-

marized in figure 5.16. The total degree of functionalization is represented by the normalized

amount of TPD mass loss (see figure 5.16a). Interestingly, the functionalization degree in-
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Figure 5.15: Nitrogen sorption analysis of TiC-CDC before (pristine) and after sulfonation by Oleum (65%) (func-
tionalized) a, using the instrument QUADRASORB® (see table ). (a) Specific surface area SSAQSDFT as
a function of the chlorination temperature TCDC. (b) Differential pore volume dV as a measure of the
pore size distribution (PSD).

creased with increasing chlorination temperature TCDC. The maximum normalized amount of

TPD mass loss was determined for TiC-CDC-1500, with a value of 287 µg m−2. Note, that the

surface chemistry of pristine TiC-CDC-800 distinctly differs from TiC-CDC synthesized at higher

temperatures. Prior to sulfonation, TiC-CDC-800 exhibits a high degree of functionalization by

oxo-groups. The MS analysis detected foremost the evolution of CO at high temperatures (see

figure 5.16b), which identifies carbonyl and lactonic surface functional groups. Besides, smaller

amounts of CO2 was detected at lower temperatures, which identifies carboxylic acid groups.

XPS analysis was applied to sulfonated carbon samples to identify the binding state of sulfur,

that was introduced to the carbon surface by sulfonation. In case of sulfonated TiC-CDC, the

binding state of sulfur revealed the presence of foremost sulfonic acid groups (−SO3H) (see

figure 5.17a). In case of the activated carbon DARCO®-KBG, the sulfonation also introduced

about 30 % organo-sulfate groups (−O − SO3H). A detailed deconvolution of the XPS data is

provided in the appendix A.1 (see figure A.5). In case of TiC-CDC-1000, no influence on the

binding state of sulfur was observed for the sulfonation by different types of sulfuric acid (see

figure 5.17b). The binding state of sulfur was equal after sulfonation by Oleum (65%) and

H2SO4 (98%). Additionally, the binding state after sulfonation by sulfuric acids matched the
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Figure 5.16: TG-MS analysis on the effect of functionalization of TiC-CDC with Oleum (65%), as function of the
chlorination temperature TCDC. (a) Surface normalized amount of sulfonic acid surface groups SAnorm
and the total TPD mass loss before (pristine) and after (sulfonated) functionalization. (b) Total amount
of SO2, CO and CO2 detected by TG-MS analysis after functionalization. Amount of pristine TiC-CDC
before functionalization is indicated by hollow dots. For details see appendix table C.9.

(a) (b)

Figure 5.17: XPS analysis in the binding energy regime of sulfur (S2p) of (a) TiC-CDC-1000 which was functional-
ized by Oleum (65%) at 2h/90°C (Oleum), H2SO4 (98%) at 2h/180°C (Sulfuric) or SAc (Sulfanilic) and
(b) DARCO®-KBG, TiC-CDC-800 and TiC-CDC-1300 which where all functionalized by Oleum (65%) at
2h/90°C.
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binding state after sulfonation by sulfanilic acid. Note, that the reductive coupling of sulfanilic

acid exclusively introduces sulfonic acid groups (−SO3H).

The maximum specific amount of sulfonic acid of SAspec = 0.40 mmol g−1 was introduced

by sulfonation of TiC-CDC-1300 (see figure 5.18a). Besides, the specific amount was sim-

ilar for different chlorination temperatures TCDC. In contrast, the surface normalized den-

sity of sulfonic acid SAnorm increased with increasing chlorination temperature. The highest

density of SAnorm = 1.1 µmol m−2 was introduced to TiC-CDC-1500. Upon sulfonation of

vacuum annealed TiC-CDC, the specific amount increased with increasing vacuum annealing

temperature TVA (see figure 5.18b). The maximum amount of SAspec = 3.1 mmol g−1 was

obtained for the maximum annealing temperature of TVA = 1800 °C. Similar to pristine TiC-

CDC, the density increased with increasing annealing temperature, up to a maximum value of

SAnorm = 620 µmol m−2. Note, that the density is illustrated at an logarithmic scale.

The temperature sensitive decomposition of surface functional groups was exploited to alter

the surface chemistry after sulfonation. Therefore, sulfonated TiC-CDC-800 and TiC-CDC-1000

were annealed in helium for 2 h at 400 °C. The treatment induced the selective desorption

(a) (b)

Figure 5.18: Specific SAspec and surface normalized amount SAnorm of sulfonic acid surface groups after liquid-phase
functionalization by Oleum (65%) 2 h/90 °C of (a) TiC-CDC, synthesized at temperatures from 1000 °C
to 1500 °C, as a function of the CDC synthesis temperature TCDC and (b) TiC-CDC-1000, treated with
the liquid-phase treatment L1 prior to vacuum annealing at temperatures from 1200 °C to 1800 °C, as
a function of the vacuum annealing temperature TVA. For details see table C.9 and table C.10.
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of surface functional groups which decompose at temperatures ≥ 140 °C, i.e. carboxylic acid,

aliphatic hydroxyl groups and sulfonic acid (see chapter A.1). This treatment was denoted

as post-annealing. The effect of post-annealing on sulfonated TiC-CDC is summarized in fig-

ure 5.19. The treatment significantly reduced the amount of water (H2O) which was subse-

quently released in TG-MS analysis (see figure 5.19a). This could be explained by a reduced

amount of carboxylic acid, aliphatic hydroxyl groups, sulfonic acid groups and physically ad-

sorbed water. Interestingly, for TiC-CDC-800 the amount of carboxylic acid is not reduced after

post-annealing. The treatment does not alter the amount of carbon monoxide (CO) releas-

ing carbonyl groups, which are decomposing at temperatures higher than 400 °C. Also, the

treatment did not alter the carbon texture (5.19b). The highest impact of post-annealing has

to be expected for the amorphous carbon TiC-CDC-800, being most prone to oxidation. Yet,

no influence on the PSD was measured by means of nitrogen sorption analysis, using the in-

strument QUADRASORB®. No influence on the PSD was neither determined for sulfonated

TiC-CDC-1000.

(a) (b)

Figure 5.19: Influence of annealing (He (3.8) 2 h / 400 °C) functionalized TiC-CDC-800 and TiC-CDC-1000, which was
sulfonated by Oleum (65%) for 2 h at 90 °C. (a) TG-MS analysis of pristine, sulfonated and additionally
annealed TiC-CDC. (b) Differential pore volume (dV ) of sulfonated TiC-CDC-800 before (sulfonated)
and after (annealed) annealing.
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5.4.2 Discussion

The sulfonation of TiC-CDC by sulfuric acid alters the carbon surface chemistry by introduc-

ing surface functional oxo- and thio-groups. The thio-groups were identified as sulfonic acid

groups (−SO3H). The electrophilic aromatic substitution reaction is the dominant sulfonation

mechanism. This was confirmed by the coherence of the sulfur binding states after sulfonation

either by sulfuric acid or by sulfanilic acid, which inherently introduces only sulfonic acid groups

(−SO3H). The mechanism even applies to highly amorphous TiC-CDC, synthesized at low chlo-

rination temperatures TCDC. This could be explained by the fact, that even for the amorphous

carbon TiC-CDC-800 the amount of sp2-hybridized carbon atoms is as high as 87 %.[184] In

comparison, the sp2-hybridization degree of the graphitic carbon TiC-CDC-1300 is 98 %.[38]

Only in case of the activated carbon DARCO®-KBG, the mechanism of nucleophilic addition was

observed, as well. It yielded surface functional organo-sulfate groups (−O− SO3H). This is due

the fact, that this activated carbon exhibits an exceptionally high amount of surface functional

oxo-groups, with a value of about 20 wt% (see table C.9).

The surface normalized density of sulfonic acid groups SAnorm increases with increasing chlo-

rination temperature TCDC and, thus, with increasing graphitic carbon character. This could

be explained by the fact that the sulfonation of TiC-CDC is mainly based on the mechanism of

an electrophilic aromatic substitution reaction. The introduced amount of surface functional

oxo-groups decreases with increasing TCDC. This trend could be ascribed to the increasing ox-

idation stability, due to a higher degree of carbon aromaticity and carbon graphitization. The

effect is most pronounced upon increasing the chlorination temperature from TCDC = 800 °C to

TCDC = 1000 °C. In case of TiC-CDC-800, a minor influence on the amount of introduced car-

bonyl groups was observed by using different types of sulfuric acid (see table C.9). According

to TG-MS analysis, the amount of carbon monoxide (CO) releasing carbonyl groups increases

with increasing hygroscopic strength of the sulfuric acid used for sulfonation, due to the in-

creasing surface oxidation of the amorphous carbon.[185] The strength increases accordingly:

H2SO4 (50%) < H2SO4 (98%) < Oleum (20%) < Oleum (65%).

The sulfonation of vacuum annealed TiC-CDC yielded exceptionally high densities of sul-

fonic acid for annealing temperatures of TVA ≥ 1500 °C. In case of the maximum temper-
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ature TVA = 1800 °C, the density was as high as SAnorm = 620 µmol m−2. Suganuma et

al. reported a similarly high density of SAnorm = 950 µmol m−2, based on a sulfonated car-

bon with a equally low surface area of SSABET = 2 m2 g−1 and a sulfonic acid amount of

SAspec = 1.9 mmol g−1.[28] In both cases, the calculated values are based on very small spe-

cific surface areas which were determined by nitrogen sorption analysis. It must be noted, that

the application of sorption analysis and especially nitrogen sorption in this context is prone to

error, due to three different causes. Firstly, the introduction of high amounts of surface func-

tional groups increases the sample mass and, therefore, decreases the apparent specific surface

area. An amount of SAspec = 1 mmol g−1 equates 8.1 wt% of the carbon mass. The sulfona-

tion of TiC-CDC-1000 which was vacuum annealed at TVA = 1800 °C introduced the amount

of SAspec = 3.1 mmol g−1. Accordingly, the error is as high as 25.1 %. Secondly, the surface

groups start to decompose at temperatures ≥ 140 °C, which reduces the maximum degassing

temperature from 240 °C. This could lead to residual humidity after sample preparation, which

influences the sample mass and the sorption mechanism. Thirdly, nitrogen is not as well suited

as argon for probing polar surfaces, due to its polarizability.

The annealing of sulfonated TiC-CDC to a temperature of 400 °C in He (3.8) was denoted

as post-annealing. The treatment reduced the amount of acidic surface functional groups while

maintaining the carbon texture and the amount of carbonyl surface groups. The ability to

address the surface chemistry of sulfonated TiC-CDC is interesting for an application in elec-

tric energy storage (see section 6.1) and the introduction of sulfonic acid groups enables the

application of TiC-CDC as solid acid catalyst (see chapter 6.2).

5.4 Liquid-Phase Functionalization 92



6 Structure-Property Relations
In order to deduce structure-property relations, the properties of pristine and functionalized TiC-

CDC were characterized for two different applications. For the application of porous carbons

in electric energy storage, the properties as electric double layer capacitors (EDLC) electrode

material were characterized. For the application in solid acid catalysis, the properties as solid

acid catalyst for the esterification of ethanol and levulinic acid were characterized.

6.1 Electric Energy Storage

This chapter summarizes the performance of TiC-CDC for electric energy storage which was

studied by a RDE setup and by coin cell assemblies. The RDE based method is denoted as TEC

characterization and the coin cell based method as EDLC characterization. Both methods were

applied to deduce structure-property relations. A typical aqueous and organic electrolyte were

selected for the characterization. The aqueous electrolyte was sulfuric acid (H2SO4 (0.5 M))

based on the solvent water and the organic electrolyte was tetraethylammonium (T EA (1.5M))

based on the solvent acetonitrile. Both electrolytes were used at typical concentrations, with the

aqueous electrolyte at 0.5 M and the organic electrolyte at saturation concentration of 1.5 M,

in order to obtain maximum conductivity. The characterized materials were either pristine, gas-

phase or liquid-phase functionalized TiC-CDC. Detailed information about disruptive factors

within material probing are attached in the appendix (see section A.2). The following results

were obtained at optimum preparation conditions.

6.1.1 Pristine TiC-CDC

The TEC characterization of pristine TiC-CDC is shown in figure 6.1. The materials were

tested in combination with the aqueous electrolyte H2SO4 (0.5 M) and the organic elec-

trolyte T EA (1.5M). In case of the aqueous electrolyte, the maximum specific capacitance

of Cspec = 184 F g−1 was obtained for TiC-CDC-500 (see figure 6.1a). It decreased with in-

93



(a) (b)

Figure 6.1: Electrochemical performance of TiC-CDC based on three-electrode cell (TEC) characterization. (a) Spe-
cific capacitance Cspec at 5 mV s−1 in the electrolyte T EA (1.5M) and H2SO4 (0.5 M). (b) Retention of
capacitance Rcap from 5 to 100 mV s−1.

creasing chlorination temperature TCDC, to a minimum of Cspec = 60 F g−1 for TiC-CDC-1200.

In case of the organic electrolyte, the maximum specific capacitance of Cspec = 108 F g−1 was

obtained for TiC-CDC-1000. It increased, from 84 F g−1 for TiC-CDC-500, with increasing chlo-

rination temperature to the maximum value, followed by a rapid decrease to the minimum of

Cspec = 53 F g−1 for TiC-CDC-1200. The rate handling of the different TiC-CDC materials was

evaluated by the capacitance retention Rcap (see figure 6.1b). It is calculated by the fraction

of the specific capacitance at scanning rate of ν = 100 mV s−1, relative to the respective ca-

pacitance at a low scanning rate of ν = 100 mV s−1. For both electrolytes, the capacitance

retention increased with increasing chlorination temperature. The effect was strong for the or-

ganic electrolyte, where the lowest performing material TiC-CDC-500 exhibited a low retention

of only Rcap = 66 %, which increased up to Rcap = 99 % for TiC-CDC-1200. The effect was

less pronounced in the aqueous electrolyte. Here, the lowest performing material TiC-CDC-500

exhibited an already high retention of Rcap = 85 %, which similarly increased to Rcap = 99 %

for TiC-CDC-1200.

In the following, the capacitance values of TiC-CDC are normalized to the specific surface area

SSAQSDFT (see table C.10: AUTOSORB®). The normalization yields the normalized capacitance

Cnorm. It allows the comparison of the electrolyte interaction with a material surface for charge
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Figure 6.2: Structure property relations of TiC-CDC. (a) Surface normalized capacitance Cnorm in a 3-electrode setup
using T EA (1.5M) or H2SO4 (0.5 M) as a function of the calculated mean poresize dcalc. (b) Surface
normalized capacitance Cnorm, at 5 mV s−1 in a 3-electrode setup using H2SO4 (0.5 M), as a function of
the water sorption onset.

balancing. The results are shown in figure 6.2a as a function of the average pore size dcalc.

In the aqueous electrolyte, the surface normalized increased with decreasing pore size to a

maximum value of Cnorm = 10.9 µF cm−2, for the minimum pore size of dcalc = 0.65 nm. In

the organic electrolyte, the maximum capacitance of Cnorm = 6.2 µF cm−2 was obtained at a

pore size ranging from dcalc = 0.72 nm to dcalc = 0.83 nm. Interestingly, the surface normalized

capacitance for the aqueous electrolyte correlated approximately linearly to the onset of water

sorption (see figure 6.2b), with the capacitance being high for low values of the water sorption

onset, i.e. hydrophilic surfaces.

The results of EDLC characterization using coin cell assemblies are summarized with the

results of TEC characterization in figure 6.3. In both cases, CV was used to determine the

specific capacitance Cspec. The capacitance retention Rcap is indicated by the performance at

the high scanning rate of 100 mV s−1. The CV performance of both materials is lower in the

coin cell setup than in the TEC setup. Additionally, the coin cells were characterized by CPD to

determine the specific energy density Espec. In general, the results correlate to the capacitance

characterization by CV. Pristine TiC-CDC-1000 performed significantly better for electric energy
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storage in a coin cell setup (Espec = 13.1 W h kg−1) than TiC-CDC-800 (Espec = 9.0 W h kg−1).

A more detailed analysis of the TiC-CDC-1000 super capacitor is provided in the following.

Figure 6.3: Electrochemical performance of TiC-CDC in T EA (1.5M)within a 3-electrode setup and within a coin cell.
In case of cyclic voltammetry, scanning speeds were 5 mV s−1 (bars: full height) and 100 mV s−1 (bars:
reduced height). In case of charge-discharge characterization of coin cells (0 - 2.5 V), power densities
were 0.25 W g−1 (bars: full height) and 1.25 W g−1 (bars: reduced height). Energy densities calculated
relative to active material.

(a) (b)

Figure 6.4: Electrochemical performance of TiC-CDC-1000 in T EA (1.5M) within a coin cell. (a) Frequency depen-
dency of the complex capacitance Creal and Cim as a function of the frequency determined by electric
impedance spectroscopy (EIS), with the applied model according to Taberna et al.[153] (b) Comparison
to other carbon materials in a Ragone plot (data adapted from Krois[137] with deviating cell prepara-
tion: WLT = 300 um, CB = 5 wt%, carbon milling: 200 mg at a liquid-to-carbon ratio of 20 mL g−1).
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In order to evaluate the performance of the super capacitor assembly based on TiC-CDC-1000,

the cells were analyzed by electric impedance spectroscopy (EIS). The complex cell resistance

determined by EIS analysis was fitted according to a simple model proposed by Taberna et

al.[153] It yielded the complex cell capacitance, with the real part Creal and the imaginary part

Cim as a function of the applied potential frequency (see figure 6.4a). The real part of the ca-

pacitance indicates the actual energy density Espec and the imaginary part of the capacitance

indicates the cell response. Thereby, the time constant τ is the reciprocal frequency of the max-

imum imaginary capacitance Cim. The obtained results match the data published by Chmiola et

al.[7] Also, the performance of TiC-CDC-1000 in a coin cell setup was compared to other carbon

materials (see figure 6.4b). The selected materials represent typical carbons for super capacitor

preparation. Beside carbon nanotubes (CNT) and the activated carbon (AC) NORIT®-A-SUPRA,

AC based on brussels and asparagus was tested. It must be noted that for this comparison all

carbon materials, except CNT, were milled using a ball mill to reduce the influence of different

particle sizes. The coin cells based on TiC-CDC and NORIT®-A-SUPRA exhibited a similarly

high energy density over a wide range of power density Pspec. In comparison to the other carbon

materials, the performance was exceptionally high.

6.1.2 Gas-Phase Functionalization

This section summarizes the impact of gas-phase functionalization on the performance of TiC-

CDC in EDLC energy storage. The carbons were functionalized by hydrogen and chlorine.

The presented data is either based on TEC characterization using a RDE setup or on EDLC

characterization using coin cell assemblies, always in combination with the organic electrolyte

T EA (1.5M).

Hydrogen Treatment

The impact of varying the hydrogen treatment temperature THT on the performance of TiC-CDC

in electric energy storage is summarized in figure 6.5. The variation of the temperature in the

synthesis of TiC-CDC had no significant effect on the resulting specific capacitance Cspec (see

figure 6.5a). Also, no significant trend was observed for the normalized capacitance Cnorm,

with strong scattering in case of TiC-CDC-800. A significant trend was observed for the ca-

6.1 Electric Energy Storage 97



(a) (b)

Figure 6.5: Influence of gas phase functionalization of TiC-CDC-PURE, by variation of the hydrogen treatment tem-
perature THT from 600 °C to 1200 °C, on the electrochemical performance in a 3-electrode setup using
T EA (1.5M). (a) Specific capacitance Cspec and (b) capacitance retention Rcap as a function of the
hydrogen treatment temperature THT.

pacitance retention Rcap which increased with increasing hydrogen treatment temperature (see

figure 6.5b). In case of pristine TiC-CDC which was synthesized at standard hydrogen treatment

temperature, the retention was Rcap = 75 % for TiC-CDC-500, Rcap = 88 % for TiC-CDC-800

and Rcap = 94 % for TiC-CDC-1000. After increasing the temperature to the maximum of

THT = 1200 °C, the retention of the respective materials equally increased to Rcap ≈ 96 %, for

all three chlorination temperatures TCDC.

Chlorine Treatment

The exposure of pristine TiC-CDC to a concentrated chlorine atmosphere of 6 mmol m−3 at

temperatures of TPC ≥ 800 °C was denoted as post-chlorination. At post-chlorination tem-

peratures of TPC ≥ 1000 °C, the treatment decreased the specific capacitance Cspec (see

figure 6.6a). The effect was most pronounced for the highly amorphous carbon TiC-CDC-

500. The surface normalized capacitance of TiC-CDC-800 and TiC-CDC-1000 increased with

increasing post-chlorination temperature up to TPC = 1000 °C. The capacitance increased

from Cnorm = 6.0 µF cm−2 to Cnorm = 6.5 µF cm−2 and from Cnorm = 5.2 µF cm−2 to

Cnorm ) 6.1 µF cm−2, respectively. In contrast, the surface normalized capacitance of TiC-CDC-
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Figure 6.6: Influence of gas phase functionalization of TiC-CDC, by chlorine treatment (6 M) for 1 h at 800 °C,
1000 °C and 1200 °C, on the electrochemical performance in a 3-electrode setup using T EA (1.5M). (a)
Specific capacitance Cspec and (b) capacitance retention Rcap as a function of functionalization tempera-
ture TPC.

500 was not significantly influenced. The influence on the capacitance retention Rcap is shown

in figure 6.6b. In case of TiC-CDC-500 and TiC-CDC-800, the retention was not influenced by

a post-chlorination at temperatures of TPC ≤ 1000 °C. The post-chlorination of TiC-CDC-1000

at TPC = 800 °C even lowered the retention from initially Rcap = 94 % to Rcap = 85 %. The

retention after post-chlorination at a high temperature of TPC = 1200 °C was similarly high,

ranging from Rcap = 92 % to Rcap = 96 %.

6.1.3 Liquid-Phase Functionalization

This section summarizes the impact of liquid-phase functionalization by sulfonation on the per-

formance of TiC-CDC in electric energy storage. The TEC characterization of sulfonated TiC-

CDC is summarized in figure 6.7. Two trends of the specific capacitance Cspec could be observed

after sulfonation of pristine TiC-CDC (see figure 6.7a). Firstly, an influence was only observed

for TiC-CDC-800 and TiC-CDC-1000. No influence was observed for TiC-CDC which was syn-

thesized at a chlorination temperature of TCDC ≥ 1200 °C. Secondly, if the capacitance was

influenced by sulfonation, the capacitance retention Rcap decreased significantly. At the exam-

ple of TiC-CDC-800, the capacitance increased from Cspec = 102 F g−1 to Cspec = 114 F g−1, with
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Figure 6.7: Influence of sulfonation of TiC-CDC on the performance in electric energy storage. (a) Sulfonation by
Oleum (65%). Specific capacitance Cspec obtained by TEC characterization as a function of the chlo-
rination temperature TCDC, with the capacitance retention Rcap at a high scanning rate of 100 mV s−1

indicated as reduced bar height. (b) Sulfonation by H2SO4 (98%). Stability of pristine and sulfonated
TiC-CDC-800 upon applying 1 V of cycling load by cyclic voltammetry, at a rate of 500 mV s−1.

a high standard error of ±9 F g−1. Simultaneously, the retention decreased from Rcap = 88 % to

Rcap = 74 %. The stability upon cyclic stress was not influenced by sulfonation (see figure 6.7b).

The specific capacitance equally decreased by ≈ 4 % over 10000 cycles. In case of TiC-CDC-

1000, the capacitance decreased from Cspec = 94 F g−1 to Cspec = 88 F g−1 and the retention

decreased from a Rcap = 94 % to Rcap = 74 %.

A more detailed view on the capacitance of sulfonated TiC-CDC-800 and TiC-CDC-1000 is

provided in figure 6.8. It summarizes the effect of using different sulfuric acid sulfonation

agents and the effect of post-annealing. In case of TiC-CDC-800 (see figure 6.8a), two general

trends could be observed. Firstly, the specific capacitance increased with increasing hygroscopic

character of the sulfonation agent used for sulfonation, from Cspec = 91 F g−1 for H2SO4 (50%),

over Cspec = 97 F g−1 for H2SO4 (98%), to Cspec = 116 F g−1 for Oleum (65%). Note, that the

standard error of characterization is high. At the same time, the capacitance retention increased

from Rcap = 68 %, over Rcap = 71 %, to Rcap = 74 %. Secondly, the treatment of post-annealing

significantly increased the specific capacitance. The highest capacitance in this work for the

organic electrolyte of Cspec = 142 F g−1 and the highest retention of Rcap = 93 % was obtained

after post-annealing of TiC-CDC-800, which was initially sulfonated by Oleum (65%). In case
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Figure 6.8: Influence of sulfonation and additional post-annealing (He (3.8) 2h/400°C) on the specific capacitance
Cspec performance and the capacitance retention Rcap of (a) TiC-CDC-800 and (b) TiC-CDC-1000 in a
3-electrode setup, as a function of the sulfonation agents H2SO4 (50%), H2SO4 (98%) or Oleum (65%).

of TiC-CDC-1000, the influence of sulfonation and post-annealing was not as significant as for

TiC-CDC-800 (see figure 6.8b).

In the following, the capacitance is correlated to the surface chemistry. The approach is based

on the study of Schweizer et. al, the work of Dyatkin et al. and the definition of the wetability

ratio Rwet. The wetability ratio is calculated by the ratio of carbon monoxide (CO) to carbon

dioxide (CO2) and sulfur dioxide (SO2), which is released by a sample in TG-MS analysis (see

table C.9). It was assumed, that CO is exclusively released during TG-MS analysis by carbonyl

groups, CO2 by carboxylic groups and SO2 by sulfonic acid groups (see section A.1). Thus,

the wetability ratio represents the ratio of carbonyl groups (−CO) to the sum of the acidic

groups carboxylic acid (−COOH) and sulfonic acid (−SO3H). It was found, that the ration of

sulfonated TiC-CDC decreases with increasing chlorination temperature TCDC (see figure 6.9a).

The correlation of the specific capacitance Cspec of sulfonated TiC-CDC-800 and TiC-CDC-1000

to the wetability ratio yields a direct proportional dependency (see figure 6.9b). Note, that the

standard errors of this test series are high. The highest capacitance of of Cspec = 114 F g−1 was

determined for TiC-CDC-800, which was sulfonated by Oleum (65%). Accordingly, it correlates

to the highest wetability ratio of Rwet = 4.9.
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Figure 6.9: Influence of the sulfonation on the surface chemistry of TiC-CDC, synthesized at different temperatures.
Sulfonation was realized by Oleum (65%) 2 h/90 °C. (a) The wetability ratio Rwet and the TPD mass loss
upon heating from 100 °C to 1000 °C in He (3.8), as a function of the TiC-CDC synthesis temperature. (b)
Specific capacitance Cspec for a 3-electrode characterization inT EA (1.5M) as a function of the wetability
ratio Rwet.

The EDLC performance of sulfonated and post-annealed TiC-CDC-800 and TiC-CDC-1000

are summarized in figure 6.10. The preparation and characterization of coin cell assemblies

was conducted according to pristine TiC-CDC. Thus, the materials were not processed by ball

milling and the influence of inner diffusion limitation is expected to be higher than in TEC

characterization (see figure 6.3). In case of TiC-CDC-800, the positive influence of sulfonation

and post-annealing observed in TEC characterization also applies to the EDLC performance of

coin cells (see figure 6.10a). The sulfonation by Oleum (65%) increased the energy density of

pristine TiC-CDC-800 from Espec = 9.0 W h kg−1 to Espec = 11.3 W h kg−1. Post-annealing of

sulfonated TiC-CDC-800 further increased the energy density to Espec = 12.2 W h kg−1. In case

of TiC-CDC-1000, the sulfonation increased the energy density from Espec = 13.1 W h kg−1 to

Espec = 14.2 W h kg−1. The treatment of sulfonated TiC-CDC-1000 by post-annealing did not

further increase the energy density. The fact that pristine TiC-CDC-1000 yielded a significantly

better EDLC performance than pristine TiC-CDC-800 was ascribed earlier to the influence of

inner diffusion limitation (see figure 6.3). In case of sulfonated TiC-CDC-800, the influence of

inner diffusion limitation was even stronger. At a high charge-discharge rate of 1.25 W g−1, the

energy density was as low as Espec = 0.8 W h kg−1. The strong influence of inner diffusion limi-
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Figure 6.10: Influence of sulfonation and additional post-annealing (He (3.8) 2h/400°C) on the EDLC performance
of TiC-CDC-800 and TiC-CDC-1000. (a) Energy density Espec determined by CPD, at a voltage of 2.5 V and
a discharge rate of either 0.25 W g−1 or 1.25 W g−1 (reduced bar height). (b) Frequency dependency of
the real part Creal of the complex capacitance determined by EIS.

tation is supported by EIS analysis (see figure 6.10b). The real part of the complex capacitance

strongly depended on the frequency, at frequencies as low as 5 mHz. A treatment of the re-

spective material by post-annealing almost restored the frequency response of EDLC electrodes

based on pristine TiC-CDC-800.

6.1.4 Discussion

The performance of TiC-CDC in electric energy storage was studied by an RDE setup and by

coin cell assemblies. The RDE based method was denoted TEC characterization and the method

based on coin cell assemblies as EDLC characterization. TEC characterization was used in com-

bination with the aqueous electrolyte H2SO4 (0.5 M) and the organic electrolyte T EA (1.5M).

Here, the carbons needed to be processed by ball milling, which significantly reduced the par-

ticle size. For EDLC characterization, only the organic electrolyte T EA (1.5M) was selected. It

is best suited to achieve the maximum specific energy density Espec. In contrast to the aqueous

electrolyte, organic electrolytes could withstand high electric potentials, exceeding the decom-

position voltage of water based electrolytes (1.23 V).[188–190] The cells could be charged to a
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voltage of 2.5 V during CPD characterization, which directly translates to a high specific energy

density Espec.

Pristine TiC-CDC

According to TEC characterization, the highest specific capacitance Cspec of pristine TiC-CDC is

obtained by using TiC-CDC-500, in combination with the aqueous electrolyte H2SO4 (0.5 M)

and TiC-CDC-1000 in combination with the organic electrolyte T EA (1.5M). In general, the

capacitance retention Rcap increases with increasing chlorination temperature TCDC. The root

cause of this trend in rate handling is linked to the carbon texture of TiC-CDC. The effect could

be explained by an increasing average pore size dcalc.[7,92] A larger average pore size signifi-

cantly increases the mobility of the electrolyte ions within the porous carbon particles and, thus,

the establishment of the thermodynamic equilibrium at the solid-liquid interface inside of mi-

cropores.[106,141,191] The strength of inner diffusion limitation is influenced by the ion size

of the applied electrolytes, as well. At a high scanning rate of 100 mV s−1, the accumulating

charges on the solid-liquid interface are more effectively compensated by smaller electrolyte

ions, with higher mobility. As a consequence, TiC-CDC-500 yielded a higher capacitance re-

tention in combination with the aqueous electrolyte H2SO4 (0.5 M) (Rcap = 85 %) than in

combination with the organic electrolyte T EA (1.5M) (Rcap = 66 %).

For the following discussion it is assumed that the influence of inner diffusion limitation is

negligible at a low scanning rate of ν = 5 mV s−1. It was shown that the surface normalized

capacitance Cnorm correlates to the average pore size dcalc. The materials yielded the maximum

capacitance when the average pore size matched the size of the electrolyte ions. In literature,

this structure-property relations is ascribed to the mechanisms of ion confinement [145] and

ion distortion [192], with the dominant effect being ion confinement. In case of the aqueous

electrolyte H2SO4 (0.5 M), the energy storage correlates to the hydrophilicity of the carbon

surfaces, as well. It was found, that the surface normalized capacitance increases with increasing

hydrophilicity of the carbon surfaces. This correlation could be explained by two possible causes.

The first cause is, that the interaction quality of the electrolyte ions depends on the carbon

surface, itself. It differed in graphitization degree and the degree of surface functional oxo-

groups. In combination with an aqueous electrolyte, the latter could induce pseudo-capacitance

increasing the overall capacitance.[193,194] The second cause is, that the aqueous electrolyte
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is better suited to wet the internal surface area of more hydrophilic carbons. Accordingly, the

specific surface area is used to a higher degree for charge storage, which increases the surface

normalized capacitance. Based on this data, the root cause can not be clearly identified, because

the hydrophilicity of a carbon surface directly correlates to the amount of oxo-groups.[195]

Nevertheless, the data implies that the ability of an electrolyte to exploit the available SSA for

charge compensation is a significant structure-property relation. This property was denoted as

surface wetability.

According to EDLC characterization, the material TiC-CDC-1000 is best suited for electric

energy storage as EDLC electrode material. It performed significantly better than TiC-CDC-800,

with a specific capacitance of Cspec = 68 F g−1 compared to Cspec = 57 F g−1. The difference

between the materials in the coin cell application is more pronounced than expected from TEC

characterization. Still, the coin cell assemblies based on TiC-CDC-1000 yielded high energy

densities of Espec = 13.1 W h kg−1, at the CPD discharge rate of 0.25 W g−1. According to EIS

characterization, the value of τ = 16 s also indicates a fast cell response and, thus, a high

power density Pspec. Yet, the charge balancing within the porous electrodes is obstructed by

inner diffusion limitation. This was revealed by the the fact, that the real part of the complex

capacitance Creal is still increasing at a low frequency of 5 mHz. In order to further increase the

energy density, ball milling could be applied to reduce the average particle size. The positive

effect of a small particle size on the specific capacitance is attached in the appendix and is

reported in literature, as well.[196]. It is explained by a decreased influence of inner diffusion

limitation. In case of TEC characterization, the particle size was reduced by ball milling from

initially 5 µm to ≤ 1 µm. This could explain the higher values of the specific capacitance, which

were determined by TEC characterization using CV analysis (see figure 6.3). But, the ohmic

drop within the 200 µm thick coin cell electrodes could be an explanation, as well.[136]

Gas-Phase Functionalization

The gas-phase functionalizations by hydrogen treatment at elevated temperatures and by post-

chlorination were applied to TiC-CDC-500, TiC-CDC-800 and TiC-CDC-1000. The influence on

the EDLC performance was exclusively probed by TEC characterization, in combination with the

organic electrolyte T EA (1.5M). The characterization yielded rectangular CV curves without in-

dication of faradaic charge-transfer reactions which lead to pseudo-capacitance. The variation
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of the hydrogen treatment temperature THT in the synthesis of TiC-CDC neither influenced the

specific capacitance Cspec nor the surface normalized capacitance Cnorm. Note, that the measure-

ment of the specific surface area SSAQSDFT is prone to error for TiC-CDC-500 and TiC-CDC-800,

due to the restructuring of the carbon texture at increasing hydrogen temperature, which could

lead to partial blocking of micropores for large organic electrolyte ions while being still accessi-

ble for small nitrogen molecules, probing the surface area. In contrast, the capacitance retention

Rcap was significantly influenced by the hydrogen temperature temperature. It increased with

increasing temperature. This effect could be explained by two possible causes. The first cause

is the widening of pore necks which increases the mobility of the electrolyte ions. The second

cause is the change in surface chemistry.[72]. Dyatkin et. al reported on the negative influence

of surface functional oxo-groups on the mobility of electrolyte ions.[150] Accordingly, the re-

tention is positively influenced by a low content of surface functional oxo-groups. The fact that

the retention exclusively depended on the temperature of the hydrogen treatment, and not on

the initial chlorination temperature TCDC in the synthesis of TiC-CDC, is a strong indication that

the ion mobility is predominantly influenced by the surface chemistry. In conclusion, TiC-CDC-

800 which was synthesized at a hydrogen treatment temperature of THT = 1000 °C was most

effective as EDLC electrode material.

The post-chlorination of TiC-CDC at high temperatures TPC decreased the specific capacitance

Cspec of the respective materials. The effect was most pronounced for TiC-CDC-500. This could

be ascribed to the etching of the amorphous carbon texture, which induced mass losses up to

-9.5 wt% after post-chlorination at TPC = 1200 °C. The respective treatment yielded equally

high retentions of up to Rcap = 96 %, which could be explained by an increased ion mobility. I

minor increase of the normalized capacitance was determined for TiC-CDC-800 and TiC-CDC-

1000, after post-chlorination at TPC = 800 °C and TPC = 1000 °C. A possible root cause is the

introduction of surface functional oxo-groups which could induce strong coordination effects on

electrolyte ions.[150] Note, that pristine TiC-CDC-500 already exhibited an significantly higher

amount of surface functional oxo-groups than pristine TiC-CDC-800 and TiC-CDC-1000, with

an overall TPD mass loss of 11.7 wt%, compared to 8.3 wt% and 1.6 wt%, respectively (see

table C.9). Thus, the relative effect on the surface chemistry is most pronounced for TiC-CDC-

1000, which could explain the strong decrease of the surface normalized capacitance after post-

chlorination at TPC = 1200 °C. In order to consolidate this theory, further TG-MS analysis after
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post-chlorination is necessary. In conclusion, TiC-CDC-1000 functionalized by post-chlorination

at TPC = 1000 °C was most effective as EDLC electrode material.

Liquid-Phase Functionalization

The influence of sulfonation and subsequent post-annealing on the energy storage performance

of TiC-CDC was studied by TEC and EDLC characterization in combination with the organic

electrolyte T EA (1.5M). According to TEC characterization, the sulfonation positively influ-

enced the specific capacitance of TiC-CDC, if it was synthesized at low chlorination tempera-

tures of TCDC = 800 °C and TCDC = 1000 °C. The effect was most pronounced for TiC-CDC-800,

where the sulfonation increased the specific capacitance from initially Cspec = 102 F g−1 to

Cspec = 114 F g−1. At the same time, the charge-discharge cycling stability was equally high.

Further treatment of sulfonated TiC-CDC-800 by post-annealing increased the capacitance to

Cspec = 142 F g−1. The EDLC characterization supported the findings of TEC characteriza-

tion. But, the energy densities Espec of functionalized materials based on TiC-CDC-800 were

significantly lower than materials based on TiC-CDC-1000. For pristine TiC-CDC, this effect

was ascribed to the strong influence of inner diffusion limitation, upon using TiC-CDC pow-

ders which were not processed by ball milling. In conclusion, the highest energy density of

Espec = 14.2 W h kg−1 was determined for sulfonated TiC-CDC-1000.

Both characterization methods identified a negative influence of sulfonation on the capaci-

tance retention Rcap. The root-cause is the introduction of sulfonic and carboxylic acid surface

functional groups. According to Dyatkin et al., a carbon surface which is rich in carboxylic

groups hinders the charge balancing diffusion mechanisms within confined micropores.[150]

Schweizer et al. demonstrated by QM calculations, that Brønsted acidic surface groups are

strongly coordinating to the anion of T EA, by the formation of hydrogen bridge bonding.[184]

The effect was strongest for sulfonic acid groups. Accordingly, the ion mobility and, thus, the

capacitance retention decreases upon sulfonation up pristine TiC-CDC. This hypothesis is sup-

ported by the fact that the removal of acidic groups from sulfonated TiC-CDC-800, by post-

annealing at 400 °C, restored the initially high capacitance retention and the characteristic cell

response of pristine TiC-CDC-800. It is furthermore supported by the fact that sulfonation had

no effect at all on the non-confined material TiC-CDC-1200 which exhibits significantly larger

pores. Based on this effect of ion coordination, the wetability ratio Rwet was introduced. It rep-
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resents the ratio of moderately coordinating carbonylic groups to strongly coordinating acidic

groups, i.e. carboxylic and sulfonic acid. The wetability ratio is high when large amounts of

moderately coordinating carbonylic groups and small amounts of strongly coordinating acidic

groups are present on the carbon surface. It was determined for pristine and sulfonated TiC-

CDC. In case of the confined materials TiC-CDC-800 and TiC-CDC-1000, it was found that spe-

cific capacitance increased with increasing wetability ratio. A possible cause for the positive

effect of moderately coordinating carbonylic groups is an increased surface wetability in com-

bination with the organic electrolyte T EA (1.5M). The structure-property relation of surface

wetability was also proposed earlier for pristine TiC-CDC, in combination with the aqueous

electrolyte H2SO4 (0.5 M).

6.2 Solid Acid Catalysis

This chapter summarizes the performance of pristine and gas-phase functionalized TiC-CDC for

solid acid catalysis. Therefore, the materials were treated by liquid-phase functionalization us-

ing Oleum (65%). This treatment is essential to introduce sulfonic acid surface groups (see

section 5.4), which are active in acidic catalysis. The performance in acidic catalysis was evalu-

ated for the liquid phase esterification of levulinic acid with ethanol, at a reaction temperature

Tr of 60 °C. The discussion is based on the study about disruptive factors within material probing

(see section A.3).

6.2.1 Reference Catalysts

The activity of sulfonated TiC-CDC-1000 was tested against sulfonated DARCO®-KBG and the

commercially available solid acids AMBERLYST®-15 and NAFION®-NR50. The macro-reticular

ion exchange resin AMBERLYST®-15 exhibited the highest catalytic activity in the esterifica-

tion of levulinic acid with ethanol (see figure 6.11a). The specific catalyst productivity was

Pspec = 2.70 µmol g−1 s−1. At an average catalyst concentration of 7.2 g L−1, the catalyst

increased the reaction rate from initially r = 1.96 µmol L−1 s−1 to r = 19.68 µmol L−1 s−1.

A similarly high activity was induced by sulfonated DARCO®-KBG, with a productivity

of Pspec = 2.39 µmol g−1 s−1. No catalytic effect was induced by sulfonated TiC-CDC-

1000. With a productivity of Pspec = 0.25 µmol g−1 s−1, the corresponding reaction rate of
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r = 1.44 µmol L−1 s−1 was even lower than for the uncatalyzed reaction. The amount of

surface functional sulfonic acid groups SAspec differed significantly for the different catalysts

(see figure 6.11b). The highest amount of SAspec = 4.77 mmol g−1 was determined for the

commercially available catalyst AMBERLYST®-15. The quantitative result matches the sup-

plier specification of 4.7 mmol H+ g−1.[197] In case of the porous carbons TiC-CDC-1000 and

DARCO®-KBG, the amount of sulfonic acid introduced by sulfonation was significantly lower,

with a value of SAspec = 0.22 mmol g−1 and SAspec = 0.49 mmol g−1, respectively. The cat-

alytic efficiency per sulfonic acid was calculated according to equation 4.9, for a reaction time

of 5 h. With a value of TON = 83, the efficiency was high for sulfonated DARCO®-KBG. In

comparison, the efficiency of the most active catalyst AMBERLYST®-15 was only TON = 11.

6.2.2 Pristine TiC-CDC

The specific productivity Pspec of sulfonated TiC-CDC is summarized in figure 6.12. The produc-

tivity increased with increasing chlorination temperature, up to a temperature of TCDC = 1400 °C

(a) (b)

Figure 6.11: Solid acid catalysts (5.7 - 7.2 g L−1) in the esterification of levulinic acid (34.5 mmol) with ethanol
(179 mmol) at a reaction temperature Tr of 60 °C and 450 rpm. See table C.8 for details. (a) Mean re-
action rate r over 4 recycling steps (error bars) of TiC-CDC-1000 (Oleum (65%) 2h/90°C) and DARCO®-
KBG (Oleum (65%) 2h/90°C), AMBERLYST®-15 and NAFION®-NR50. (b) Specific amount of sulfonic
acid SAspec and corrected turnover number (TON) for 5 h, based on the initial reaction rate r. The data
is based on TG-MS analysis (see section A.1), the results are summarized in table C.9.
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(a) (b)

Figure 6.12: Catalytic performance of TiC-CDC, synthesized at temperatures ranging from TCDC = 1000 °C to
TCDC = 1500 °C and functionalized by Oleum (65%) 2 h/90 °C, in the esterification of levulinic acid
(34.5 mmol) with ethanol (179 mmol) at a reaction temperature of Tr = 60 °C. See table C.8 for details.
(a) Productivity Pspec and specific surface area SSAQSDFT as a function of the CDC synthesis tempera-
ture TCDC. (b) Specific amount of sulfonic acid SAspec and turnover number (TON) for 5 h, based on the
initial reaction rate r, as a function of the CDC synthesis temperature TCDC.

(see figure 6.12a). The respective productivity increased from Pspec = 0.34 µmol g−1 s−1 to

Pspec = 1.05 µmol g−1 s−1. Further increasing the chlorination temperature to TCDC = 1500 °C

decreased the productivity to Pspec = 0.57 µmol g−1 s−1. The specific surface area decreased

from SSAQSDFT = 1476 m2 g−1 for TiC-CDC-1000 to SSAQSDFT = 278 m2 g−1 for TiC-CDC-1500.

The catalytic efficiency per sulfonic acid increased with increasing chlorination temperature, up

to a temperature of TCDC = 1400 °C (see figure 6.12b). The highest efficiency was found for

sulfonated TiC-CDC-1400, with a high value of TON = 53. The material TiC-CDC-1500 ex-

hibited a low efficiency of TON = 19, despite having the highest density of sulfonic acid of

SAnorm = 1.1 µmol m−2 and the largest average pore size of dcalc = 4.04 nm.

6.2.3 Vacuum Annealed TiC-CDC-1000

The catalytic productivity of vacuum annealed and sulfonated TiC-CDC increased with in-

creasing vacuum annealing temperature, up to a temperature of TVA = 1500 °C (see fig-

ure 6.13a). After vacuum annealing at TVA = 1500 °C, the highest catalytic productivity

of Pspec = 1.76 µmol g−1 s−1 was obtained. Simultaneously, the high degree of graphitiza-
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(a) (b)

Figure 6.13: Catalytic performance of TiC-CDC-1000, which was treated by liquid-phase treatment L1 prior to vac-
uum annealing at temperatures ranging from TVA = 1200 °C to TVA = 1800 °C (2 h, 24 mbar) and sub-
sequently functionalized by Oleum (65%) 2 h/90 °C, in the esterification of levulinic acid (34.5 mmol)
with ethanol (179 mmol) at a reaction temperature of Tr = 60 °C. See table C.8 for details. (a) Produc-
tivity Pspec and specific surface area SSAQSDFT as a function of the vacuum annealing temperature TVA.
(b) Specific amount of sulfonic acid SAspec and turnover number (TON) for 5 h, based on the initial
reaction rate r, as a function of the vacuum annealing temperature TVA.

tion strongly reduced the specific surface area to SSAQSDFT = 24 m2 g−1. Further increas-

ing the temperature up to TVA = 1800 °C, gradually decreased the catalytic productivity to

Pspec = 0.40 µmol g−1 s−1. The maximum efficiency per sulfonic acid of TON = 25 was ob-

tained after vacuum annealing at a moderate temperature of TVA = 1200 °C. In general, the

efficiency decreased with increasing vacuum annealing temperature.

Furthermore, graphitization catalysts were applied to the porous carbon TiC-CDC-1000 up-

front vacuum annealing at TVA = 1500 °C. Subsequently, the materials were sulfonated by

Oleum (65%). Neither the application of iron, at weight fractions of 1 wt%, 5 wt% and

20 wt%, nor the application of the graphitization catalyst nickel, at a weight fraction of

16 wt%, did further increase the catalytic productivity of respectively treated pristine TiC-

CDC-1000 (see figure 6.14a). The resulting specific surface area was slightly higher after

applying any of the graphitization catalysts, with a maximum value of SSAQSDFT = 171 m2 g−1,

while the specific amount of sulfonic acid was lower, ranging from SAspec = 0.37 mmol g−1 to

SAspec = 0.62 mmol g−1 (see figure 6.14b). Only the application of iron at a weight concen-
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tration of 20 wt% induced a higher catalytic productivity of Pspec = 2.72 µmol g−1 s−1, if the

pristine TiC-CDC-1000 material was upfront treated with nitric acid HNO3 (65%).

6.2.4 Discussion

The catalytic activity of sulfonated TiC-CDC was tested in the esterification of levulinic acid with

ethanol, in comparison to different reference catalysts. In all cases, the catalytically active center

was sulfonic acid, a surface functional thio-group. The activity of a catalyst was quantified by

the specific productivity Pspec. It was positively influenced by an increased average pore size

dcalc and an increased amount of sulfonic acid groups SAspec. It was negatively influenced by an

hydrophobic catalyst surface.

The reference catalysts AMBERLYST®-15 and sulfonated DARCO®-KBG, both, yielded high

specific productivities. In case of AMBERLYST®-15, the high productivity of Pspec = 2.70 µmol g−1 s−1

was based on the high amount of sulfonic acid groups of SAspec = 4.77 mmol g−1. In case of

(a) (b)

Figure 6.14: Catalytic solid acid activity of TiC-CDC-1000, which was vacuum annealed to 1500 °C (2 h, 24 mbar) and
functionalized by Oleum (65%) 2 h/90 °C (pristine), in the esterification of levulinic acid (34.5 mmol)
with ethanol (179 mmol) at a reaction temperature Tr of 60 °C. See table C.8 for details. Additionally,
prior to annealing the material was loaded with graphitizing catalyst 1 wt% iron (Fe 1wt%), 5 wt%
iron (Fe 5wt%), 20 wt% iron (Fe 20wt%). Besides, the material was functionalized by HNO3 (65%)
(2 h/90 °C) and subsequently loaded with 20 wt% iron (Fe 20wt%*) or 16 wt% nickel (Ni 16wt%*). (a)
Productivity Pspec and specific surface area SSAQSDFT. (b) Specific amount of sulfonic acid SAspec and
turnover number (TON) for 5 h, based on the initial reaction rate r.
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sulfonated DARCO®-KBG, the high productivity of Pspec = 2.39 µmol g−1 s−1 was based on a

catalytic efficiency per sulfonic acid of TON = 83. The high efficiency implies a low influence

of inner diffusion limitation, which could be explained by two causes. The first cause is the

carbon microstructure, which is a mixed micro-mesoporous structure with a large average pore

size of dcalc = 4.6 nm (see table C.10). The second cause is the high degree of surface functional

oxo-groups, which favors the interaction to the polar reactants and the effective wetting of the

inner particle surface area (see table C.9). The minor influence of inner diffusion limitation on

the productivity of sulfonated DARCO®-KBG is supported by the study about the influence of

particle size on the catalytic productivity, which is attached in the appendix (see figure A.14).

In case of pristine TiC-CDC, the catalytic productivity after sulfonation correlated to the

chlorination temperatureTCDC. At TCDC ≤ 1400 °C, the productivity increased with increas-

ing chlorination temperatures. The application of sulfonated TiC-CDC-1000 as catalyst yielded

a negative impact on the reaction rate r. This could be explained by the adsorption of the re-

action product ethyl levulinate (see table C.2). Sulfonated TiC-CDC-1400 yielded the highest

catalytic activity for TiC-CDC, with a productivity Pspec = 1.05 µmol g−1 s−1 at an efficiency of

TON = 53. In comparison, the ion exchange resin AMBERLYST®-15 yielded a productivity of

Pspec = 2.70 µmol g−1 s−1 at an efficiency of TON = 11. Further increasing the chlorination tem-

perature to TCDC > 1400 °C decreased the productivity. This trend could be explained by three

causes. Firstly, the average pore size dcalc of TiC-CDC increases with increasing chlorination

temperature. As a result, the inner diffusion limitation decreases. Secondly, the graphitization

degree increases with increasing chlorination temperature. With a higher degree of graphitiza-

tion, the sulfonation by Oleum (65%) introduces a higher density of sulfonic acid groups SAnorm

(see figure 5.18). Simultaneously, the hydrophilicity of the carbon surface decreases (see fig-

ure 5.2b). As a result, the catalytic productivity of sulfonated TiC-CDC increases with increasing

chlorination temperature up to the point were the influence of the increasing hydrophobicity of

the carbon surface becomes dominant. Okamura et al. observed a similar behavior of decreasing

catalytic activity with increasing graphitization.[198] The authors did ascribe this phenomenon

to the poor accessibility of the sulfonic acid sites, but did not provide further explanation.

Pristine TiC-CDC-1000 was selected for vacuum annealing prior to sulfonation. It has al-

ready been discussed that vacuum annealing at increasing temperatures increases the carbon

aromaticity, the average pore size and the hydrophobicity by inducing carbon graphitization
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(see section 5.3). Prior to vacuum annealing, the stability of the carbon microstructure was

increased by the liquid-phase treatment L2 using HCl (37%). The highest catalytic productivity

was achieved by vacuum annealing at a moderate temperature of TVA = 1500 °C. In comparison

to pristine TiC-CDC-1000, the functionalization by vacuum annealing upfront sulfonation in-

creased the catalytic productivity from Pspec = 0.32 µmol g−1 s−1 to Pspec = 1.76 µmol g−1 s−1.

The increased activity could be explained by a higher amount of sulfonic acid groups, which

increased from SAspec = 0.22 mmol g−1 to SAspec = 1.62 mmol g−1 (see section 5.4). Also, the

catalytic efficiency per sulfonic acid was increased from TON = 8 to TON = 17. The higher effi-

ciency could be ascribed to the increased average pore size which increased from dcalc = 0.83 nm

to dcalc = 4.58 nm. Vacuum annealing at the maximum temperature of TVA = 1800 °C yielded

the highest amount of sulfonic acid of SAspec = 3.1 mmol g−1. But, the respective productivity

was as low as Pspec = 0.4 µmol g−1 s−1. The low activity after vacuum annealing at such high

temperatures could be explained by the effect of strong graphitization which increases the hy-

drophobicity of the carbon surface and, thus, decreases the accessibility of the sulfonic acid sites

by the polar reactants. The results are in agreement with the results on pristine TiC-CDC and

the high activities reported for highly hydrophilic heteropolyacids (HPAs).[23,24]

The application of the graphitization catalysts iron and nickel upfront vacuum annealing of

TiC-CDC-1000 to TVA = 1500 °C generally decreased the catalytic productivity, compared to

the respectively annealed pristine TiC-CDC-1000 (Pspec = 1.76 µmol g−1 s−1). Only a treat-

ment with nitric acid HNO3 (65%) prior to impregnation with iron increased the productivity

to Pspec = 2.72 µmol g−1 s−1, although only one third of sulfonic acid groups were present

(SAspec = 0.62 mmol g−1). The respective productivity was equal to the highly active ion ex-

change resin AMBERLYST®-15 which exhibited a productivity of Pspec = 2.70 µmol g−1 s−1.

Also, both materials exhibited a similar catalytic efficiency of TON = 71 and TON = 79,

respectively. It is known that modification of the carbon surface chemistry by HNO3 (65%)

influences the metallic dispersion which results from wet impregnation.[114] Thus, it is likely

that the dispersion of the graphitization catalyst iron influences the resulting catalytic activity.

There are three likely explanations for an increased catalytic activity. Firstly, a more homoge-

neous distribution of graphitic domains, as a result of a more finely dispersed graphitization

catalyst, yields a more homogeneous and potentially less dense distribution of sulfonic acid

surface groups. This influences the reaction mechanism or the activation energy of the reac-
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tion, making each sulfonic acid group more efficient. Secondly, a more finely dispersed catalyst

induces a more turbostratic graphitization, due to smaller catalytic particles which are more

likely to migrate in the carbon material upon graphitization. A more homogeneous material

improves the wetting of the inner surface area, which improves the accessibility and yields a

higher degree of sulfonic acid groups anticipating in catalysis. Thirdly, the type and distribution

of graphitization influences the surface energy in the proximity of sulfonic acid groups and, thus,

the coordination quality of the reactants, which decreases the activation energy of the reaction.

But, these hypothesis remain speculation and could be the topic of further studies, where high

resolution hydrogen sorption analysis must be applied to determine the dispersion of the iron

catalyst upfront vacuum annealing, where the activation energy of the reaction is characterized

and where XPS analysis is simultaneously applied to characterize the type of graphitization, like

demonstrated in this work.

6.2 Solid Acid Catalysis 115



7 Summary
The porous carbon TiC-CDC was applied to study structure-property relations for carbon based

solid acid catalysis and EDLC electric energy storage. Both carbon applications rely on strong

surface interactions at a solid-liquid interface and are, therefore, highly sensitive to the texture,

microstructure and surface chemistry of the solid, i.e. the porous carbon. After the character-

ization of pristine TiC-CDC, different methods were studied to systematically tune the carbon

structure. Subsequently, the performance of these carbons was tested in both applications.

7.1 Tuning the Structure of TiC-CDC

Bulk and Surface Properties

The synthesis of TiC-CDC at low chlorination temperatures of TCDC ≤ 1000 °C yielded porous

carbons which were contaminated by iron and nickel impurities. This was ascribed to the fact,

that the synthesis educt TiC contained metallic impurities of cobalt (0.02 wt%), iron (0.67 wt%)

and nickel (0.13 wt%). These residual metals are efficient graphitization catalysts and, thus, in-

terfere with the applied gas-phase functionalization of vacuum annealing. After the synthesis

of TiC-CDC at chlorination temperatures of TCDC ≥ 1200 °C, the metallic impurities were below

detection limit. They could also be effectively reduced by increasing the temperature of the hy-

drogen treatment THT, which is a part of the standard synthesis process. The effect is stronger

when applied to TiC-CDC which was synthesized at low chlorination temperatures TCDC. Alter-

native treatments which replaced the hydrogen treatment were found to be effective, as well.

Beside the liquid-phase treatment with hydrochloric acid and the gas-phase treatment in helium

atmosphere at 1200 °C, the liquid phase treatment with water was most effective. The surface

chemistry of TiC-CDC was sensitive to the chlorination temperature, as well. It was confirmed,

that the hydrophilicity of TiC-CDC decreases with increasing chlorination temperature. This

was explained by the decreasing amount of surface functional oxo-groups and the increasing

amount of graphitic carbon character.
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Post-Chlorination

The gas-phase functionalization of TiC-CDC by highly concentrated chlorine gas (6 mmol m−3)

was denoted as post-chlorination. It was studied because it is reported to increase the hy-

drophobicity of the carbon surface by introducing chlorine species and inhibiting surface oxida-

tion.[182] At post-chlorination temperatures ranging from TPC = 800 °C to TPC = 1200 °C, the

amount of chlorine which was potentially introduced to the carbon surface was below detection

limit of TPD-MS and EDX analysis. In contrast, the amount of surface functional carboxylic acid,

hydroxyl and carbonyl groups increased evenly with increased post-chlorination temperature.

At temperatures as high as TPC = 1000 °C and TPC = 1200 °C, the treatment induced a mass

loss of 10 wt%, respectively. Both observations were explained by the fact that chlorine etches

the carbon surface and induces dangling bonds which are oxidized upon contact of the cooled

down samples with air.

Vacuum Annealing

The gas-phase functionalization of TiC-CDC by vacuum annealing was studied because it is

reported to increase the specific surface area (SSA) and hydrophobicity of the carbon surface

by decomposing surface functional groups.[111] In this work, the effects upon increasing the

vacuum annealing temperature from TVA = 1200 °C to TVA = 1800 °C were: (1) a decrease in

SSA and an increase in (2) pore size, (3) carbon graphitization and (4) oxidation stability. The

maximum gravimetric graphitization degree was estimated to GTPO ≤ 10 wt%, accompanied by

a loss of SSA by - 77 % and an increase in average pore size dcalc by 63 %. The effect is stronger

for higher vacuum annealing temperatures TVA and lower chlorination temperatures TCDC. It is

based on catalytic graphitization, recombination over dangling bonds and residual amounts of

adsorbed oxygen. The characterization of the induced graphitization revealed the formation of

mostly turbostratic carbon, beside a small fraction of highly ordered graphitic domains. In case

of TiC-CDC-1000, the loss of SSA upon vacuum annealing to TVA = 1400 °C could be effectively

avoided by upfront liquid-phase treatment with water. The treatment was significantly less

effective for TiC-CDC-500 and TiC-CDC-800, although the residual trace metals iron and nickel

were equally well removed. As a consequence, the stability of the carbon texture upon vacuum

annealing is significantly influenced by the degree of order and the carbon sp2 character, as
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well. This observation was confirmed by studying the oxidation and vacuum annealing stability

of TiC-CDC which was upfront treated with hydrogen at elevated temperatures THT. Due to

the loss of SSA, the functionalization of TiC-CDC by vacuum annealing at TVA = ≥ 800 °C is

not suited for applications relying on strong surface interaction, as supercapacitors in energy

storage.[111]

Sulfonation

The liquid-phase functionalization of TiC-CDC was realized by sulfonation using sulfuric acid,

oleum or sulfanilic acid. It was studied because it enables catalytic activity for solid acid cataly-

sis.[67] It was confirmed, that the treatment alters the carbon surface chemistry by introducing

surface functional oxo- and thio-groups. The thio-groups were identified as sulfonic acid groups

(−SO3H). It was found, that the electrophilic aromatic substitution reaction is the dominant re-

action mechanism for pristine TiC-CDC and that the amount of introduced sulfonic acid groups

increases with increasing aromaticity of the carbons, i.e. the degree of graphitization. The mech-

anism even applies to highly amorphous TiC-CDC which was synthesized at a low chlorination

temperature of TCDC = 500 °C. The opposite is true for the introduction of surface functional

oxo-groups. This could be explained by the increasing oxidation stability due to an increased

aromaticity. The maximum surface normalized density of sulfonic acid was introduced to TiC-

CDC-1500, with a value of SAnorm = 1.1 µmol m−2. The maximum specific amount of sulfonic

acid was introduced to TiC-CDC-1300, with a value of SAspec = 0.40 mmol g−1. The upfront vac-

uum annealing at TVA = 1800 °C maximized the specific amount to SAspec = 3.1 mmol g−1. In

comparison, the commercially available solid acid catalyst AMBERLYST®-15 exhibits a specific

amount of SAspec = 4.77 mmol g−1.

7.2 Structure-Property Relations

Energy Storage

The structure-property relations in electric energy storage were studied by applying pristine

and functionalized TiC-CDC. The performance in energy storage was probed by TEC and EDLC

characterization, using either a RDE or coin cell setup. The performance was quantified by the

terms energy density and power density. The energy density quantifies the amount of electrical
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charges which could be stored by a specific amount of active carbon material. The measured

parameters were the specific energy density Espec, the specific capacitance Cspec and the surface

normalized capacitance Cnorm. The power density quantifies the time at which these charges

could be provided in case of energy consumption. The measured parameters were the capaci-

tance retention Rcap, the specific power density Pspec and the normalized power density Pnorm.

It was found, that the overall performance is significantly influenced by the carbon texture and

the surface chemistry.

The application of pristine TiC-CDC showed that the capacitance retention Rcap increases with

increasing average pore size dcalc. This structure-property relation was ascribed to the influence

of inner diffusion limitation. The application also confirmed the effect of ion confinement.[33]

Accordingly, the materials yielded the maximum surface normalized capacitance Cnorm when the

average pore size dcalc matched the size of the electrolyte ions. This is true for the combination of

the material TiC-CDC-500 with the aqueous electrolyte H2SO4 (0.5 M) and for the combination

of the material TiC-CDC-1000 with the organic electrolyte T EA (1.5M). These combinations

also yielded the highest specific capacitance Cspec for each electrolyte. In the aqueous elec-

trolyte, the surface normalized capacitance Cnorm was found to correlate to the hydrophilicity of

TiC-CDC. The capacitance increased with increasing hydrophilicity. This structure-property re-

lation was denoted as wetability, which implies that a more hydrophilic carbon surface is wetted

to a higher degree by the aqueous electrolyte and, thus, yields a higher surface normalized ca-

pacitance. Overall, TiC-CDC-1000 performed best as EDLC electrode material for electric energy

storage. A coin cell assembly with the electrolyte T EA (1.5M) yielded a high energy density of

Espec = 13.1 W h kg−1.

The application of functionalized TiC-CDC in combination with the organic electrolyte

T EA (1.5M) showed that the inner diffusion limitation could be decreased by decreasing the

amount of surface functional oxo-groups. This was realized by increasing the hydrogen tem-

perature THT, within the synthesis of TiC-CDC. The same trend was found for sulfonic acid

groups, which were introduced by sulfonation. Based on the publications of Schweizer et al.

[184] and Dyatkin et al. [150] it was concluded, that the introduction of strongly coordinating

sulfonic acid groups hinders the charge balancing diffusion mechanism within confined micro-

pores. This structure-property relation is supported by the fact, that the removal of carboxylic

and sulfonic acid surface groups from sulfonated TiC-CDC by post-annealing at 400 °C restored
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the initially high capacitance retention Rcap of pristine TiC-CDC. At the same time, oxo-groups

with low acidity were found to be beneficial for the energy density in combination with the

organic electrolyte T EA (1.5M). The normalized capacitance Cnorm of TiC-CDC was increased

after increasing the amount of oxo-groups, either by post-chlorination in a highly concentrated

chlorine atmosphere, or by sulfonation and subsequent post-annealing at 400 °C. According

to the TEC characterization, the later treatment increased the specific capacitance of pristine

TiC-CDC-800 from Cspec = 102 F g−1 to Cspec = 142 F g−1. Based on this data, the specific

capacitance correlates linearly to the wetability ratio Rwet, which was introduced as the ratio of

moderately coordinating surface groups, like carbonyls and lactones, to strongly coordinating

acidic surface groups, i.e. carboxylic and sulfonic acid.

Solid Acid Catalyis

The structure-property relationship for the solid acid catalysis of the esterification of levulinic

acid with ethanol was studied by applying sulfonated TiC-CDC in comparison to reference cata-

lysts which were the mesoporous activated carbon DARCO®-KBG and the commercial products

AMBERLYST®-15 and NAFION®-NR50. The performance was quantified by the catalytic activ-

ity, for the evolution of the reaction product ethyl levulinate, and the efficiency of the catalytic

sites, i.e. sulfonic acid groups. The measured parameters were the specific productivity Pspec

and the turnover number TON per sulfonic acid surface group.

The reference catalysts AMBERLYST®-15 and sulfonated DARCO®-KBG, both, yielded high

activities. In case of AMBERLYST®-15, the high productivity of Pspec = 2.70 µmol g−1 s−1 is

based on the high amount of sulfonic acid groups of SAspec =4.77 mmol g−1, with a low cat-

alytic efficiency of TON = 11. In case of sulfonated DARCO®-KBG, the high productivity of

Pspec = 2.39 µmol g−1 s−1 is based on a catalytic efficiency of TON = 83, which implies a

low influence of inner diffusion limitation. This was ascribed to the large average pore size of

dcalc = 4.6 nm and the high amount of surface functional oxo-groups (≈ 20 wt%) which favor

the interaction to the polar reactants and the effective wetting of the inner surface area by the

reaction educts.

The application of sulfonated TiC-CDC confirmed these structure-property relationships. It

was found, that the catalytic activity increased with increasing chlorination temperature, up

to a temperature of TCDC = 1400 °C. When the synthesis of TiC-CDC was conducted at higher
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chlorination temperatures, the activity decreased rapidly. Accordingly, sulfonated TiC-CDC-

1400 yielded the highest productivity of Pspec = 1.05 µmol g−1 s−1, with a high efficiency of

TON = 53. This observation was explained by the fact that the average pore size and the

graphitization degree of pristine TiC-CDC increases with increasing chlorination temperature.

Due to the higher degree of graphitization, the sulfonation introduces a higher amount of sul-

fonic acid groups. At the same time, the hydrophilicity of the carbon surface decreases, which

decreases the interaction energy with polar reactants and the effective wetting of the inner sur-

face area. As a result, the catalytic activity increases with increasing chlorination temperature

up to the point were the negative influence of the increasing hydrophobicity of the carbon sur-

face becomes dominant. This was the case for sulfonated TiC-CDC-1500, which exhibited a poor

catalytic efficiency of only TON = 19, despite having a large average pore size of dcalc = 4 nm.

This structure-property relation was also observed when graphitization was induced by

vacuum annealing of pristine TiC-CDC-1000, upfront to sulfonation. The catalytic ac-

tivity was maximized after vacuum annealing at TVA = 1500 °C, with a productivity of

Pspec = 1.76 µmol g−1 s−1 at an efficiency of TON = 17. When vacuum annealing was con-

ducted at higher temperatures, the activity decreased rapidly, as well. After vacuum annealing

at TVA = 1800 °C, the respective material yielded a low activity of only Pspec = 0.4 µmol g−1 s−1,

despite having a large average pore size of dcalc = 4.8 nm and a high amount of sulfonic acid

surface groups of SAspec = 3.1 mmol g−1, with a poor efficiency of only TON = 0.9. The

application of the graphitization catalysts iron and nickel, upfront to vacuum annealing at

TVA = 1500 °C, generally decreased the catalytic activity due to an increased graphitization.

Interestingly, one material exhibited an increased activity of Pspec = 2.72 µmol g−1 s−1 at an

efficiency of TON = 71. Within the scope of this work, the structure-property relation which

induced this exceptionally high activity could not be resolved and must be the topic of further

studies.
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Instruments

Name Description

AUTOSORB® Surface area and pore size analyzer by QUANTACHROME Instruments

CAF 140/140-2000 G Graphite vacuum sinter furnace by MUT Advanced Heating GmbH
CIROS CCD ICP-AES spectrometer by SPECTRO

SSX 100 ESCA X-ray photoelectron spectroscope by Surface Science Laboratories Inc.
DVS 1085 Dynamic vapor sorption analyzer by Surface Measurement Systems

EMPYREAN® X-ray diffractometer (high resolution) by PANalytical

F 1101/30 Thickness gauge by Käfer

Hi-Res™ TGA 2950 Thermogravimetric analyzer by TA Instruments

MSK-160D-220 Electric coin cell crimping machine by MTI Corporation
MSK-T-07 Presicion disc cutter by MTI Corporation
MSK-AFA-I-UL Film coater by MTI Corporation

NOVAe® 3000 Surface area and pore size analyzer by QUANTACHROME Instruments
NOVAe® 4200 Surface area and pore size analyzer by QUANTACHROME Instruments

OmniStar™ GSD 301 Quadrupole mass spectrometer by PFEIFFER VACUUM

PARSTAT 4000A Potentiostat / Galvanostat by AMETEK Scientific Instruments
PARSTAT MC 1000 Multichannel Potentiostat by AMETEK Scientific Instruments
PM 100 Planetary ball mill by Retsch

QUADRASORB® Surface area and pore size analyzer by QUANTACHROME Instruments

SENTERRA Raman microscope by BRUKER
Specord 205 UV-vis spectrometer by Analytik Jena AG
STA 409 PC Luxx® Thermogravimetric analyzer by NETZSCH Gerätebau GmbH

UGA-200 Quadrupole mass spectrometer by SI GmbH
ULTRA-TURRAX® T 25 Disperser by IKA

X’Pert PRO® X-ray diffractometer (low resolution) by Philips
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Materials

Name Description

AMBERLYST®-15 Macroreticular ion exchange resin (styrene-divinylbenzene copolymer

by Sigma Aldrich)

DARCO®-KBG Powdered phosphoric acid activated carbon by CABOT

NAFION®-NR50 Ion exchange resin (copolymer of tetrafluoroethylene and perfluoro-3,6-

dioxa-4-methyl-7-octenesulfonyl fluoride by Alfa Aesar)

NORIT®-A-SUPRA Powdered steam activated carbon by CABOT
NORIT®-GL50 Powdered steam activated carbon by CABOT

SUPER-P® Carbon black / conductive additive by TIMCAL

TiC-CDC Titanium carbide derived carbon
TiC-CDC-500 Titanium carbide derived carbon, synthesized at 500 °C

TiC-CDC-600 Titanium carbide derived carbon, synthesized at 600 °C

TiC-CDC-800 Titanium carbide derived carbon, synthesized at 800 °C

TiC-CDC-1000 Titanium carbide derived carbon, synthesized at 1000 °C

TiC-CDC-1200 Titanium carbide derived carbon, synthesized at 1200 °C

TiC-CDC-1300 Titanium carbide derived carbon, synthesized at 1300 °C

TiC-CDC-1400 Titanium carbide derived carbon, synthesized at 1400 °C

TiC-CDC-1500 Titanium carbide derived carbon, synthesized at 1500 °C

TiC-CDC-PURE Freshly synthesized titanium carbide derived carbon which is still inside

the reactor and was not yet treated with hydrogen
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Chemicals

Name Formula Description / Distributer

Nafion® solu-

tion (5 wt%)

− Nafion® 117 solution, 5 wt% in a mixture of lower aliphatic

alcohols and water by Sigma Aldrich

ACN C2H3N Acetonitrile (≥ 99.8 %) by Sigma Aldrich

Ar (5.0) Ar Argon (purity 5.0)

BaCl2 BaCl2 Barium chloride by Palintest

Cl2 (4.0) Cl2 Chlorine (purity 4.0)

C MC - Carboxymethyl cellulose by MTI Corporation

1,4-dioxane C4H8O2 1,4-Dioxane (99.5 %) for analysis EMSURE® ACS by Merck

KGaA

EtOH CH3CH2OH Ethanol (99.9 %) by Carl Roth

FeCl3 FeCl3 Iron(III) chloride (97 %) by Sigma Aldrich

H2SO4 (50%) H2SO4 Sufluric acid (50 wt%)

H2SO4 (98%) H2SO4 Sufluric acid (98 wt%)

H3PO2 H3PO2 Phosphinic acid (50 wt%) by ACROS Organics

HCl (37%) HCl Hydrochloric acid (37 wt%) by Merck KGaA

He (3.8) He Helium (purity 3.8)

HNO3 (65%) HNO3 Nitric acid (≥ 65 %) by ACROS Chemicals

NaNO2 NaNO2 Sodium nitrite (98 %) by Merck KGaA

NaOH NaOH Sodium hydroxide (≥ 98 wt%) by Merck KGaA

NiCl2 ∗ 6 (H2O) NiCl2 Nickel(II) chloride hexa hydrate (98 %) by Sigma Aldrich

Oleum (20%) H2S2O7 Oleum (20 wt% free SO3 basis) by Sigma Aldrich

Oleum (65%) H2S2O7 Oleum (65.5 - 68.0 wt% free SO3 basis) by Sigma Aldrich

SAc C6H7NO3S Sulfanilic acid (99.8 %) by VWR Chemicals

T EA C8H20BF4N Tetraethylammonium tetrafluoroborate (≥ 99.0 %) by Sigma

Aldrich
TiC T iC Tatanium carbide (99.5 % metals basis), Typically 2 Micron

Powder (LOT: T25A008) by Alfa Aesar
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Appendix

A Structure and Property Characterization

In order to deduce structure-property relations, the knowledge about disruptive factors in char-

acterization and the application of optimized experimental protocols are important at equal

measure. This chapter explains some critical aspects for the experimental design and data in-

terpretation.

A.1 Surface Functional Groups

This section summarizes critical aspects for the characterization of surface functional groups by

TG-MS and XPS analysis. The discussion is based on the characterization of sulfonated carbon

and addresses the TG-MS setup which was applied in this work for quantitative analysis, the

influence of sample washing after liquid-phase functionalization and the quantitative analysis

of surface functional thio-groups.

Quantitative TG-MS Analysis

The performance of a typical TG-MS analysis setup is presented in figure A.1a. The differen-

tial thermogravimetric (DTG) signal was recorded by a TGA instrument. The water (H2O) and

carbon dioxide (CO2) signal were recorded by the MS instrument. The measurement was con-

ducted without external electric trace heating of the 1/32 inch capillary, which connected the

off-gas of the TGA instrument to the MS instrument. The flow of the carrier gas He (3.8) was

80 mLNmin−1. The quantitative analysis of the MS signal was conducted by automated signal

processing (see section 4.2.2).

The TG-MS measurement of oxalic acid shows (see figure A.1a), that the common reference

substance decomposes exclusively to H2O (≈ 60 ◦C) and CO2 (≈ 160 ◦C). The MS signal of CO2

exhibited a low retention time, relative to the DTG signal. No significant signal broadening was
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observed. As a result, the automated processing of the CO2 signal reproduced the DTG mass

loss at ≈ 160 ◦C with high accuracy. In contrast, the MS signal of H2O exhibited a retention time

of ≈ 2 min and a significant signal broadening. As a result, the automated fit did not reproduce

the DTG mass loss at ≈ 60 ◦C accurately. As a consequence, the typical TG-MS setup used in this

work was operated with external electric trace heating of the capillary and at a high flow rate

of 200 mLNmin−1. This approach was necessary to produce measurements which were suited

for automated signal processing. See the experimental chapter for details.

A critical characteristic of probing porous carbons by TG-MS analysis is presented in fig-

ure A.1b. The figure shows the oxidation of bulk carbon at a constant helium flow of

80 mLNmin−1, at the example of a pristine TiC-CDC. The oxidation of bulk carbon is de-

noted in the following as carbon burn-off. Thereby, carbon monoxide (m/z 28) and carbon

dioxide (m/z 44) is released upon consumption of residual oxygen (m/z 32). Carbon monoxide

and carbon dioxide are also the main decomposition products of surface functional oxo-groups.

In case of analyzing a functionalized porous carbon, the phenomenon of carbon burn-off in-

duces an overestimation of surface functional oxo-groups. As a consequence, an automated MS

(a) (b)

Figure A.1: TG-MS analysis characteristics concerning (a) the retention time of the setup without external capillary
heating (UGA-200) and the quality of the automated DTG signal fit at the example of the reference
oxalic acid and (b) the carbon burn-off at high temperatures at the example of sulfonated TiC-CDC-1200
(H2SO4 (98%) 2h/180°C) which was insitu defunctionalized by annealing to 1000 °C in He (3.8), prior
to the measurement.
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signal processing was established for the quantitative evaluation of MS signals. The standard

protocol for automated MS signal processing was designed to account for the phenomenon of

carbon-off (see section 4.2.2).

Sample Washing

An essential part of wet chemical carbon functionalization, is the accurate sample washing

after functionalization. The following discussion is based on functionalization of carbon by

sulfuric acid or oleum, which was denoted as sulfonation. In case of insufficient washing, the

sulfonated porous carbon contains residual amounts of sulfuric acid. Residues of sulfuric acid

inside of micropores are a crucial cause of error for an application as solid acid catalyst. A TG-MS

analysis was conducted for TiC-CDC-800 which was either functionalized by Oleum (65%) (see

figure A.2a) or simply wet impregnated by sulfuric acid (see figure A.2b). The functionalized

sample was washed with water in a flask at 100 °C, according to the final washing method

(iv) (see section 4.1.4). The wet impregnation was realized simply by mixing the carbon with

diluted sulfuric acid. Subsequently, the liquid was removed by using a rotary evaporator and the

(a) (b)

Figure A.2: TG-MS analysis of TiC-CDC-800, which was (a) functionalized by Oleum (65%) 2 h/60 °C and (b) wet
impregnated by sulfuric acid to a target loading amount of 10 wt% H2SO4. The TGA measurement was
conducted in He (3.8) at 5 K/min up to 1000 °C after insitu drying at 100 °C and the decomposition
products of functional surface groups where detected in MS analysis at m/z 18 (H2O), m/z 28 (CO),
m/z 44 (CO2) and m/z 64 (SO2). See table C.9 for details.

A Structure and Property Characterization 139



impregnated carbon was dried for 24 h at 50 °C. Both materials exhibited a similar MS signal for

SO2, with an evolution maximum at ≈ 270 °C. The functionalized sample released a significant

amount of CO at high temperatures. This indicates the oxidation of the carbon surface during

functionalization, which introduced surface functional carbonyl groups. In contrast, no CO

is released by the impregnated sample. As a consequence, TG-MS analysis is not suited to

distinguish between physically adsorbed sulfuric acid and surface functional thio-groups, which

are chemically bonded to the surface. Thus, an accurate sample washing of sulfonated carbons

is crucial before applying quantitative TG-MS analysis. Also, the method can not be applied for

the evaluation of an accurate washing procedure.

XPS analysis was conducted to rule out the presence of physically adsorbed sulfuric acid in

sulfonated TiC-CDC-800. The measurement is shown in figure A.3a. In comparison, the XPS

measurement of TiC-CDC-1000 which is exclusively functionalized by benzene sulfonic acid

groups is shown in figure A.3b. Here, The surface groups were introduced by wet chemical

functionalization using sulfanilic acid. The multiplets fitted to the spectrums are characteristic

of sulfur (see section 4.2.2). The doublet signal is caused by the different electron quantum

states within sulfur S2p3/2 and S2p1/2 orbitals.[199] The S2p electron binding energies were

(a) (b)

Figure A.3: XPS binding spectra of sulfur, for functionalized porous carbons. (a) TiC-CDC-800 functionalized by
Oleum (65%) 2h/90°C and washed with water in a flask at 100 °C, according to the final washing
method (iv) (see section 4.1.4). (b) TiC-CDC-1000 functionalized by sulfanilic acid, exhibiting exclusively
benzene sulfonic acid groups.
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assigned to sulfur functional groups according to Lindberg et al.[200]. In case of sulfonated

TiC-CDC-800, the binding state of sulfur surface atoms is predominantly equal to sulfonic acid

surface groups (-SO3H). Besides, a small amount of organosulfate surface groups (-O-SO3H) was

identified, as well. It mus be noted, that pristine TiC-CDC-800 exhibited a significant amount of

surface functional oxo-groups, which accounted for a total TPD mass loss of 8.3 %. According

to literature, the nucleophilic addition reaction of SO3 with surface functional hydroxyl groups

yields organosulfate surface groups (-O-SO3H). As a result it could be assumed, that the different

surface functional thio-groups are the product of different functionalization mechanisms (see

section 2.1.3). The sulfonation of TiC-CDC-800 by Oleum (65%) introduced mainly sulfonic

acid surface groups (-SO3H). The sulfonated sample does not contain residual sulfuric acid after

applying the final washing method (iv) (see section 4.1.4), which was used in this work.

Quantification of Thio-Groups

In the following, the quantification of surface functional thio-groups is discussed in detail at the

example of the micro-/mesoporous carbon DARCO®-KBG. The porous carbon was sulfonated

for 2 h by Oleum (65%) at 90 °C. Note, that the carbon is activated by the manufacturer with

phosphorous acid and exhibits a significant TPD mass loss of ≈ 20.0 wt%, mainly due to oxo-

(a) (b)

Figure A.4: Quantification of surface functional thio-groups for DARCO®-KBG, which was functionalized by
Oleum (65%) 2h/90°C. (a) MS signal for SO2 determined by TG-MS analysis. (b) XPS binding spectra
for sulfur.
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groups. The surface characterization of oleum functionalized DARCO®-KBG is summarized in

figure A.4. The SO2 signal of TG-MS analysis is shown in figure A.4a and the sulfur binding

spectra of XPS analysis is shown in figure A.4b. In TG-MS analysis, the SO2 signal showed two

distinct evolution maxima (see figure A.4a). The signal was deconvoluted by fitting two Split-

Gaussian peaks, with a HWHM ratio of 2, to account for signal tailing. The signal deconvolution

yielded two evolution maxima, at temperatures of 235 °C and 325 °C. The area ratios were

29 % and 71 %, relative to the total SO2 signal area. The ratios matched the quantitative

evaluation by XPS analysis, which determined the amount of sulfur atoms in the binding state

of organosulfate to 29 %, and in the binding state of sulfonic acid to 71 % (see figure A.4). It

could be assumed that in TG-MS analysis, the decomposition of one mole of organosulfate and

one mole of sulfonic acid surface groups, is releasing one mole of SO2, each. For this sample,

the release of SO2 at 235 °C was accordingly assigned to the decomposition of organosulfate

surface groups and the release of SO2 at 325 °C to the decomposition of sulfonic acid surface

groups.

The quantification of surface functional thio-groups was further evaluated by altering the sur-

face functionalization of DARCO®-KBG. Therefore, two different approaches were applied. The

(a) (b)

Figure A.5: Quantification of surface functional thio-groups for DARCO®-KBG, which was first annealed in He (3.8)
for 2 h at 1000 °C and then functionalized by Oleum (65%) 2h/90°C. Annealing induced the desorption
of surface functional groups. (a) TG-MS analysis, in comparison to the standard material DARCO®-KBG,
which was functionalized by Oleum (65%) 2h/90°C or sulfanilic acid. (b) XPS binding spectra of sulfur.
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first approach was the removal of surface functional oxo-groups upfront wet chemical function-

alization by Oleum (65%). This was realized by annealing DARCO®-KBG in He (3.8) for 2 h

at a temperature of 1000 °C. By removing all oxo-groups, hydroxyl groups are removed from

the carbon surface and are no longer available for the reaction with SO3, to yield organosulfate

surface groups (-O-SO3H). The material is denoted as DARCO®-KBG Annealed 1000 °C. The

second approach was the functionalization of pristine DARCO®-KBG by sulfanilic acid. This

type of reductive functionalization is a coupling reaction of benzene sulfonic acid to the car-

bon surface, which introduces exclusively sulfonic acid surface groups (-SO3H). The surface

characterization of both approaches is summarized in figure A.5. The illustrated XPS analysis

confirms that after the removal of oxo-groups only sulfonic acid groups (-SO3H) are present

on the carbon surface after sulfonation using Oleum (65%) (see figure A.5b). In contrast to

pristine DARCO®-KBG which was functionalized by Oleum (65%), only one maximum of SO2

evolution was found in TG-MS analysis (see figure A.5a). According to XPS analysis, this SO2

evolution maximum originated from the decomposition of sulfonic acid groups (-SO3H). An-

other difference was the significantly lower decomposition temperature of sulfonic acid groups

(255 °C), compared to oleum functionalized pristine DARCO®-KBG (325 °C). In case of pristine

DARCO®-KBG, which was functionalized by sulfanilic acid, the high temperature of sulfonic

acid decomposition (335 °C) was again very similar, compared to oleum functionalized pristine

DARCO®-KBG (325 °C). The tailing of the SO2 signal was observed up to a TGA temperature

of 700 °C. Apparently, the SO2 evolution strongly depends on the chemical environment of the

carbon surface and the decomposition of other surface functional groups. Therefore, a general

assignment of a specific temperature to the decomposition of a specific surface functional group

in TG-MS analysis is highly prone to error.

The commercial solid acid AMBERLYST®-15 is a macroreticular ion exchange resin, based

on a styrene-divinylbenzene copolymer. The polymer is exhibits sulfonic acid groups, which are

present in one type of chemical configuration. The full TG-MS spectrum of AMBERLYST®-15 is

shown in figure A.6a. The analysis revealed two distinct DTG mass loss regimes, at temperatures

of 273 °C and 405 °C. The first temperature regime correlated exclusively with the evolution of

SO2 and H2O. In the second regime, CO and CO2 were additionally released. The first regime

can be assigned to the decomposition of sulfonic acid groups (-SO3H) and the second regime

to the decomposition of the polymer, itself. It is noteworthy, that the SO2 signal exhibited
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two evolution maxima, which correlated with both DTG mass loss regimes. A similar behavior

was reported by Samms et al. for the ion-exchange resin NAFION®-NR50.[201] The existence

of a second SO2 evolution maximum could be explained by three possible causes. The fist

explanation is that SO2 was trapped by the rearranging polymer backbone, due to a melting

process. The second explanation is that SO2 is reacting with the polymer to form transition

products, which are thermodynamically more stable than sulfonic acid. The third explanation

is that the detection of SO2 which is still adsorbed in the microporous sample is enforced by the

additional evolution of CO and CO2. It is possible that the second and third explanation applies

for the interpretation of SO2 evolution within functionalized porous carbon, as well.

The full TG-MS spectrum of oleum functionalized DARCO®-KBG is shown in figure A.6b. In

this case, the second SO2 evolution maximum (325 °C) occurred together with a significantly

more intense evolution of CO2 and H2O. It was shown, that XPS analysis identified two different

types of thio-groups, which could explain the second SO2 evolution maximum. Nevertheless, the

approach to associate a specific temperature evolution profile to the decomposition of a specific

type of surface functional group, is highly questionable. In all cases, the application of TG-MS

literature data for the identification of functional surface groups is highly prone to error. In this

(a) (b)

Figure A.6: TG-MS analysis of (a) AMBERLYST®-15 and (b) DARCO®-KBG (Oleum (65%) 2 h/90 °C). The
TGAmeasurement was conducted in He (3.8) at 5 K/min up to 1000 °C after insitu drying at 100 °C
and the decomposition products of functional surface groups where detected in MS analysis at m/z 18
(H2O), m/z 28 (CO), m/z 44 (CO2) and m/z 64 (SO2). See table C.9 for details.
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work, only the following general trends were applied for the evaluation of TG-MS temperature

evolution profiles.

(i) Caboxylic acid groups start to decompose at 180 °C, releasing CO2 and H2O.

(ii) Sulfonic acid and organosulfate groups start to decompose at 235 °C, releasing SO2 and

H2O

(iii) Neighboring acidic groups decompose at relatively lower temperature over a dehydration

reaction, releasing H2O.

(iv) Carbonyl groups (isolated or lactonic) are predominantly accountable for CO evolution at

high temperatures.

The topic is concluded by characteristic TG-MS measurements of oleum functionalized TiC-

CDC. The full MS spectrum of sulfonated TiC-CDC-1300 and TiC-CDC-1500 is shown in fig-

ure A.7a and figure A.7b, which correlate to a DTG mass loss of 10.3 wt% and 8.0 wt%, re-

spectively. These materials were selected because they exhibited unique features in the SO2

signal. In case of sulfonated TiC-CDC-1300, the feature is a peak at ≈ 900 °C which correlates

(a) (b)

Figure A.7: TG-MS analysis of (a) TiC-CDC-1300 (Oleum (65%) 2 h/90 °C) and (b) TiC-CDC-1500 (Oleum (65%)
2 h/90 °C). The measurement was conducted in He (3.8) at 5 K/min up to 1000 °C after insitu drying at
100 °C and the decomposition products of functional surface groups where detected in MS analysis at
m/z 18 (H2O), m/z 28 (CO), m/z 44 (CO2) and m/z 64 (SO2). See table C.9 for details
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to a strong CO signal. This observation supports the explanations for the occurrence of multiple

SO2 evolution maxima, which were provided in the previous paragraph. In case of sulfonated

TiC-CDC-1500 the feature are two maxima, at temperatures of ≈ 250 °C and ≈ 320 °C. The

possible explanation that the first evolution regime is caused by residual adsorbed sulfuric acid

which is physically adsorbed is unlikely. More likely are large amounts of neighboring sulfonic

acid groups which decompose at a lower temperature over a dehydration reaction. In case of

carboxylic acid, this mechanism is supported by literature. Here, a similar mechanism is likely

because the microstructure of TiC-CDC-1500 is characterized by graphite ribbons. The rib-

bon edges are reactive centers for the addition of SO3, yielding surface functional sulfonic acid

groups. Another general observation is that the amount of carbonyl groups for sulfonated TiC-

CDC-1500 (0.22 mmol g−1) was smaller than for sulfonated TiC-CDC-1300 (0.45 mmol g−1)

and much smaller than for sulfonated TiC-CDC-800 (1.89 mmol g−1). This trend of a decreas-

ing amount of carbonyl groups of sulfonated TiC-CDC which was synthesized with increasing

chlorination temperature TCDC could be explained by the increasing degree of graphitic domains

and the increasing oxidation stability of the amorphous carbon matrix.

Conclusions

In summary, different approaches were made to functionalize carbon by sulfuric acid and oleum.

The sulfonated carbons and reference substances were characterized by TG-MS and XPS anal-

ysis. As a result, the following conclusions were drawn for the quantitative and qualitative

characterization of surface functional groups by TG-MS analysis.

(i) The automated MS signal evaluation of data obtained by the applied TG-MS setup

is only accurate when using external trace heating and a minimum total gas flow of

200 mLNmin−1.

(ii) The applied TG-MS analysis can not distinguish between physically adsorbed sulfuric acid

and surface functional thio-groups.

(iii) Both types of surface functional thio-groups which are introduced by sulfonation,

organosulfate (−O − SO3H) and sulfonic acid (−SO3H), are equimolarly decomposing to

SO2.
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(iv) The temperature of SO2 evolution maxima are foremost dependent on the chemical envi-

ronment and not on the type of decomposing thio-group.

(v) The decomposition of sulfonic acid groups induces SO2 evolution profiles deviating from

each other, with temperature maxima ranging from 235 °C to 335 °C and strong signal

tailing up to 700 °C.

(vi) Due to chemical reactions at high temperatures, the decomposition of sulfonic acid groups

can induce various SO2 evolution profiles which exhibit maxima at multiple temperatures

up to 900 °C.

(vii) The integration of the SO2 signal over the full temperature range yields a reliant quantifi-

cation of organosulfate and sulfonic acid groups.

(viii) The application of TG-MS literature data to identify a certain type of functional group is

not viable.

A.2 Electric Energy Storage

This section summarizes critical aspects of property characterization for electric energy storage

by TEC and EDLC characterization.

TEC Characterization

The most critical aspect of TEC characterization using a RDE setup was the carbon ink which

needed to be prepared in order to load a porous carbon to the working electrode. The carbon

ink is a suspension of the carbon in a liquid medium. The parameters which influenced the ink

quality were the type of liquid which was used as suspension medium, the amount conductive

binder which is added to the suspension, the aging of the ink and the upfront milling process

of the porous carbon. The milling of the porous carbons prior to ink preparation was crucial

to obtain stable inks and, foremost, reproducible CV measurements. Wet milling was applied

using the planetary ball mill PM 100, with 2-propanol and Z rO2 milling balls (110 g, 3 mm) at

450 min−1 for 1 h.

The influence of the suspension medium, the amount of conductive binder and the aging of

the ink on the TEC chracterization is summarized in figure A.8. The suspension media were
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either o-xylol (1), 2-propanol and (3) a mixture of Nafion® solution (5 wt%) and 2-propanol

(2)(4) at a volume ratio of 1:40. The influence of aging time of the ink was probed by measuring

a freshly prepared ink (4) in comparison to an ink which was aged for 24 h at room temperature

(2). The specific capacitance Cspec was calculated based on CV measurements (see figure A.8a).

The suspension medium o-xylol (1) yielded the lowest capacitance of Cspec = 19 F g−1, with a

retention of Rcap = 23 % . The suspension medium 2-propanol (3) yielded a higher capacitance

of Cspec = 65 F g−1, with a a retention of Rcap = 27 %. The addition of the conductive binder

to the suspension medium 2-propanol (4) yielded the highest capacitance of Cspec = 80 F g−1,

with the highest retention of Rcap = 54 %. The aging of the respective ink (2) decreased the

capacitance to Cspec = 45 F g−1 and the retention to Rcap = 45 %.

As a result, the performance of a porous carbon in TEC characterization is strongly influenced

by the preparation of the carbon ink. A strong interaction of the suspension medium with the

active material yields a stable and well dispersed ink. A stable ink in turn, yields a homogeneous

coating after evaporation of the dispersion medium, which increases the resulting performance,

i.e. the capacitance and retention values. The addition of the conductive binder NAFION®-

(a) (b)

Figure A.8: Influence of the carbon suspension quality on the electrochemical performance of TiC-CDC-800 in 1 M
T EMA as a function of the suspension medium. Suspension preparation was 1 h ultrasonic treatment
of 5 mg porous carbon in 1 ml suspension medium: (1) o-Xylol, (2) 2-Propanol/Nafion @24 h, (3) 2-
Propanol, (4) 2-Propanol/Nafion. (a) Cyclic voltammogram measured at 5 mV s−1. (b) Specific capaci-
tance Cspec calculated at 5 mV s−1 (bars) and capacitance retention Rcap (dots).
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NR50 increases the performance for electric energy storage by increasing the conductivity of

the coating. The positive influence of the conductive binder on the specific capacitance was

lower at a low scanning rate of ν = 5 mV s−1 (+23 %) and higher at a high scanning rate

of ν = 100 mV s−1 (+143 %). In this work, the suspension medium needed to be adjusted

specifically for each tested material. In all cases, the conductive binder NAFION®-NR50 was

added to increase the performance and to fixate the coating on the working electrode. The

optimized ink recipes which were used are summarized in table C.11.

The influence of the milling parameters on the specific capacitance Cspec is shown in fig-

ure A.9b. The varied parameters were the amount of carbon and the liquid-to-carbon ratio. The

amount of carbon was either 200 mg (A&B), or 500 mg (C) and the liquid-to-carbon ratio was

either 10 mL g−1 (A) or 20 mL g−1 (B&C). Increasing the values of both milling parameters did

increase the specific capacitance Cspec (see figure A.9). By increasing the liquid-to-carbon ratio,

the capacitance was increased by 30 % for T EA (1.5M) and by 33 % for H2SO4 (0.5 M). By in-

creasing the carbon amount, the capacitance was additionally increased by 12 % for T EA (1.5M)

and by 4 % for H2SO4 (0.5 M). As a result, the wet milling process conducted at a high carbon

(a) (b)

Figure A.9: Influence of the carbon suspension quality on the TEC characterization of TiC-CDC-1000 using
T EA (1.5M) and H2SO4 (0.5 M) as a function of the milling process. The liquid used for wet milling was
2-propanol and the process parameters were the mass of the porous carbon and the amount of added
liquid: (A) 200 mg/1 ml, (B) 200 mg/2 ml and (C) 500 mg/10 ml. (a) Specific capacitance Cspec calculated
at 5 mV s−1 (bars: full height) and 100 mV s−1 (bars: reduced height). (b) Specific surface area according
to BET-method (SSABET) or t-plot-method (SSAt-plot).
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amount of 500 mg and a high liquid-to-carbon ratio of 20 mL g−1 (C) yielded the highest specific

capacitance and, thus, the best energy storage potential.

The influence of the milling parameters on the specific surface area SSA is shown in fig-

ure A.9b. The data is based on nitrogen sorption analysis and data evaluation according to the

BET method SSABET and the t-plot method SSAt-plot which provides an estimate on the external

surface area. The measurement of the pristine material TiC-CDC-800 (-) is included. For details

on the sorption measurement see table C.10. The milling of the carbon did not significantly alter

surface area of SSABET = 1684 m2 g−1. But, the external surface area of SSAt-plot = 118 m2 g−1

was increased by 228 % to SSAt-plot = 386 m2 g−1, after milling at a liquid-to-carbon ratio of

10 mL g−1 (A). It was further increased by 47 %, after increasing the liquid-to-carbon ratio to

20 mL g−1 (B). It was not influenced by increasing the carbon amount from 200 mg (B) to

500 mg (C), at a liquid-to-carbon ratio of 20 mL g−1.

As a result, the external surface area SSAt-plot correlates to the specific capacitance Cspec

obtained by TEC characterization. A higher external surface area induced a higher capacitance

at a given scanning rate. This correlation could be explained by two reasons. Firstly, breaking

up the particles by milling reduces the inner diffusion limitation of the electrolyte ions, which

yields faster charge balancing and in return a higher specific capacitance. Second, a more stable

and better dispersed ink is formed by a favorable interaction of the carbon surface and the

dispersion medium, yielding a higher layer quality on the working electrode, and in return, a

higher specific capacitance. The fact that the positive influence on the capacitance is almost

independent of the electrolyte is an indication for the explanation based on layer quality. In this

work, the following wet milling parameters were applied to optimize the benefit and material

usage. The milling was conducted for 200 mg of carbon at a liquid-to-carbon ratio of 20 mL g−1.

EDLC Characterization

Critical parameters of EDLC characterization using coin cell assemblies were the layer thickness

of the carbonaceous electrode coating, the amount of conductive additive and the amount of

electrolyte which is added to the coin cells. The parameter variation was studied at the example

of the microporous activated carbon NORIT®-A-SUPRA. The data was gathered and evaluated

within the scope of a master thesis by Konrad Krois.[137]
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For the preparation of a coin cell for EDLC characterization, an aluminum current collector

was coated with a carbon paste, which consisted mostly of the active carbon material and wa-

ter. In the following, this process is denoted as electrode coating and the carbon paste which

was coated to the current collector is denoted as electrode. Besides water and the active car-

bon material which accounts for the energy storage, the carbon paste consisted to 5 wt% of

the binder carboxymethyl cellulose (C MC) and to a variable amount of a conductive additive.

The addition of binder was essential to obtain stable electrodes which could be handled and

processed. The addition of conductive carbon black was essential to increase the conductivity

of the electrodes. The thickness of the electrodes which were coated from a carbon paste was

varied up by adjusting the slit width between the doctor blade and the current collector. In the

following, the slit width is denoted as wet layer thickness WLT and the layer thickness of the

dried coating as dry layer thickness LT.

The influence of the conductive additive on the performance of the porous carbon material

was studied by varying the amount from 2.5 wt% to 20 wt% (see figure A.10a). The conductive

additive was the graphitic carbon black (CB) SUPER-P® which exhibits a low surface area of

SSA = 35 m2 g−1. The amount of electrolyte was 25 µL and the current collectors were coated

at a wet layer thickness WLT of 400 µm. It must be noted that the capacitance is normalized to

the mass of the porous carbon. It is a measure for the performance and the effective usage of the

porous carbon NORIT®-A-SUPRA, alone. Upon increasing the amount of carbon black within

the carbon paste, the specific capacitance Cspec at a scanning rate of 5 mV s−1 increased by

103 %, from initially Cspec = 38 F g−1 to Cspec = 77 F g−1. The capacitance retention increased

from Rcap = 1 % to Rcap = 25 %. As a result, the conductive additive has a large impact on the

performance of the porous carbon. Due to the low surface area, it does not contribute to the

energy storage. Thus, the overall energy density of a coin cell decreases for high amounts of

carbon black. In this work, the amount of the conductive additive NORIT®-A-SUPRA was set to

5 wt%, which is a compromise between enhancing the performance of the active material and

sticking to realistic conditions for a practical super capacitor application.[138]

The influence of the amount of electrolyte T EA (1.5M) on the performance of the active

carbon material was studied by varying the amount applied to each electrode upon coin cell

assembly from 12.5 µL to 50 µL (figure A.10b). Further increasing the electrolyte amount was

practically not feasible. After adding only a small amount of 12.5 µL, the coin cell exhibited

A Structure and Property Characterization 151



(a) (b)

Figure A.10: Influence of coin cell additives on the specific capacitance Cspec at 5 mV s−1 (bars) and the capacitance
retention Rcap at 100 mV s−1 (dots). The electrode wet layer thickness (WLT) was 400 um and the active
carbon material was NORIT®-A-SUPRA, mixed with carbon black (CB) and the binder C MC (5 wt%).
(a) Variation of the amount of the carbon black CB, with EL = 25 uL. (b) Variation of the amount of
electrolyte EL, with CB = 5 wt%.

poor energy storage of Cspec = 3 F g−1 at 5 mV s−1. By doubling the amount to 25 µL, the

capacitance was increased to Cspec = 58 F g−1. The maximum capacitance was reached after

adding an amount of 37.5 µL. Further increasing the amount to the maximum of 50 µL, did not

influence the capacitance at 5 mV s−1, but increased the capacitance retention from Rcap = 22 %

to Rcap = 33 %. Note, that the variation of the carbon black amount was conducted at a fixed

electrolyte amount of 25 µL, which was not the optimum condition, accordingly. In this work,

the electrolyte amount was set to the maximum of 50 µL.

The influence of the coating thickness on the resulting specific capacitance Cspec was studied

by varying the slit width between 100 µm and 500 µm. The capacitance was determined by CV

measurement using the electrolyte T EA (1.5M). The capacitance of Cspec ≈ 90 F g−1 was not

influenced by increasing the wet layer thickness from WLT = 100 µm to WLT = 300 µm (see

figure A.11a). A minor maximum in capacitance retention of Rcap = 53 % was determined for a

thickness of WLT = 200 µm. Further increasing the coating thickness had a negative influence

on, both, the capacitance and the retention. At a thickness of WLT = 500 µm, the capacitance

was decreased by -11 % and the retention by-65 %. Upon drying of the wet layer which was

coated to the current collector, a shrinkage in layer thickness occurred (see figure A.11b). The
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(a) (b)

Figure A.11: Specific capacitance Cspec calculated at 5 mV s−1 (bars: full height) and 100 mV s−1 (bars: reduced
height) of NORIT®-A-SUPRA in a coin cell setup upon variation of the electrode layer thickness, with
0.05 mL of T EA (1.5M) (EL = 0.05 mL), 5 wt% of the binder C MC and 5 wt% of the conductive carbon
black SUPER-P® (CB = 5%). (a) Specific capacitance Cspec as a function of the wet layer thickness WLT.
(b) Layer normalized capacitance Clayer and layer shrinkage upon drying, as a function of the resulting
dry layer thickness LT.

percentage layer shrinkage increased with increasing wet layer thickness, up to 62 % for a

thickness of WLT = 400 µm. The maximum thickness of WLT = 500 µm exhibited an equivalent

shrinkage which yielded a dry layer thickness of LT = 199 µm. The lowest shrinkage of 20 %

occurred for a the lowest thickness of WLT = 100 µm. Besides, the capacitance normalized to

the dry layer thickness Clayer increased with increasing layer shrinkage. Both effects could be

explained by an influence of the drying time of the electrode paste after being coated to the

current collector. A thicker coating exhibits a longer drying time, which allows the coating to

slowly increase in density before the binder fixates its structure. With respect to the specific

capacitance Cspec and the capacitance retention Rcap, a wet layer thickness of WLT = 200 µm

yielded optimum results. In this work, all electrodes were coated accordingly.

A.3 Solid Acid Catalysis

This section summarizes critical aspects of property characterization for solid acid catalysis.

The critical parameters in probing the catalytic activity of sulfonated TiC-CDC was the sample

washing after functionalization, the diffusion limitation of the reactants in the porous carbons
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and the reaction pathway of the catalyzed reaction, which was the esterification of ethanol and

levulinic acid.

Sample Washing

Porous carbon was functionalized by Oleum (65%) or sulfuric acid H2SO4 (98%) to introduce

catalytically active surface functional groups. Residual sulfuric acid is a significant cause of error.

An appropriate washing procedure needed to be applied to ensure the complete removal of the

catalytically highly active functionalization agent. In case a soxhlet apparatus was used for

further sample washing, the sample was placed inside an extraction thimble made of cellulose

and washed with water at reflux for a duration ranging from 24 h to 120 h. In case the sample

was further washed in a flask with a fixed amount of water (200 mL g−1), the mixture was stirred

vigorously for 3 h at 100 °C, followed by the standard washing procedure (3 x 100 mL g−1). The

sulfate concentration in the filtrate was measured by using the UV/Vis instrument Specord 205.

Therefore, 20 mg of barium chloride (BaCl2) was solved in 10 ml of filtrate. The calibrated

transmission at 520 nm, which is the absorption maximum of the precipitating barium sulfate,

yielded the sulfate concentration.

The effectivity of sulfate extraction by three different washing procedures based on deionized

water is illustrated in figure A.12. Note, that two different materials with similar carbon tex-

ture were applied for this comparison and the total amounts of sulfate extraction must not be

compared to each other. In case of washing with a variable amount of water by filtration (see

figureA.12a), the majority of sulfate (93 %) was extracted after washing the sample three times

with an amount of 140 mL g−1. No further sulfate extraction was measured by washing the

sample more than six times. In case of stirring a sample at 20 °C in a fixed amount of water, the

maximum extraction was already reached when the first data point was measured after 3 h. In

case of soxhlet extraction (see figure A.12b), the majority of sulfate (78 %) was extracted after

an extraction time of 24 h but the extraction of sulfate continued up to the maximum extraction

time of 72 h. The slow extraction speed could be explained by clumping of the fine powder

samples inside the extraction thimble. Yet, soxhlet extraction at 100 °C for 72 h yielded twice

the amount of extracted sulfate than simple stirring in a flask at 20 °C.

The influence of different washing procedures on the solid acid activity was tested in the

esterification of levulinic acid with ethanol. The study was conducted on the porous carbon
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(a) (b)

Figure A.12: Different washing approaches to remove residual sulfuric acid from porous carbons with water. The
extracted sulfate concentration was determined by UV/Vis. (a) Washing of NORIT®-GL50, functional-
ized by H2SO4 (98%) 1h/60°C, as a function of washing cycles with each 140 mL g−1. (b) Washing of
TiC-CDC-1000, functionalized by H2SO4 (98%) 2h/180°C, with a fixed amount of water (250 mL g−1) in
a flask or by using a soxhlet apparatus, as a function of the washing time.

DARCO®-KBG which was functionalized for 2 h by Oleum (65%) at 90 °C, washed three times

with water according to the standard washing procedure (3 x 100 mL g−1), and dried at 50 °C

for 24 h. Subsequently, one of the following final washing procedures was applied. Thereby, all

washing procedures in a flask were concluded by filtration and applying the standard washing

procedure. In all cases, the carbon was dried at 50 °C for 24 h before being applied as catalyst

for the esterification reaction.

(A) Soxhlet extraction with water for a total duration of 1 day, 2 days or 5 days

(B) Soxhlet extraction with water for a total duration of 2 days, followed by washing with

200 mL g−1 of water in a stirred flask at 60 °C for 3 h

(C) Soxhlet extraction with water for a total duration of 2 days, followed by washing with

200 mL g−1 of hydrochloric acid (HCl (1M)) in a stirred flask at 60 °C for 3 h

(D) Washing in a stirred flask with 200 mL g−1 of toluene at 150 °C for 3 h, filtration and

washing three times with 100 mL g−1 of water, followed by washing with 200 mL g−1 of

water in a stirred flask at 100 °C for 3 h
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The results for the influence of the washing procedure is summarized in figure A.13. The specific

catalyst productivity Pspec after different washing procedures of the catalyst and upon recycling

the catalyst for 4 times is shown in figure A.13a. The variation of the soxhlet extraction time

(A) yielded no significant trend for the catalytic activity which was Pspec = 3.11 µmol g−1 s−1

after 24 h (A1), Pspec = 2.49 µmol g−1 s−1 after 48 h (A2) and Pspec = 3.04 µmol g−1 s−1

after 72 h (A3). Neither the additional washing in a flask with water (B) nor with hy-

drochloric acid (C) did significantly alter the reference productivity (A2), with values of

Pspec = 2.55 µmol g−1 s and Pspec = 2.35 µmol g−1 s−1, respectively. The extraction with toluene

yielded the lowest productivity of Pspec = 2.06 µmol g−1 s−1. In case of recycling the catalyst

(R), no significant trend of catalyst deactivation was observed, with an average productivity of

Pspec = 2.39 ± 0.23 µmol g−1 s−1 over 5 runs.

As a result, the arbitrary variation of the productivity as a function of the soxhlet extraction

time could be explained by clumping of the fine powder samples inside the non stirred extrac-

tion thimble, because the results were based on three independent washing runs. Accordingly,

(a) (b)

Figure A.13: Influence of washing and recycling on the surface chemistry of the solid acid DARCO®-KBG
(Oleum (65%) 2h/90°C). Washing procedures where soxhlet extraction with H2O for 1 day (A1),
2 days (A2) and 5 days (A3) or soxhlet extraction with H2O for 2 days and additional washing in a
flask with 200 mL g−1 of either water at 60 °C (B), HCl (1M) at 60 °C (C), or toluene at the reflux
temperature of 150 °C followed by water at 100 °C (D). (b) XPS measurement at the binding energy of
S2p after the washing procedure A1 and after additional recycling for 4 times (R). After each catalytic
cycle the catalyst was processed by the washing procedure A1.
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a different degree of clumping yields a different extraction quality, which makes the soxhlet ex-

traction of powdered porous carbons not suited to obtain reproducible washing results. In case

of washing with toluene, residual sulfuric acid reacts with toluene forming p-toluenesulfonic

acid which could be observed as precipitating solid. Thus, the lowest productivity could not

only be explained by a more effective removal of residual sulfuric acid but also by the deacti-

vation of catalytically active sites. In this work, the following procedure was applied to yield

reproducible washing results at an optimized washing time and effort. After the standard wash-

ing procedure (3 x 100mL g−1) the catalysts were washed in a flask with water (200mL g−1)

at 100 °C for 3h. Subsequently, the catalysts were separated and washed for three times with

water (100mL g−1).

Diffusion Limitation

Diffusion limitation is a critical characteristic of heterogeneous catalysis. The influence of inter-

nal and external diffusion limitation on the solid acid catalysis of ethanol reacting with levulinic

acid at 60 °C is summarized in figure A.14. The influence of external diffusion limitation on

(a) (b)

Figure A.14: Influence of diffusion limitation on the reaction rate of the esterification of levulinic acid (34.5 mmol)
with ethanol (179 mmol) at a reaction temperature Tr of 60 °C using various heterogeneous catalyst.
(a) External diffusion limitation at high catalyst concentrations cCat of DARCO®-KBG (Oleum (65%)
2 h/90 °C) and (b) internal diffusion limitation at a catalyst concentrations cCat of 5.7 (g L−1), before
(full bars) and after milling (dotted bars) the functionalized catalysts (Oleum (65%) 2 h/90 °C) by wet
ball milling with 2-propanol (200mg/4ml).
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sulfonated DARCO®-KBG (Oleum (65%) 2h/90°C) is shown in figure A.14a. The catalyst was

selected because it exhibited the highest catalytic activity which favors external diffusion limita-

tion. The reaction was conducted using a typical setup, with a 50 mL flask and a stirrer speed of

450 rpm. The reaction rate increased linearly with the catalyst concentration cCat at a constant

catalyst productivity of Pspec = 3.05 µmol g−1 s, which is the slope of plotted data. The linear

regime continued up to a concentration of cCat = 5.7 g L−1, followed by a significantly decreased

productivity upon further increasing the concentration. In this work, a catalyst concentration

of cCat = 5.7 g L−1 was applied to achieve maximum conversion without negative influence of

external diffusion limitation.

The influence of internal diffusion limitation on sulfonated DARCO®-KBG and different TiC-

CDC materials is shown in figure A.14b. The internal diffusion limitation was probed by com-

paring the specific productivity before (reference) and after wet milling (milled). Wet milling

was applied to the functionalized carbons and conducted using the planetary ball mill PM 100,

with 2-propanol (4 mL / 200 mg), Z rO2 milling balls (110 g, 3 mm) at 450 min−1 for 1 h. In

case of sulfonated TiC-CDC-1000, the milling process decreased the average particle size from

≈ 5µm to ≈ 1µm and increased the productivity Pspec by ≈ 300 %. In case of sulfonated TiC-

CDC-1300 and TiC-CDC-1400, the milling showed no influence on the productivity. In case of

sulfonated DARCO®-KBG, the milling increased the productivity by 30 %.

As a result, the influence of external diffusion limitation is negligible at stirrer speed of

450 rpm for the respective catalytic activities. The internal diffusion limitation is significant for

purely microporous carbon like TiC-CDC-1000 but is negligible for mixed micro-/mesoporous

carbons like sulfonated TiC-CDC-1300 and TiC-CDC-1400 which exhibit low catalytic activity.

Due to the high catalytic activity of sulfonated DARCO®-KBG, the catalytic performance of the

mixed micro-/mesoporous material is influenced by internal pore diffusion limitation. In this

work, material milling was not applied upfront application as catalyst. As a consequence, the

influence of internal diffusion limitation has to be considered for the data interpretation of the

purely microporous material TiC-CDC-1000.

Reaction Pathway

In this work, the catalytic activity, i.e. the reaction rate r and the catalytic productivity Pspec,

is calculated based on the evolution of the esterification product ethyl levulinate in a pseudo
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first order reaction of ethanol and levulinic acid, because the reaction educt levulinic acid could

not be well quantified by GC analysis. But, the reaction educts are not exclusively reacting in

a linear esterification reaction but also to the cyclic reaction product γ-valerolactone (GVL), as

well (see figure A.15a). Thereby, the initial formation of GVL is much faster than the formation

of the main reaction product ethyl levulinate (see figure A.15b). This indicates that the activa-

tion energy for the formation of GVL is much smaller than for the formation of ethyl levulinate.

The fact that the concentration of GVL decreases over time indicates that it reacts to the ther-

modynamically more stable product ethyl levulinate. As a consequence, the reaction pathway

induces two possible errors upon evaluating the activity of different solid acids based on the

evolution of ethyl levulinate. Firstly, an underestimation of the activity of the catalytic sites, if

the catalytic sites are also active for catalyzing the formation and conversion of GVL. Secondly,

different solid acids must not be compared to each other, if their activities for the formation of

ethyl levulinate and the formation and conversion of GVL differ.

The formation and subsequent conversion of GVL in the reaction of ethanol with levulinic

acid was evaluated for all solid acids which were applied in this work. The concentration of

GVL as a function of the reaction time tr is shown in figure A.16a for the uncatalyzed and

(a) (b)

Figure A.15: The reaction of levulinic acid with ethanol.[202] (a) Reaction pathway and (b) The evolution of the
reaction products γ-valerolactone and ethyl levulinate in a reaction of levulinic acid (1.7 mmol) with
ethanol (39.1 mmol) to, without catalyst at Tr = 20 °C. The figure is an illustration of the literature data.
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selected catalyzed reactions. The presented catalysts were selected in order to cover different

material types and a wide range of catalytic activity for the formation of ethyl levulinate, which

ranged from Pspec = 0.9 mmol g−1 s−1 to Pspec = 3.22 mmol g−1 s−1. In all cases, the maximum

concentration of GVL was similar. It was reached after tr = 20 min for catalyzed reactions and

after tr = 60 min for the uncatalyzed reaction. The subsequent rate of decreasing concentration

correlated proportionally to the specific productivity Pspec for the formation of ethyl levulinate

(see figure A.16b). A high productivity yielded a low concentration of GVL after 5 h of reaction.

As a result, the catalytic sites of the solid acid catalysts which were applied in this work are

equally active for, both, the direct formation of ethyl levulinate and the conversion of GVL to

ethyl levulinate. As a consequence, the evaluation of the catalyst productivity based on the

evolution of ethyl levulinate is an accurate measure for probing the activity of different solid

acids.

(a) (b)

Figure A.16: Concentration of γ-valerolactone in the reaction of levulinic acid (34.5 mmol) with ethanol (179 mmol)
at Tr = 60 °C and cCat = 5.7 g L−1. (a) Concentration as a function of the reaction time tr and (b)
concentration after a reaction time of tr = 300 min as a function of the specific catalyst productivity
Pspec for the formation of ethyl levulinate. Solid acid catalysts: (0) Blind activity, (1) TiC-CDC-1300
(Oleum (65%) 2 h/90 °C), (2) TiC-CDC-1000 vacuum annealed at 1600 °C (Oleum (65%) 2 h/90 °C), (3)
NAFION®-NR50, (4) DARCO®-KBG (Oleum (65%) 2 h/90 °C) and (5) AMBERLYST®-15.
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B Vacuum Annealing of Porous Carbons

The influence of vacuum annealing on the texture and microstructure of porous carbon was

studied at the example of the activated carbon DARCO®-KBG. The parameters were the vac-

uum annealing temperature TVA and the application of graphitization catalysts. The data was

gathered within the scope of the master thesis of Elisabeth Bahret.[183]

Graphitization Analysis

The carbon microstructure of DARCO®-KBG was analyzed by TPO after vacuum annealing up

temperatures of TVA = 2000 °C, with or without the application of iron as graphitization cat-

alyst (see figure B.1). In case of annealing the pristine carbon, mostly unimodal and distinct

oxidation regimes were identified (see figure B.1a). The respective onset temperatures of oxida-

tion Tonset were more than 100 °C higher after vacuum annealing and increased with increasing

annealing temperature. A second oxidation regime at higher temperature TTPO was only found

after annealing at the highest temperature of TVA = 2000 °C and accounted for a gravimetric

graphitization degree of GTPO = 16 wt%. The application of the graphitization catalyst iron

(a) (b)

Figure B.1: TPO of the activated carbon DARCO®-KBG (a) before (pristine) and after vacuum annealing for 2 h to
1000 °C, 1500 °C or 2000 °C and (b) after vacuum annealing for 2 h to 1500 °C (pristine), using iron as
additional graphitizing catalyst, at weight fractions of 0.9 wt%, 4.8 wt% or 12.3 wt%, prior to annealing.
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at different weight fractions enhanced the graphitization as a function of the catalyst amount

(see figure B.1b). After applying the highest amount of 12 wt% at a low annealing temperature

of TVA = 1500 °C, the graphitization degree was as high as GTPO = 35 wt%. As a result, the

overall increased oxidation stability of the porous carbon after vacuum annealing is ascribed

to the removal of surface functional groups, the reduction of dangling bonds and an overall

increase of aromatic sp2 character. The second oxidation regime is ascribed to the formation

of graphitic domains, which could be induced either by high annealing temperatures or by the

application of the graphitization catalyst iron. The fact that the graphitization degree increased

with increasing catalyst amount implies that the graphitization occurs in the proximity of the

catalyst particles, most likely as graphitic shells.

The XRD analysis of vacuum annealed DARCO®-KBG supported the findings of TPO analy-

sis about the carbon microstructure. A distinct (002) graphite reflex was measured only after

vacuum annealing to the maximum temperature of TVA = 2000 °C (see figure B.2a). The de-

convolution of the (002) reflex to the amorphous (A1), the turbostratic (A2) and graphitic (A3)

carbon fraction enabled the qualitative analysis of the induced graphitization (see figure B.2b).

As a result, the graphitic fraction of GTPO = 16 wt% which was determined by TPO analysis

consisted of predominantly turbostratic carbon (A2).

(a) (b)

Figure B.2: XRD analysis of the activated carbon DARCO®-KBG after vacuum annealing for 2 h to 1000 °C, 1500 °C
or 2000 °C. (a) Scattering intensity and (b) deconvolution of the (002) graphite reflex to the amorphous
(A1), the turbostratic (A2) and graphitic (A3) carbon fraction by fitting 3 Voigt profiles.
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The data of XRD analysis also provides quantitative information. The normalized graphi-

tization degree Gnorm
XRD was defined, which is based on the deconvolution of the (002) reflex

(section 4.2.1). The correlation of the normalized graphitization degree Gnorm
XRD to the gravi-

metric graphitization degree GTPO yields a proportional relation which is not influenced by the

application of the graphitization catalysts iron or nickel (see figure B.3a). Note, that the nor-

malized graphitization degree must only be used to compare the degree of graphitization within

a test series and the specific correlation factor of Gnorm
XRD to GTPO must not be generalized. Based

on the normalized graphitization degree, the influence of graphitization on the carbon texture is

shown in figure B.3b. A low graphitization degree of Gnorm
XRD = 4 %, which equates a gravimetric

graphitization degree of GTPO ≈ 2.6 wt%, correlated to a strong decrease in surface area from

SSAQSDFT = 1322 m2 g−1 to SSAQSDFT = 536 m2 g−1. The maximum graphitization degree of

Gnorm
XRD = 100 %, which equates a gravimetric graphitization of GTPO ≈ 64 wt% and was achieved

by the application of the graphitization catalyst nickel at the maximum amount and the max-

imum temperature of TVA = 2000 °C, correlated to a surface area of SSAQSDFT = 120 m2 g−1.

As a result, it was found that the specific surface area of porous carbon decreases exponentially

(a) (b)

Figure B.3: Graphitization of the activated carbon DARCO®-KBG upon vacuum annealing for 2 h to 1000 °C, 1500 °C
or 2000 °C. Additionally, the carbon was impregnated with the graphitizing catalysts nickel and iron at
different loading amounts, prior to vacuum annealing. See table C.6 for details. (a) Correlation of carbon
graphitization which was quantified by TPO GTPO and XRD Gnorm

XRD . (b) Specific surface area SSAQSDFT as
a function of the graphitization degree Gnorm

XRD , for details see table C.10.
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with increasing degree of graphitization. The strength of the effect on DARCO®-KBG was in-

dependent of the dominant cause of graphitization, which was either the vacuum annealing

temperature or the application of graphitization catalysts at different amounts.

Graphitization Catalysts

In the following, the influence of the graphitization catalysts iron and nickel on the carbon

graphitization in DARCO®-KBG is discussed in detail. The characterization of the graphitiza-

tion is based on XRD analysis which yielded the normalized graphitization degree Gnorm
XRD for

the crystalline carbon phases turbostratic carbon and graphite (see figure B.4) and the mean

stacking height of these crystalline phases (see figure B.5).

The vacuum annealing of pristine DARCO®-KBG at TVA = 2000 °C yielded a normalized

graphitization degree of Gnorm
XRD = 40 %, which was identified to be 91 % turbostratic carbon

(A2) and 9 % graphite (A3). The application of iron as graphitization catalyst upfront vacuum

annealing at TVA = 2000 °C increased the graphitization degree with increasing loading. At the

minimum catalyst loading of cVA = 1 wt%, the normalized graphitization degree was increased

(a) (b)

Figure B.4: Normalized graphitization degree Gnorm
XRD , based on the sum of turbostratic (A2, hollow bars) and

graphitic (A3, patterned bars) graphitization, of the pristine carbon DARCO®-KBG which was also
loaded with nickel and iron upfront vacuum annealing. The provided catalyst loadings cVA refer to
the targeted loadings of impregnation, the actual loadings differed (see table C.6). (a) Vacuum anneal-
ing at TVA = 2000 °C for different amounts of catalyst loading cVA. (b) Vacuum annealing at a catalyst
loading of cVA = 20 wt% for different temperatures TVA.
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by 23 % to Gnorm
XRD = 49 %. At the maximum catalyst loading of cVA = 20 wt%, the normalized

graphitization degree was increased by 135 % to Gnorm
XRD = 94 %. Thereby, the additionally

induced graphitization was predominantly identified as ordered graphitic domains (A3). The

application of nickel as graphitization catalyst upfront vacuum annealing at TVA = 2000 °C did

not influence the graphitization degree, if the catalyst loading was cVA ≤ 5 wt%. At a catalyst

loading of cVA = 20 wt%, the normalized graphitization degree was increased to the maximum

value of Gnorm
XRD = 100 %. Thereby, the additionally induced graphitization was predominantly

identified as turbostratic carbon (A2). A possible explanation for the inactivity at low catalyst

loading is the influence of the catalyst dispersion. A higher dispersed catalyst is more easily

oxidated and nickel oxide is not an active catalyst for graphitization. In consequence, the carbon

impregnation with solutions which contained low concentrations of nickel chloride must have

yielded a higher catalyst dispersion. This theory is supported by the fact that the samples with

a low catalyst loading of cVA = 1 wt% and cVA = 5 wt% exhibited no metallic nickel reflexes in

XRD analysis.

The vacuum annealing at temperatures ranging from TVA = 1000 °C to TVA = 2000 °C yielded

a normalized graphitization which was influenced at all temperatures by the application of

nickel or iron at a catalyst loading of cVA = 20 wt% (see figure B.4a). At a temperature of

TVA = 1500 °C, both catalysts strongly increased the low graphitization degree of the pristine

carbon (Gnorm
XRD = 4 %). The catalyst nickel induced an increase to Gnorm

XRD = 66 % and the

catalyst iron an increase to Gnorm
XRD = 27 %. The high activity of nickel also induced graphitization

upon vacuum annealing at the minimum temperature of TVA = 1000 °C. At a temperature of

TVA = 2000 °C, both catalysts induced a similar graphitization degree which was still twice as

high as for the pristine material. Note, that both catalysts evaporated from the sample upon

vacuum annealing at TVA = 2000 °C. No residual catalyst was identified by means of XRD and

TPO analysis, where the amount of ash was evaluated. This could be explained by the formation

of volatile metallic carbonyl complexes. In contrast, a significant amount of residual catalyst was

identified after vacuum annealing at TVA = 1000 °C, but also after annealing at TVA = 1500 °C.

As a result, nickel exhibits a higher catalytic activity for the graphitization of porous carbon than

iron, but it also looses the catalytic active after oxidation.

The mean stacking height of the identified crystalline phases was calculated for, both, the

turbostratic carbon phase (A2) and the graphitic phase (A3), based on the deconvoluted (002)
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(a) (b)

Figure B.5: Crystallite sizes Lc of turbostratic carbon (A2, triangular symbols) and graphitic carbon (A2, rectangu-
lar symbols) as a function of the normalized graphitization degree Gnorm

XRD , based on XRD analysis of
DARCO®-KBG after vacuum annealing at temperatures ranging from TVA = 1000 °C to TVA = 2000 °C as
pristine material (hollow symbols) and as being impregnated by the graphitization catalysts (a) iron and
(b) nickel at catalyst loadings ranging from cVA = 1 wt% to cVA = 20 wt% (filled symbols). The catalyst
dispersion was additionally altered by annealing the pristine carbon to 500 °C upfront impregnation.
See table C.6 for details.

reflex according to the Scherrer equation. The crystallite sizes Lc were found to be similar, ei-

ther without or with the application of the graphitization catalysts iron (figure B.5a) and nickel

(figure B.5b). Typical sizes were below Lc = 50 µm. The sizes increased to Lc > 100 µm for

Gnorm
XRD ≤ 5 %. In general, the stacking height of the graphitic phases was larger compared to the

turbostratic phases and the stacking height of the turbostratic phases was smaller after applying

nickel than after applying iron as graphitization catalyst. These observations support the the-

ory that iron is promoting the formation of graphitic shells and nickel predominantly induces

the formation of turbostratic carbon, because nickel exhibits the higher migration mobility in

comparison to iron.[55]
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Table C.1: Summarized results on the texture and particle size of the pristine materials applied in this work.
Material Class Sample Avg. Particle size Surface Area Pore Volume Pore Diameter

D(0.5) SSAQSDFT SPV dcalc
[µm] [m2 g−1] [cm3 g−1] [nm]

Carbide TiC 6.24 - - -

Carbide-Derived- TiC-CDC-500 6.24 / 1.00* 1680 0.55 0.65
Carbon TiC-CDC-800 6.24 / 1.28* 1715 0.617 0.72

TiC-CDC-1000 6.24 / 0.95* 1738 0.72 0.83
TiC-CDC-1200 6.24 1164 0.769 1.32
TiC-CDC-1300 6.24 595 (c) 0.653 (c) 2.19 (c)

TiC-CDC-1400 6.24 356 (d) 0.632 (d) 3.55 (d)

TiC-CDC-1500 6.24 307 (d) 0.699 (d) 4.55 (d)

Activated Carbon DARCO®-KBG 20 (a) 1322 (b) 1.166 (b) 1.76 (b)

NORIT®-A-SUPRA 20 (a) 1700 (a) n/a n/a
NORIT®-GL50 26.2 / 20 (a) 1171 (e) 0.766 (e) 1.31 (e)

Carbon Black SUPER-P® < 1 (f) 62 (a) n/a n/a

Resin AMBERLYST®-15 < 300 (a) 53 (a) 0.4 (a) 30 (a)

NAFION®-NR50 < 2380 (a) - (a) - (a) - (a)

(a) Data according to supplier.
(b) NOVAe® 3000 (degas: 250 °C / 4 h)
(c) QUADRASORB® (degas: 240 °C / 4 h)
(d) QUADRASORB® (degas: 120 °C / 4 h)
(e) QUADRASORB® (degas: 120 °C / 12 h)
(f) Data according to supplier: Aggregates of nano-sized primary carbon black particles
* After planetary ball milling.

Table C.2: Adsorption of the esterification reaction product ethyl levulinate at the porous carbons TiC-CDC-1000
and DARCO®-KBG after 5 hours of stiring at 450 rpm.

Material Functionalization Temperature Adsorbent
Ethyl- Adsorbed

Productivity
levulinate amount

[°C] c [g L−1] c0 [mmol L−1] [mmol g−1] [µmol g−1 s−1]

KBG
Pristine

60 7.39 18 1.1 -0.06
60 7.58 33 2.1 -0.12
60 7.39 93 2.5 -0.14
60 7.45 134 1.9 -0.11
60 7.39 162 2.0 -0.11

Sulfanilic Acid 20 7.99 189 1.2 -0.07

CDC
Oleum, 65%

20 7.41 203 1.1 -0.06
20 7.44 162 1.5 -0.08
20 7.44 148 1.0 -0.06

Sulfanilic Acid 20 8.00 198 1.6 -0.09
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Table C.3: Carbon texture and catalytic solid acid activity, in the esterification of levulinic acid (34.5 mmol) with
ethanol (179 mmol) at Tr = 60 °C, of TiC-CDC-1000 which was additionally vacuum annealed at temper-
atures ranging from TVA = 1200 °C to TVA = 1800 °C (2 h, 24 mbar) and sulfonated by Oleum (65%)
2 h/90 °C.

Temperature Productivity Surface Area Pore Volume Pore Diameter
TVA Pspec SSAQSDFT SPVQSDFT dcalc

[µmol g−1s−1] [m2 g−1] [cm3 g−1] [nm]

- 0.32 1476 0.668 0.83
1200 °C 0.89 1412 0.644 0.91
1400 °C 1.37 971 0.502 1.03
1500 °C 1.76 24 0.055 4.58
1600 °C 1.23 9 0.021 4.67
1800 °C 0.40 5 0.012 4.80

Table C.4: Summarized results on the graphitization of TiC-CDC induced by vacuum annealing for 2 h at tempera-
tures ranging from TVA = 1000 °C to TVA = 1800 °C. The graphitic out-of-plane crystal size (Lc) and inter
planar stacking distance (d002) was determined by low-resolution XRD measurement using the instru-
ment X’Pert PRO®. The graphitic in-plane crystal size (La) was determined by Raman analysis using the
instrument SENTERRA.

Carbon Crystal Size: XRD (002)-Reflex

Material Vacuum Annealing Temperature Turbostatic Fit: A2 Graphitic Fit: A3 Carbon Crystal Size: Raman
TVA Lc (A2) d002 (A2) Lc (A3) d002 (A3) La
[◦C] [nm] [nm] [nm] [nm] [nm]

CDC-500 - - - - - 7.3
1000 4.0 0.347 11.8 0.339 8.7
1200 - - 18.7 0.338 -
1400 3.2 0.348 13.4 0.339 9.0
1600 3.4 0.351 9.4 0.341 -
1800 3.2 0.349 12.9 0.341 10.3

CDC-800 - - - - - 7.5
1000 - - 47.5 0.339 9.2
1200 7.4 0.341 67.8 0.336 -
1400 4.0 0.343 65.7 0.336 8.8
1600 11.7 0.342 429.6 0.336 -
1800 14.3 0.342 40.1 0.336 10.1

CDC-1000 - - - - - 7.0
1000 - - 14.3 0.338 9.5
1200 - - 16.4 0.336 -
1400 - - 19.2 0.337 9.7
1600 7.3 0.342 70.2 0.336 -
1800 6.8 0.342 58.5 0.336 10.4

C Tables 168



Table C.5: Summarized results of XPS analysis, based on 3 independent spot measurements, with an electron accel-
eration voltage of 20 kV at zero angle. Measurement spots were selected at a magnification of 30.000
on planar particle surfaces, if possible.

Material Functionalization Treatment / Variation (X) XPS Elemental Content

C O N P S Si
[at%] [at%] [at%] [at%] [at%] [at%]

TiC-CDC-800 - - 94.5 3.4 1.7 - - -

Oleum (65%) 2 h/60 °C - 89.5 7.9 2.0 - 0.6 -

TiC-CDC-1000 - - 99.4 0.6 - - - -

H2SO4 (98%) 2 h/180 °C - 96.0 3.2 0.6 0.2 -

Oleum (65%) 2 h/90 °C - 94.1 5.4 - - 0.6 -

Sulfanilic Acid - 97.4 2.0 0.3 - 0.3 -

TiC-CDC-1200 Oleum (65%) 2 h/90 °C - 92.5 6.5 0.3 0.0 0.7 -

TiC-CDC-1300 Oleum (65%) 2 h/90 °C - 96.1 3.4 - 0.0 0.5 -

DARCO®-KBG - - 85.9 12.8 0.6 0.7 0.0 -

H2SO4 (98%) 2 h/180 °C - 75.3 21.4 2.7 - 0.6 -

Oleum (65%) 2 h/90 °C -> X - 73.0 25.1 0.7 0.0 1.3 -
Solid Acid Recycling 4x 74.5 23.6 0.7 0.0 1.2 -

He 2 h/1000 °C -> X - 93.6 5.4 0.0 1.0 0.0 -
H2SO4 (98%) 2 h/180 °C 90.9 7.6 0.7 0.6 0.2 -
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Table C.6: Summarized results on the graphitization of DARCO®-KBG induced by vacuum annealing for 2 h at TVA = 1000 °C, TVA = 1500 °C or TVA = 2000 °C.
The activated carbon was either used as received, or annealed to 500 °C before further processing. Upfront vacuum annealing, the carbon was also
impregnated with the graphitizing catalysts nickel or iron at different loading amounts. The catalyst loading was determined by ICP-AES. High resolution
XRD analysis was performed using the instrument EMPYREAN®. TPO analysis was performed in air at 5 K min−1 up to 850 °C using the instrument
Hi-Res™ TGA 2950. Nitrogen sorption analysis was performed using the instrument NOVAe® 3000 (degas: 250 °C / 4 h).

Catalyst Vacuum Annealing XRD (002) Turbostatic Fit: A2 XRD (002) Graphitic Fit: A3 Normalized XRD Graphitization TPO Graphitization Specific
Treatment Type Amount Temperature Position Peak Area Crystal Size Position Peak Area Crystal Size (002)-Reflex Area DTG Area Surface Area

TVA θ (A2) A2/(A1 + A2 + A3) Lc (A2) θ (A3) A3/(A1 + A2 + A3) Lc (A3) (A2 + A3)/(A2 + A3)max SSAQSDFT
[wt%] [◦C] [°] [%] [nm] [°] [%] [nm] [%] [%] [m2 g−1 m−1]

Pristine - - 1000 25.59 0.3 8.2 26.35 0.3 25.3 0.9 - 1174
1500 25.75 2.1 10.6 26.15 0.5 14.9 4.0 - 536
2000 25.85 21.6 14.4 26.35 2.2 36.6 36.6 15.9 186

Iron 0.9 1000 26.06 0.8 13.9 26.36 0.7 48.0 0.4 - 996
1500 25.97 10.6 9.5 26.33 0.4 29.1 16.9 3.8 509
2000 25.87 28.2 20.7 26.40 3.7 39.6 49.1 28.2 123

4.8 1000 25.75 0.2 10.5 26.26 0.5 24.4 0.4 - 1074
1500 25.88 8.7 11.1 26.21 3.8 19.5 19.3 13.6 469
2000 25.90 37.3 15.2 26.37 12.9 27.4 77.2 48.9 134

12.3 1000 26.04 0.5 11.8 26.35 0.5 38.5 0.2 - 705
1500 26.01 11.5 12.1 26.35 6.2 33.8 27.2 - 292
2000 25.86 33.2 12.0 26.28 27.7 25.4 93.6 55.3 100

Nickel 0.9 1000 25.89 0.5 4.5 26.39 0.2 43.4 1.0 - 1051
1500 25.79 1.3 8.6 26.23 0.4 121.7 2.6 - 610
2000 25.89 21.0 15.2 26.41 3.7 28.8 38.0 19.3 143

4.2 1000 26.20 0.3 10.1 26.36 0.1 169.2 0.6 - 1085
1500 25.73 1.6 8.6 26.36 0.1 59.8 2.6 - 626
2000 25.86 22.0 16.6 26.40 3.3 29.8 39.0 34.0 179

14 1000 25.81 8.1 8.7 26.19 3.5 15.9 17.9 - 485
1500 25.82 29.3 9.2 26.13 13.6 17.0 66.0 45.3 335
2000 25.90 59.6 12.8 26.37 5.3 34.0 100 60.3 120

500 °C Iron 0.9 1000 25.82 0.4 8.5 - - - - -
2000 26.38 1.9 25.9 - - - - -

4.8 1000 26.06 0.5 9.7 - - - - -
1500 25.83 6.0 7.9 - - - - -
2000 25.84 50.8 20.5 26.45 0.8 92.5 - -

12.3 1000 26.38 1.9 25.9 - - - - -
2000 25.86 51.0 14.7 26.27 16.4 37.4 - -

Nickel 4.2 1000 26.51 0.5 142.0 - - - - -
1500 25.28 11.6 2.1 25.77 1.7 12.6 - -
2000 25.90 39.2 13.9 26.40 4.9 46.8 - -
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Table C.7: Summarized results of ICP-AES analysis, which was used to determine the trace metal content of iron, nickel and cobalt in various materials. Chemical
pulping of the materials was realized using a microwave and a mixture of 6 mL HF , 2 mL HNO3 (65%) and 2 mL HCl (37%) in case of TiC, and a
mixture of HNO3 (65%) and H2SO4 (98%) in case of TiC-CDC. A typical nitrogen sorption was conducted using the instrument QUADRASORB® (degas:
240 °C / 4 h).

Specific Surface Specific Pore
Material Functionalization Treatment / Variation (X) Area - BET Volume - QSDFT ICP-AES Metal Content

SSABET SPVQSDFT Co Fe Ni
[m2 g−1] [cm3 g−1] [wt%] [wt%] [wt%]

TiC - 2.5 µm / LOT: T25A008 - - 0.02 0.67 0.13
2.5 µm / LOT: L29423 - - 0.04 0.01 < 0.01

CDC-500 PURE -> H2 (1M) 0.5 h/X 600 °C 1317 0.506 0.03 0.88 0.06
800 °C 1320 0.498 0.02 0.51 0.02
1000 °C 1267(a) 0.463(a) 0.02 0.16 0.02
1200 °C 1132 0.452 0.01 0.02 0.01

PURE -> H2 (1M) 0.5 h/600 °C -> X He 0.5 h/1200 °C 863(b) 0.405(b) 0.04 0.95 0.05
Cl2 (4.0) (6M) 60 min/800 °C 1180(d) 0.476(d) 0.00 0.04 0.00

PURE -> X H2O 24 h/Soxhlet - - < 0.01 0.02 0.02
2 mbar 5 h/500 °C 1224(d) 0.507(d) < 0.01 0.69 0.02
He 2 h/1200 °C 1277(d) 0.513(d) < 0.01 0.03 0.02

CDC-800 PURE -> H2 (1M) 0.5 h/X 800 °C 1482 0.579 0.02 0.33 0.04
1000 °C 1514 0.577 0.01 0.04 0.02
1200 °C 1436(a) 0.536(a) 0.03 0.04 0.02

PURE -> H2 (1M) 0.5 h/800 °C -> X Cl2 (4.0) (1M) 10 min/800 °C - - 0.03 0.21 0.02
Cl2 (4.0) (1M) 60 min/800 °C - - 0.01 0.12 0.01

PURE -> X H2O 24 h/Soxhlet - - 0.01 0.04 0.01
2 mbar 5 h/800 °C - - < 0.01 0.02 < 0.01
He 2 h/1200 °C 1512(d) 0.572(d) < 0.01 0.02 < 0.01

CDC-1000 PURE -> H2 (1M) 0.5 h/X 1000 °C 1620(a) 0.668(a) 0.03 0.04 0.02
1200 °C 1625(a) 0.662(a) 0.03 0.04 0.02

PURE -> X HCl (37%) 4 h/100 °C 1630(c) 0.693(c) 0.03 0.04 0.02
He 2 h/1200 °C 1724(d) 0.743(d) < 0.01 0.03 0.02

(a) QUADRASORB® (degas: 120 °C / 4 h)
(b) QUADRASORB® (degas: 300 °C / 12 h)
(c) NOVAe® 4200 (degas: 140 °C / 4 h)
(d) NOVAe® 3000 (degas: 250 °C / 4 h)
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Table C.8: Catalytic performance of sulfonated TiC-CDC and DARCO®-KBG catalysts, the ion exchange resins NAFION®-NR50 and AMBERLYST®-15 in the esterifi-
cation of levulinic acid (34.5 mmol) with ethanol (179 mmol) at a reaction temperature of Tr = 60 °C and a stirrer speed of 450 rpm. Typical nitrogen
sorption analysis was performed using the instrument QUADRASORB® (degas: 120 °C / 4 h), see table C.10 for details. The TON was calculated
according to equation 4.9. See table C.9 for details on surface functionalization.

Material Series Functionalization Treatment / Variation (X) Washing Productivity Catlyst Surface Poresize Productivity TON per

-specific- Conc. Area -normalized- Sulfonic

Pspec cCat SSAQSDFT dcalc Pnorm Acid

[µmol g−1 s−1] [g L−1] [m2 g−1] [nm] [nmol m−2 s−1]

- Blind Acitvity - - - 0.34 (a) 5.71 (a) - -

CDC-500 Graphitization VA 1200 °C -> X Oleum (65%) 2 h/90 °C Flask (Toluol, 150°C / H2O, 100°C) 1.77 5.85 1114 1.66 1.59 19.7

+ Flask (H2O, 100°C)

CDC-800 Sulfonation Oleum (65%) 2 h/90 °C - Flask (H2O, 100°C) 0.51 5.67 1532 (2) 0.74 (2) 0.33 62.7

CDC-1000 Graphitization PURE -> HCl (37%) -> X - VA 1200 °C Flask (Toluol, 150°C) - 0.89 5.84 1412 0.91 0.63 20.3

> Oleum (65%) 2 h/90 °C > Flask (H2O, 100°C)

VA 1400 °C " 1.37 5.29 526 3.52 2.60 18.1

VA 1500 °C " 1.76 5.71 24 (2) 4.58 (2) 73.33 16.8

Fe 1 wt% -> VA 1500 °C " 1.20 5.71 104 2.77 11.54 33.7

Fe 5 wt% -> VA 1500 °C " 1.46 5.68 171 2.89 8.54 46.0

Fe 20 wt% -> VA 1500 °C " 1.58 5.71 37 4.16 42.70 50.1

VA 1600 °C " 1.23 5.14 9 4.67 136.67 6.9

VA 1800 °C " 0.40 5.43 5 4.80 80.60 0.9

HNO3 (65%) 2 h/90 °C -> X - Fe 20 wt% -> VA 1500 °C Soxhlet (H2O, 1 day) 2.72 5.71 41 4.88 66.34 71.5

> Oleum (65%) 2 h/90 °C Ni 16 wt% -> VA 1500 °C " 1.43 5.71 70 6.09 20.48 58.6

VA 1400 °C - - Flask (H2O, 100°C) 0.38 5.84 1231 0.97 0.31 -

> HNO3 (65%) 2 /90 °C -> X Annealing (He 2 h/400 °C) " 0.38 5.79 - - - -

Milling Oleum (65%) 2 h/90 °C Milling -> Functionalization Flask (H2O, 100°C) 1.30 5.71 - - - -

Functionalization -> Milling Soxhlet (H2O, 1 day) 2.87 5.76 - - - 174.4

+ Flask (H2O, 100°C)

Recycling Oleum (65%) 2 h/90 °C - Soxhlet (H2O, 1 day) 0.38 5.71 1476 (2) 0.89 (2) 0.26 -

Recycled 1x " 0.28 5.71 - - - -

Recycled 2x " 0.22 5.70 - - - -

Recycled 3x " 0.28 5.71 - - - -

Recycled 4x " 0.25 5.76 - - - -

Sulfonation Oleum (65%) 2 h/90 °C - Flask (H2O, 100°C) 0.34 5.71 1476 (2) 0.89 (2) 0.23 7.9

CDC-1200 Graphitization HNO3 (65%) 2 /90 °C -> Ni 16 wt% - Oleum (65%) 2 h/90 °C Soxhlet (H2O, 1 day) 0.74 5.71 515 (2) 3.42 (2) 1.44 -

> VA 1500 °C -> X

Sulfonation Oleum (65%) 2 h/90 °C - Flask (H2O, 100°C) 0.51 5.74 978 (1) 1.48 (1) 0.52 17.3

CDC-1300 Sulfonation Oleum (65%) 2 h/90 °C -> X - Flask (H2O, 100°C) 0.90 5.77 528 (2) 2.35 (2) 1.70 29.4
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Material Series Functionalization Treatment / Variation (X) Washing Productivity Catlyst Surface Poresize Productivity TON per

-specific- Conc. Area -normalized- Sulfonic

Pspec cCat SSAQSDFT dcalc Pnorm Acid

[µmol g−1 s−1] [g L−1] [m2 g−1] [nm] [nmol m−2 s−1]

Milling (4 ml/200 mg) " 0.92 5.74 - - - -

CDC-1400 Sulfonation Oleum (65%) 2 h/90 °C -> X - Flask (H2O, 100°C) 1.05 5.74 309 3.55 3.40 52.9

Milling (4 ml/200 mg) " 1.10 5.44 - - - -

CDC-1500 Sulfonation Oleum (65%) 2 h/90 °C - Flask (H2O, 100°C) 0.57 5.76 278 4.04 2.04 19.1

DARCO®-KBG Mass Oleum (65%) 2 h/90 °C mCat = 20 mg Soxhlet (H2O, 1 day) 3.35 1.42 582 (2) 1.38 (2) 5.76 -

mCat = 40 mg " 3.01 2.86 " " 5.17 -

mCat = 80 mg " 3.11 5.75 " " 5.34 -

mCat = 160 mg " 2.77 11.41 " " 4.76 -

mCat = 320 mg " 2.14 22.75 " " 3.68 -

Milling Oleum (65%) 2 h/90 °C Milling -> Functionalization Flask (H2O, 100°C) 3.31 5.71 - - - -

Functionalization -> Milling " 3.34 5.71 - - - -

Recycling Oleum (65%) 2 h/90 °C Recycled 1x Soxhlet (H2O, 1 day) 2.02 5.72 - - - -

Recycled 2x " 2.36 5.47 - - - -

Recycled 3x " 2.65 5.71 - - - -

Recycled 4x " 2.51 5.68 - - - -

Recycling Sulfanilic Acid - Soxhlet (H2O, 1 day) 3.26 11.32 844 (3) 1.56 (3) 3.86 58.9

Recycled 1x " 2.41 14.19 - - - -

Recycled 2x " 3.09 11.74 - - - -

Recycled 3x " 3.43 8.51 - - - -

Stiring Oleum (65%) 2 h/90 °C Stirer speed (200 rpm) Soxhlet (H2O, 2 days) 2.82 5.71 - - - -

Stirer speed (400 rpm) " 2.49 5.71 - - - -

Stirer speed (600 rpm) " 2.38 5.71 - - - -

Sulfonation Oleum (65%) 2 h/90 °C Stirer speed (400 rpm) Soxhlet (H2O, 2 days) 2.49 5.71 582 (2) 1.38 (2) 4.28 83.3

Washing Oleum (65%) 2 h/90 °C Recycled Soxhlet (H2O) 2.39 5.72 - - - -

- Soxhlet (H2O, 1 day) 3.11 5.75 582 (2) 1.38 (2) 5.34 -

- Soxhlet (H2O, 5 days) 3.04 5.71 - - - -

- Soxhlet (H2O, 2 days) 2.55 5.71 - - - 62.9 (c)

+ Flask (H2O, 60°C)

- Soxhlet (H2O, 2 day ) 2.35 5.71 - - - -

+ Flask (HCl, 60°C)

- Soxhlet (H2O, 2 day ) 2.06 5.71 - - - -

+ Flask (Toluol, 150°C / H2O, 100°C)

Variations X -> Oleum (65%) 2 h/90 °C H2O 4 h/100 °C Flask (H2O, 100°C) 2.98 5.71 789 (2) 1.38 (2) 3.78 -

NaOH (40 wt%) 100 °C - " 3.10 5.71 541 (2) 1.20 (2) 5.73 62.7

> HCl (1M) 4 h/100 °C

Annealing (He 2 h/1000 °C) " 0.90 5.71 1230 (2) 1.52 (2) 0.73 37.3
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Material Series Functionalization Treatment / Variation (X) Washing Productivity Catlyst Surface Poresize Productivity TON per

-specific- Conc. Area -normalized- Sulfonic

Pspec cCat SSAQSDFT dcalc Pnorm Acid

[µmol g−1 s−1] [g L−1] [m2 g−1] [nm] [nmol m−2 s−1]

NAFION®-NR50 Standard - - - 1.50 6.00 0 (b) 0 (b) - 25.4 (d)

Recycling - Recycled 1x Soxhlet (H2O, 1 day) 2.00 6.00 - - - -

- Recycled 2x " 1.47 6.00 - - - -

- Recycled 3x " 1.57 6.00 - - - -

- Recycled 4x " 1.41 6.00 - - - -

AMBERLYST®-15 Standard - - - 3.22 7.45 45 (b) 15.56 (b) - 11.2

Recycling - Recycled 1x Soxhlet (H2O, 1 day) 3.22 7.98 - - - -

- Recycled 2x " 2.54 7.38 - - - -

- Recycled 3x " 2.06 6.79 - - - -

- Recycled 4x " 2.48 6.44 - - - -

(a) Hypothetical values calculated by using the standard mass (m = 0.08 g)
(b) Values taken from literature [203]
(c) TG-MS measured by UGA-200
(d) Values calculated on basis of a total sulfonic acid amount of 0.89 mmol/g [204]
(1) NOVAe® 3000 (degassing: 140 °C / 4 h)
(2) NOVAe® 4200 (degassing: 140 °C / 4 h)
(3) NOVAe® 4200 (degassing: 240 °C / 4 h)
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Table C.9: TG-MS analysis of various materials from 100 °C to 1000 °C. TGA was conducted in TPD mode using He (3.8) and the instrument STA 409 PC Luxx® at a
constant gas flow of 100/100 mL min−1. Samples were dried in-situ at 100°C for 3 h and subsequently heated at 5 K min−1. MS gas analysis was realized
with the instrument OmniStar™ GSD 301 at 200 °C with external capillary heating at 180 °C.

Integrated MS-Signal Intensities

Material Series Functionalization Treatment / Variation (X) Washing Mass Loss Fit Cali- m/z 18 m/z 28 m/z 44 m/z 64

m dm Error bration nH2O nCO nCO2 nSO2

[mg] [%] [%] m/z 18 [mmol g−1] [mmol g−1] [mmol g−1] [mmol g−1]

CDC-500 Graphitization VA 1200 °C -> X Oleum (65%) 2 h/90 °C Flask (H2O, 100°C) 49.60 14.3 1.1 yes 3.57 0.00 0.00 1.39

Pristine - - - 52.3 11.7 0.0 yes 1.53 1.97 0.77 0.00

CDC-800 Milling Oleum (65%) 2 h/60 °C -> X Milling (4 ml/200 mg) Flask (H2O, 100°C) 31.50 15.0 0.8 yes 2.52 1.82 1.00 0.27

Pristine - - - 49.00 8.3 0.9 yes 1.37 1.34 0.66 0.00

Sulfonation H2SO4 (98%) 2 h/180 °C - Soxhlet (H2O, 1 day) 44.74 5.4 (a) - - - (2) - (2) - (2) - (2)

X 2 h/60 °C H2SO4 (50%) Flask (H2O, 100°C) 52.20 8.0 0.1 yes 0.86 1.09 0.42 0.22

H2SO4 (98%) " 51.40 8.2 0.2 yes 1.67 1.08 0.20 0.23

Oleum (65%) " 50.80 10.1 0.2 no 1.54 1.89 0.31 0.08

Variation Oleum (65%) 2 h/60 °C -> X Annealing (He 2 h/400 °C) Flask (H2O, 100°C) 49.70 7.0 0.0 no 0.00 1.54 0.60 0.00

Impregnation 10 wt% H2SO4 - - 50.60 15.6 0.4 yes 1.62 0.53 0.69 1.21

CDC-1000 Graphitization PURE -> HCl (37%) -> X - VA 1200 °C Flask (Toluol, 150°C) - 53.30 7.4 0.3 yes 1.60 0.00 0.25 0.58

> Oleum (65%) 2 h/90 °C > Flask (H2O, 100°C)

VA 1400 °C " 33.00 10.2 2.8 yes 2.55 0.00 0.28 1.12

VA 1500 °C " 18.20 13.9 3.2 yes 2.79 0.00 0.38 1.62

Fe 1 wt% -> VA 1500 °C " 50.40 10.2 0.5 yes 3.65 0.08 0.16 0.51

Fe 5 wt% -> VA 1500 °C " 49.70 9.7 1.0 yes 3.02 0.19 0.39 0.48

Fe 20 wt% -> VA 1500 °C " 31.30 14.0 1.4 yes 5.91 0.22 0.25 0.48

VA 1600 °C " 39.70 24.0 3.3 yes 5.26 0.00 0.32 2.56

VA 1800 °C " 50.70 31.2 5.7 yes 7.75 0.00 0.69 3.10

HNO3 (65%) 2 h/90 °C -> X - Fe 20 wt% -> VA 1500 °C Soxhlet (H2O, 1 day) 53.70 12.2 0.8 yes 3.31 0.40 0.44 0.62

> Oleum (65%) 2 h/90 °C Ni 16 wt% -> VA 1500 °C " 47.20 13.5 2.0 yes 6.42 0.23 0.20 0.37

X -> HNO3 (65%) 2 /90 °C - VA 1400 °C Flask (H2O, 100°C) 53.60 8.1 0.3 no 0.41 1.19 0.89 0.07

> Annealing (He 2 h/400 °C)

Milling Oleum (65%) 2 h/90 °C -> X Milling (4 ml/200 mg) Flask (H2O, 100°C) 51.60 17.9 0.1 no 2.28 0.74 2.25 0.27

Pristine - - - 49.80 1.6 0.0 no 0.00 0.29 0.16 0

Sulfonation H2SO4 98% 2 h/180 °C - Soxhlet (H2O, 1 day) 43.62 8.7 (b) 1.3 yes 1.53 (2) 1.43 (2) 0.57 (2) 0.11 (2)

" " " - yes 0.85* (2) 0.89* (2) 0.75* (2) 0.20* (2)

Oleum 20% 2 h/180 °C - Soxhlet (H2O, 1 day) 50.22 8.0 (b) 0.1 yes 0.92 (2) 0.99 (2) 0.47 (2) 0.22 (2)

" " " - yes 1.58* (2) 0.92* (2) 0.18* (2) 0.33* (2)
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Integrated MS-Signal Intensities

Material Series Functionalization Treatment / Variation (X) Washing Mass Loss Fit Cali- m/z 18 m/z 28 m/z 44 m/z 64

m dm Error bration nH2O nCO nCO2 nSO2

[mg] [%] [%] m/z 18 [mmol g−1] [mmol g−1] [mmol g−1] [mmol g−1]

Oleum 65% 2 h/90 °C -> X - Soxhlet (H2O, 1 day) 49.20 6.6 0.0 yes 0.76 0.66 0.46 0.22

Annealing (He 2 h/400 °C) " 49.20 3.8 0.1 yes 0.30 0.81 0.12 0.06

CDC-1200 Milling Milling (4 ml/200 mg) -> X Oleum 20% 2 h/´180 °C Soxhlet (H2O, 1 day) 53.32 7.7 (a) - - - (2) - (2) - (2) - (2)

" " " - yes 0.59* (2) 0.56* (2) 0.58* (2) 0.43* (2)

Pristine - - - 48.20 0.7 0.1 no 0.34 0.00 0.00 0.00

Sulfonation H2SO4 (98%) 2 h/180 °C - Soxhlet (H2O, 3 days) 51.28 4.9 (a) 0.5 yes 0.46 (2) 0.13 (2) 0.80 (2) 0.10 (2)

Soxhlet (H2O, 1 day) 47.57 5.3 (b) - - - (2) - (2) - (2) - (2)

" " " - yes 0.74* (2) 0.21* (2) 0.47* (2) 0.22* (2)

Oleum (20%) 2 h/90 °C - Soxhlet (H2O, 1 day) 47.83 14.0 (b) -1.0 yes 1.47 (2) 1.41 (2) 1.09 (2) 0.24 (2)

" " - yes 0.74* (2) 1.45* (2) 0.94* (2) 0.40* (2)

Oleum (20%) 2 h/180 °C - Soxhlet (H2O, 1 day) 46.82 6.4 (b) 0.0 yes 0.79 (2) 0.42 (2) 0.44 (2) 0.28 (2)

" " - yes 0.26* (2) 0.81* (2) 0.26* (2) 0.41* (2)

Oleum (65%) X/90 °C 2 h Soxhlet (H2O, 1 day) 47.26 7.9 (a) - - - (2) - (2) - (2) - (2)

" " " - yes 0.56* (2) 0.49* (2) 0.71* (2) 0.34* (2)

Flask (H2O, 100°C) 49.10 5.5 0.5 yes 1.34 0.37 0.17 0.28

6 h Soxhlet (H2O, 1 day) 51.87 8.3 (a) - - - (2) - (2) - (2) - (2)

" " " - yes 0.88* (2) 0.10* (2) 0.70* (2) 0.54* (2)

CDC-1300 Sulfonation Oleum (20%) 2 h/90 °C - Soxhlet (H2O, 1 day) 43.88 6.5 (b) - - - (2) - (2) - (2) - (2)

" " " - yes 0.65* (2) 0.30* (2) 0.64* (2) 0.30* (2)

Oleum (65%) 2 h/90 °C - Soxhlet (H2O, 1 day) 49.37 8.8 (b) - - - (2) - (2) - (2) - (2)

" " " - yes 0.74* (2) 0.28* (2) 0.81* (2) 0.42* (2)

- " 52.35 8.8 (a) - - - (2) - (2) - (2) - (2)

- Flask (H2O, 100°C) 51.50 10.3 0.0 yes 3.28 0.45 0.14 0.40

CDC-1400 Pristine - - - 36.20 0.2 - - - - - -

Sulfonation Oleum (65%) 2 h/90 °C - Flask (H2O, 100°C) 45.00 8.2 0.8 yes 2.19 0.22 0.24 0.27

CDC-1500 Sulfonation Oleum (65%) 2 h/90 °C - Flask (H2O, 100°C) 51.50 8.0 0.3 yes 2.89 0.22 0.11 0.31

DARCO KBG Annealing Annealing (He 2 h/500 °C) -> X - - 49.34 15.9 (a) 0.7 yes 2.87 (2) 3.19 (2) 0.27 (2) 0.00 (2)

Annealing (He 2 h/1000 °C) -> X H2SO4 (98%) 2 h/180 °C Soxhlet (H2O, 1 day) 49.12 14.0 (a) 0.8 yes 0.64 (2) 2.29 (2) 1.13 (2) 0.10 (2)

" " " - yes 0.62* (2) 2.73* (2) 0.90* (2) 0.14* (2)

Oleum (20%) 2 h/180 °C Soxhlet (H2O, 1 day) 43.11 14.2 (a) 0.4 yes 1.00 (2) 2.54 (2) 1.01 (2) 0.07 (2)

" " " - yes 0.76* (2) 3.21* (2) 0.64* (2) 0.29* (2)

Oleum (65%) 2 h/90 °C Soxhlet (H2O, 1 day) 47.55 14.0 (a) 0.1 yes 0.65 (2) 2.21 (2) 1.29 (2) 0.16 (2)
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Integrated MS-Signal Intensities

Material Series Functionalization Treatment / Variation (X) Washing Mass Loss Fit Cali- m/z 18 m/z 28 m/z 44 m/z 64

m dm Error bration nH2O nCO nCO2 nSO2

[mg] [%] [%] m/z 18 [mmol g−1] [mmol g−1] [mmol g−1] [mmol g−1]

" " " - yes 0.40* (2) 2.22* (2) 0.82* (2) 0.60* (2)

Oleum (65%) 2 h/90 °C Flask (H2O, 100°C) 50.00 12.6 0.1 yes 1.83 2.51 0.03 0.32

Pristine - - - 50.8 20.0 0.2 yes 6.45 2.85 0.13 0.00

- - 45.48 21.4 (a) 0.9 no 4.76 (2) 2.42 (2) 1.15 (2) 0.00 (2)

- - " " - yes 5.53* (2) 2.74* (2) 0.98* (2) 0.00* (2)

Sulfonation H2SO4 (98%) X/180 °C 2 h Soxhlet (H2O, 1 day) 42.91 37.7 (a) 1.1 yes 2.81 (2) 4.76 (2) 3.42 (2) 0.48 (2)

4 h " 49.74 35.8 (a) 0.8 yes 2.96 (2) 4.75 (2) 3.10 (2) 0.41 (2)

Oleum 65% 2 h/90 °C - Soxhlet (H2O, 2 days) 50.90 35.8 1.1 yes 3.48 (1) 4.82 (1) 2.75 (1) 0.44 (1)

- Soxhlet (H2O, 2 days) 49.10 37.3 0.2 yes 2.62 (1) 4.99 (1) 3.22 (1) 0.66 (1)

+ Flask (H2O, 100°C)

- Soxhlet (H2O, 2 days) 51.00 37.8 0.8 yes 4.29 4.52 3.08 0.49

Sulfanilic Acid - Soxhlet (H2O, 1 day) 50.20 28.2 0.8 yes 5.79 1.42 1.61 0.92

Variations Oleum (65%) 2 h/90 °C -> X NaOH (40wt%) 100 °C - " 53.80 36.4 0.7 yes 4.85 (1) 4.04 (1) 3.38 (1) 0.12 (1)

> HCl (1M) 4 h/100 °C

NaOH (40 wt%) 100 °C -> X - Filtration (H2O, 0.25 L/g) 48.90 24.3 1.1 no 2.03 2.71 2.72 0.00

HCl (1M) 4 h/100 °C " 53.20 21.4 0.7 yes 3.36 3.18 1.32 0.00

HCl (1M) 4 h/100 °C - Soxhlet (H2O, 1 day) 29.6 36.5 0.0 yes 3.17 (1) 5.20 (1) 2.49 (1) 0.82 (1)

> Oleum (65%) 2 h/90 °C + Flask (H2O, 100°C)

Amberlyst Pristine - - - 51.40 59.3 5.0 yes 13.94 0.51 1.65 4.77

- - - 48.80 59.4 4.0 yes 14.12 0.79 1.59 4.50

NORIT GL50 Sulfonation H2SO4 (98%) 2 h/180 °C - Soxhlet (H2O, 1 day) 44.92 11.7 (a) 0.2 yes 0.68 (2) 1.56 (2) 0.89 (2) 0.30 (2)

- " " " - yes 0.77* (2) 1.66* (2) 0.93* (2) 0.27* (2)

Oxalic Acid Kalibration - Automatic Fit - 8.35 96.7 (c) 13.7 no 7.80 (2) 0.00 (2) 15.68 (2) 0.00 (2)

- Manually Adjusted Fit - 8.35 96.7 (c) 1.0 no 12.39 (2) 0.00 (2) 17.13 (2) 0.00 (2)

(a) TGA conducted at reduced gas flow of 60/20 mL min−1 and insitu drying at 100 °C of 1 h
(b) TGA conducted at reduced gas flow of 60/20 mL min−1 and insitu drying at 100 °C of 1 h from 100 °C to 900 °C
(c) TGA conducted at reduced gas flow of 60/20 mL min−1 and insitu drying at 100 °C of 1 h from 20 °C to 300 °C
(1) MS gas analysis was realized with the instrument UGA-200
(2) MS gas analysis was realized with the instrument UGA-200 without external capillary heating

* Manual MS-data fitting
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Table C.10: Nitrogen sorption analysis of TiC-CDC and DARCO®-KBG using the instruments NOVAe® 3000, NOVAe® 4200, QUADRASORB® and AUTOSORB® at
different degassing conditions. The measurements were performed at liquid nitrogen temperature (77 K).

Material Experiment Series Functionalization (FN) Treatment / Variation (X) Instrument Degassing Specific Surface Area Pore Volume Pore Size Mass

SSABET SSAQSDFT SPVQSDFT dcalc m

[m2 g−1] [m2 g−1] [cm3 g−1] [nm] [mg]

CDC-500 Graphitization X -> Oleum (65%) 2 h/90 °C VA 1200 °C QUADRASORB® 4h/120°C 1375 1114 0.923 1.66 52.3

Hydrogen Variation PURE -> H2 (1M) 0.5 h/X 800 °C QUADRASORB® 12h/250°C 1347 1289 0.498 0.77 42.4

1000 °C QUADRASORB® 4h/120°C 1267 1544 0.463 0.60 54.3

1200 °C QUADRASORB® 12h/250°C 1132 1140 0.452 0.60 43.9

Post-Chlorination Cl2 (4.0) (6M) 0.5 h/X 800 °C NOVAe® 3000 4h/250°C 1180 1218 0.476 0.78 57

1000 °C NOVAe® 3000 4h/250°C 958 1013 0.472 0.93 53.7

1200 °C NOVAe® 3000 4h/250°C 931 980 0.496 1.01 25.4

1200 °C QUADRASORB® 24h/120°C 900 929 0.433 0.93 35

Alternative Treatments PURE -> X H2 (1M) 0.5 h/1200 °C -> VA 1200 °C NOVAe® 3000 24h/240°C 825 876 0.363 0.83 77.1

H2O -> VA 1400 °C NOVAe® 3000 4h/250°C 204 226 0.170 1.50 84.8

H2O -> 2 mbar, 5 h/800 °C NOVAe® 3000 4h/250°C 1438 1492 0.572 0.77 47.7

H2O -> 2 mbar, 5 h/800 °C -> VA 1400 °C NOVAe® 3000 4h/250°C 172 159 0.115 1.45 55.4

2 mbar, 5 h/500 °C NOVAe® 3000 4h/250°C 1224 1288 0.507 0.79 42

2 mbar, 5 h/500 °C -> VA 1400 °C NOVAe® 3000 4h/250°C 193 170 0.110 1.29 61.1

He 2 h/1200 °C NOVAe® 3000 4h/250°C 1277 1334 0.513 0.77 55.2

He 2 h/1200 °C -> VA 1400 °C NOVAe® 3000 4h/250°C 163 166 0.128 1.54 58.6

Pristine - - NOVAe® 4200 4h/240°C 1340 1498 0.516 0.69 48.3

- AUTOSORB® 12h/250°C 1280 1680 0.550 0.65 -

- QUADRASORB® 12h/250°C 1317 1340 0.506 0.76 33.1

- NOVAe® 3000 4h/250°C 1312 1226 0.496 0.81 49.4

Vacuum Annealing 24 mbar, 2 h/X 1000 °C QUADRASORB® 12h/120°C 346 294 0.220 1.50 25

1100 °C QUADRASORB® 12h/250°C 374 334 0.204 1.23 49.9

1200 °C QUADRASORB® 12h/250°C 349 312 0.193 1.24 47.9

1400 °C NOVAe® 3000 24h/240°C 60 80 0.106 2.65 70.5

1800 °C QUADRASORB® 4h/250°C 13 17 0.035 4.13 30

CDC-800 Graphitization X -> H2SO4 (98%) 2 h/180 °C VA 1800°C NOVAe® 3000 4h/140°C 12 13 0.022 3.38 48.1

Hydrogen Variation PURE -> H2 (1M) 0.5 h/X 1000 °C QUADRASORB® 12h/250°C 1546 1351 0.577 0.85 44.4

1200 °C QUADRASORB® 4h/120°C 1436 1496 0.536 0.72 55.4

Post-Chlorination Cl2 (4.0) (6M) 0.5 h/X 800 °C NOVAe® 3000 4h/250°C 1450 1466 0.581 0.79 49.9

1000 °C NOVAe® 3000 4h/250°C 1535 1482 0.613 0.83 57.5

1200 °C NOVAe® 3000 4h/250°C 1476 1471 0.641 0.87 33.6

Pristine - - NOVAe® 4200 4h/240°C 1566 1562 0.583 0.75 55.8

- AUTOSORB® 12h/250°C 1520 1715 0.617 0.72 29.3

- QUADRASORB® 12h/250°C 1482 1550 0.580 0.75 40.6

C
Tables

178



Material Experiment Series Functionalization (FN) Treatment / Variation (X) Instrument Degassing Specific Surface Area Pore Volume Pore Size Mass

SSABET SSAQSDFT SPVQSDFT dcalc m

[m2 g−1] [m2 g−1] [cm3 g−1] [nm] [mg]

- NOVAe® 3000 24h/240°C 1587 1616 0.646 0.80 49.1

- NOVAe® 3000 4h/250°C 1610 1695 0.653 0.77 54.2

- QUADRASORB® 4h/120°C 1444 1662 0.534 0.64 52.4

Oxidation HNO3 (65%) 2 h/90 °C - NOVAe® 3000 4h/140°C 938 963 0.423 0.88 37.4

Alternative Treatments - VA 1400 °C NOVAe® 3000 4h/250°C 602 614 0.380 1.24 51.5

PURE -> X H2 (1M) 0.5 h/1000 °C -> VA 1200 °C NOVAe® 3000 4h/250°C 1181 1156 0.517 0.89 55.1

H2O -> VA 1200 °C NOVAe® 3000 24h/240°C 1226 1264 0.522 0.83 81.3

H2O -> 2 mbar 5 h/800 °C NOVAe® 3000 4h/250°C 1618 1587 0.635 0.80 53.4

H2O -> 2 mbar 5 h/800 °C -> VA 1400 °C NOVAe® 3000 4h/250°C 652 636 0.348 1.09 61.4

He 2 h/1200 °C NOVAe® 3000 4h/250°C 1512 1539 0.572 0.74 57.5

He 2 h/1200 °C -> VA 1400 °C NOVAe® 3000 5h/250°C 663 627 0.346 1.10 58.8

He 1 h/1000 °C -> Washing (H2O) - NOVAe® 3000 4h/250°C 673 655 0.329 1.00 62.9

> VA 1400 °C

2 mbar 5 h/800 °C -> VA 1400 °C NOVAe® 3000 4h/250°C 646 636 0.316 0.99 56.4

Sulfonation H2SO4 (50%) 2 h/90 °C - NOVAe® 3000 4h/140°C 1520 1378 0.575 0.83 57.9

H2SO4 (98%) 1 h/100 °C - NOVAe® 3000 4h/250°C 1417 1443 0.545 0.76 50.9

H2SO4 (98%) 2 h/X 60 °C NOVAe® 3000 4h/140°C 1505 1465 0.595 0.81 55.7

90 °C NOVAe® 3000 4h/140°C 1480 1342 0.560 0.83 50.8

120 °C NOVAe® 3000 4h/140°C 1513 1539 0.605 0.79 51.6

Oleum (65%) 2 h/60 °C -> X - NOVAe® 4200 4h/140°C 1468 1532 0.564 0.74 50.9

- QUADRASORB® 4h/120°C 1474 1575 0.544 0.69 55

Annealing 400 °C QUADRASORB® 4h/120°C 1540 1625 0.576 0.71 56.2

Vacuum Annealing 24 mbar, 2 h/X 1000 °C QUADRASORB® 12h/250°C 972 928 0.406 0.88 47.1

1200 °C QUADRASORB® 12h/250°C 972 900 0.400 0.89 50.6

1400 °C NOVAe® 3000 24h/240°C 602 582 0.318 1.09 76.6

1800 °C QUADRASORB® 4h/250°C - 6 0.020 6.95 31.1

CDC-1000 Graphitization X ->Oleum (65%) 2 h/90 °C Fe 1 wt% -> VA 1400 °C QUADRASORB® 12h/250°C 949 863 0.516 1.20 46

VA 1500 °C NOVAe® 4200 4h/140°C - 24 0.055 4.58 25.6

PURE -> HCl (37%) -> X - VA 1200 °C QUADRASORB® 4h/120°C 1483 1412 0.644 0.91 45.3

> Oleum (65%) 2 h/90 °C VA 1400 °C NOVAe® 4200 4h/140°C 1003 971 0.502 1.03 55.1

VA 1400 °C -> HNO3 (65%) 2 h/90 °C - QUADRASORB® 4h/120°C 1229 1231 0.594 0.97 50.6

> He 2 h/400 °C

Fe 1 wt% -> VA 1500 °C QUADRASORB® 4h/120°C 109 104 0.144 2.77 52.7

Fe 5 wt% -> VA 1500 °C QUADRASORB® 4h/120°C 203 171 0.247 2.89 50.3

Fe 20 wt% -> VA 1500 °C QUADRASORB® 4h/120°C 32 37 0.077 4.16 33.9

VA 1600 °C QUADRASORB® 4h/120°C 3 9 0.021 4.67 40.4

VA 1800 °C QUADRASORB® 4h/120°C 3 5 0.012 4.80 60.4
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Material Experiment Series Functionalization (FN) Treatment / Variation (X) Instrument Degassing Specific Surface Area Pore Volume Pore Size Mass

SSABET SSAQSDFT SPVQSDFT dcalc m

[m2 g−1] [m2 g−1] [cm3 g−1] [nm] [mg]

HNO3 (65%) 2 h/90 °C -> X - Fe 20 wt% -> VA 1500 °C QUADRASORB® 4h/120°C 34 41 0.100 4.88 50.5

> Oleum (65%) 2 h/90 °C Ni 16 wt% -> VA 1500 °C QUADRASORB® 4h/120°C 56 70 0.213 6.09 62

X -> H2SO4 (98%) 2 h/180 °C VA 1800 °C NOVAe® 3000 4h/140°C 15 18 0.033 3.67 48.5

Hydrogen Variation PURE -> H2 (1M) 0.5 h/X 1200 °C QUADRASORB® 4h/120°C 1625 1608 0.662 0.82 59.3

Milling Variation Milling: X = 2-propanol / carbon 2 ml/200 mg QUADRASORB® 4h/120°C 1628 1569 1.310 1.67 61.9

4 ml/200 mg NOVAe® 4200 4h/140°C 1646 1489 2.987 4.01 41

4 ml/200 mg NOVAe® 4200 4h/140°C 1656 1609 1.091 1.36 42.5

4 ml/200 mg NOVAe® 4200 4h/140°C 1601 1550 1.086 1.40 49.5

10 ml/500 mg NOVAe® 4200 4h/140°C 1660 1633 0.919 1.13 46

10 ml/500 mg NOVAe® 4200 4h/140°C 1649 1605 0.914 1.14 48.4

10 ml/500 mg NOVAe® 4200 4h/140°C 1640 1606 0.907 1.13 50.5

Oxidation HNO3 (1M) 2 h/90 °C -> X - NOVAe® 3000 4h/140°C 1522 1483 0.662 0.89 69

- NOVAe® 3000 4h/250°C 1578 1585 0.662 0.84 53.09

H2SO4 (98%) 2 h/180 °C NOVAe® 3000 4h/250°C 1993 2048 0.955 0.93 50.35

Oleum (20%) 2 h/90 °C NOVAe® 3000 4h/140°C 1743 1260 0.711 1.13 73.3

HNO3 (65%) 2 h/90 °C -> X - NOVAe® 3000 24h/240°C 1020 1049 0.530 1.01 53.6

- NOVAe® 3000 4h/140°C 1283 1266 0.56 0.88 48.7

H2SO4 (98%) 2 h/180 °C NOVAe® 3000 4h/250°C 1173 1213 0.588 0.97 43.5

Post-Chlorination Cl2 (4.0) (6M) 0.5 h/X 800 °C NOVAe® 3000 4h/140°C 1637 1676 0.715 0.85 66

1000 °C NOVAe® 3000 4h/250°C 1663 1655 0.702 0.85 54.7

1200 °C NOVAe® 3000 4h/250°C 1698 1650 0.763 0.92 39.4

Pristine - - NOVAe® 4200 4h/240°C 1687 1669 0.722 0.87 47.5

- NOVAe® 4200 4h/240°C 1683 1617 0.719 0.89 47.8

- NOVAe® 4200 4h/240°C 1682 1636 0.715 0.87 46.9

- AUTOSORB® 12h/250°C 1340 1738 0.720 0.83 31.6

- QUADRASORB® 12h/250°C 1500 1501 0.635 0.85 40.1

- NOVAe® 3000 4h/250°C 1705 1804 0.779 0.86 55.1

Alternative Treatments PURE -> X He 2 h/1200 °C NOVAe® 3000 4h/250°C 1724 1721 0.743 0.86 57.1

He 2 h/1200 °C -> VA 1400 °C NOVAe® 3000 4h/250°C 1156 1166 0.564 0.97 59.8

H2O -> VA 1400 °C QUADRASORB® 12h/120°C 1545 1512 0.672 0.89 32.7

HCl (37%) NOVAe® 4200 4h/140°C 1630 1605 0.693 0.86 56.9

HCl (37%) -> VA 1400 °C NOVAe® 4200 4h/140°C 1196 1198 0.562 0.94 64.1

HCl (37%) -> VA 1400 °C - NOVAe® 4200 4h/140°C 1003 971 0.502 1.03 55.1

> Oleum (65%) 2 h/90 °C

old Batch: L29423 VA 1200 °C QUADRASORB® 4h/120°C 997 1000 0.472 0.94 60.1
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Material Experiment Series Functionalization (FN) Treatment / Variation (X) Instrument Degassing Specific Surface Area Pore Volume Pore Size Mass

SSABET SSAQSDFT SPVQSDFT dcalc m

[m2 g−1] [m2 g−1] [cm3 g−1] [nm] [mg]

Cl2 (4.0) (1M) 0.5 h/1000 °C - NOVAe® 3000 4h/250°C 1731 1304 0.755 1.16 64.6

Sulfonation H2SO4 (50%) 2 h/90 °C - NOVAe® 3000 4h/140°C 1628 1688 0.713 0.84 59.7

H2SO4 (98%) 2 h/X 60 °C NOVAe® 3000 4h/140°C 1616 1580 0.677 0.86 56

90 °C NOVAe® 3000 4h/140°C 1645 1644 0.712 0.87 57.2

120 °C NOVAe® 3000 4h/120°C 1730 1763 0.761 0.86 49.1

180 °C NOVAe® 3000 4h/250°C 1653 1744 0.777 0.89 104.06

Oleum (X) 2 h/90 °C 20 % NOVAe® 3000 4h/140°C 1647 1257 0.728 1.16 70.1

65 % NOVAe® 4200 4h/140°C 1526 1476 0.656 0.89 44.1

Sulfanilic Acid - NOVAe® 4200 24h/140°C 1173 1179 0.473 0.80 30.4

Vacuum Annealing 24 mbar, 2 h/X 1000 °C QUADRASORB® 12h/120°C 1364 1380 0.661 0.96 18

1100 °C QUADRASORB® 12h/250°C 1290 1309 0.589 0.90 47.7

1200 °C QUADRASORB® 4h/250°C 1294 1232 0.569 0.92 54

1400 °C QUADRASORB® 12h/120°C 1128 1026 0.524 1.02 22.5

1800 °C QUADRASORB® 4h/250°C 4 17 0.036 4.14 38.8

Variations Oleum (65%) 2 h/90 °C -> X NaOH (40wt%) 100 °C - NOVAe® 4200 24h/140°C 1618 1584 0.674 0.85 47.6

> HCl (1M) 4 h/100 °C

Annealing 400 °C QUADRASORB® 4h/120°C 1661 1656 0.681 0.82 63.7

He 2 h/1000 °C - NOVAe® 4200 4h/140°C 1459 1394 0.633 0.91 45.9

CDC-1200 Graphitzation X -> Oleum (65%) 2 h/90 °C HNO3 (65%) 2 h/90 °C -> Ni 16 wt% - NOVAe® 4200 4h/140°C 450 515 0.88 3.42 32.5

> VA 1500 °C

Oxidation HNO3 (1M) 2 h/90 °C - NOVAe® 3000 4h/140°C 989 1089 0.759 1.39 73

HNO3 (65%) 2 h/90 °C - NOVAe® 3000 4h/140°C 1245 1414 0.971 1.37 62

Pristine - - NOVAe® 4200 4h/240°C 1002 1047 0.717 1.37 32.8

- AUTOSORB® 12h/250°C 1100 1164 0.769 1.32 29.3

- QUADRASORB® 12h/250°C 1124 1043 0.672 1.29 47.1

- NOVAe® 3000 24h/240°C 1126 1260 0.767 1.22 80.5

- NOVAe® 3000 4h/140°C 1021 1083 0.735 1.36 66.1

Sulfonation H2SO4 (98%) 2 h/180 °C - NOVAe® 3000 4h/140°C 855 976 0.774 1.59 48.1

- NOVAe® 3000 24h/250°C 886 984 0.841 1.71 59.5

Oleum (20%) 2 h/180 °C - NOVAe® 3000 4h/140°C 1006 1072 0.719 1.34 63.8

- NOVAe® 3000 24h/140°C 1005 1116 0.713 1.28 62.5

- NOVAe® 3000 4h/200°C 1028 1136 0.731 1.29 61.5

Oleum (65%) X h/90 °C 2 h NOVAe® 3000 4h/140°C 924 978 0.721 1.47 73.5

6 h NOVAe® 3000 4h/140°C 874 972 0.688 1.42 77.3
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Material Experiment Series Functionalization (FN) Treatment / Variation (X) Instrument Degassing Specific Surface Area Pore Volume Pore Size Mass

SSABET SSAQSDFT SPVQSDFT dcalc m

[m2 g−1] [m2 g−1] [cm3 g−1] [nm] [mg]

Variation PURE -> H2O -> X Oleum (20%) 2 h/180 °C NOVAe® 3000 4h/140°C 1120 1231 0.807 1.31 66.7

Milling (2 ml/200 mg) -> X Oleum (20%) 2 h/180 °C NOVAe® 3000 4h/140°C 921 1036 0.837 1.62 74.4

CDC-1300 Pristine - - QUADRASORB® 4h/240°C 529 595 0.653 2.19 60.5

Sulfonation Oleum (20%) 2 h/180 °C - NOVAe® 3000 4h/140°C 554 654 0.726 2.35 77.4

Oleum (65%) 2 h/90 °C - NOVAe® 3000 4h/140°C 559 652 0.715 2.19 76.1

- QUADRASORB® 4h/120°C 446 528 0.62 2.35 63.6

CDC-1400 Pristine - - QUADRASORB® 4h/120°C 298 356 0.632 3.55 96

Sulfonation Oleum (65%) 2 h/90 °C - QUADRASORB® 4h/120°C 248 309 0.549 3.55 81.1

CDC-1500 Pristine - - QUADRASORB® 4h/120°C 202 307 0.699 4.55 92.2

Sulfonation Oleum (65%) 2 h/90 °C - QUADRASORB® 4h/120°C 189 278 0.562 4.04 67.5

DARCO®-KBG Pristine - - NOVAe® 4200 4h/140°C 1322 1134 2.61 4.60 47.9

- NOVAe® 3000 4h/250°C 1294 1322 1.166 1.76 60.5

Sulfonation H2SO4 (98%) X h/180 °C 2 h NOVAe® 3000 4h/140°C 728 740 0.442 1.19 64.7

NOVAe® 3000 4h/140°C 761 752 0.49 1.30 53.9

NOVAe® 3000 4h/140°C 703 724 0.428 1.18 59.9

NOVAe® 3000 24h/140°C 717 737 0.443 1.20 66.9

NOVAe® 3000 4h/200°C 746 761 0.464 1.22 65.2

4 h NOVAe® 3000 4h/140°C 910 917 0.549 1.20 66.2

Oleum (65%) 2 h/90 °C - NOVAe® 4200 4h/140°C 614 582 0.403 1.38 39.1

Sulfanilic Acid - NOVAe® 4200 24h/140°C 904 844 0.658 1.56 41.5

Variations Oleum (65%) 2 h/90 °C -> X NaOH (40 wt%) 4 h/100 °C - NOVAe® 4200 4h/140°C 368 328 0.209 1.27 37.6

> HCl (1M) 4 h/100 °C

NaOH (40 wt%) 100 °C -> X - NOVAe® 4200 4h/140°C 1069 989 0.735 1.49 49.1

HCl (1M) 4 h/100 °C NOVAe® 4200 4h/140°C 1335 1200 0.935 1.56 47.8

HCl (1M) 4 h/100 °C - NOVAe® 4200 4h/140°C 557 541 0.325 1.20 50.6

> Oleum (65%) 2 h/90 °C

He 2 h/X 500°C NOVAe® 3000 4h/140°C 1236 1190 0.976 1.64 69.2

NOVAe® 3000 4h/140°C 1292 1279 1.119 1.75 69.2

NOVAe® 3000 4h/250°C 1173 1279 1.12 1.75 45.8

1000 °C NOVAe® 3000 4h/140°C 1076 1150 0.828 1.44 66.4

1000 °C -> H2SO4 (98%) 2 h/180 °C NOVAe® 3000 4h/140°C 1129 1170 0.834 1.43 72.8

1000 °C -> Oleum (20%) 2 h/90 °C NOVAe® 3000 4h/140°C 1062 1113 0.798 1.43 72.9

NOVAe® 4200 4h/140°C 1264 1230 0.936 1.52 33.3
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Material Experiment Series Functionalization (FN) Treatment / Variation (X) Instrument Degassing Specific Surface Area Pore Volume Pore Size Mass

SSABET SSAQSDFT SPVQSDFT dcalc m

[m2 g−1] [m2 g−1] [cm3 g−1] [nm] [mg]

NOVAe® 3000 4h/140°C 1281 1377 0.974 1.75 56.1

NOVAe® 3000 4h/140°C 1092 1131 0.818 1.45 68.3

H2O 4 h/100 °C -> X Oleum (65%) 2 h/90 °C NOVAe® 4200 4h/140°C 830 789 0.544 1.38 40.3
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Table C.11: Ink preparation for the electrochemical characterization by a 3-electrode setup. Carbons were milled by wet ball milling for 1 h at 450 min−1 using
the instrument PM 100, with 2-propanol (4 mL / 200 mg), Z rO2 balls (3mm, 110 g). Typically, 10 mg of carbon was mixed with a liquid, of up to 3
components, at the concentration provided in the table. In all cases, the ratio of nafion solution to carbon was 0.005 mL mg−1. The suspensions were
treated by ultrasonic and loaded at the provided loading amount to a target loading of either 48.78 ug or 97.56 ug to the working electrode.

Series Material Functionalization Component 1 Component 2 Component 3 Conc. Loading

Name Amount Name Amount Name Amount

[vol%] [vol%] [vol%] [ml/mg] [µg] [µl]

Pristine CDC CDC-500 - 2-propanol 97.56 - 0.00 Nafion, 5wt% 2.44 0.205 97.56 20.0

CDC-800 - 2-propanol 97.56 - 0.00 Nafion, 5wt% 2.44 0.205 97.56 20.0

CDC-1000 - 2-propanol 97.56 - 0.00 Nafion, 5wt% 2.44 0.205 97.56 20.0

CDC-1200 - 2-propanol 97.56 - 0.00 Nafion, 5wt% 2.44 0.205 97.56 20.0

Sulfonation CDC-800 - 2-propanol 97.56 - 0.00 Nafion, 20wt% 2.44 0.205 48.78 10.0

H2SO4 (50%) 2h/60°C ethanol 57.99 water 40.98 Nafion, 20wt% 1.02 0.488 48.78 23.8

H2SO4 (98%) 2h/60°C ethanol 57.99 water 40.98 Nafion, 20wt% 1.02 0.488 48.78 23.8

Oleum (65%) 2h/60°C ethanol 57.99 water 40.98 Nafion, 20wt% 1.02 0.488 48.78 23.8

CDC-1000 - 2-propanol 49.38 ethanol 49.38 Nafion, 20wt% 1.23 0.405 48.78 19.8

Oleum (65%) 2h/90°C ethanol 60.98 water 37.50 Nafion, 20wt% 1.52 0.328 48.78 16.0

CDC-1200 * - 2-propanol 97.56 - 0.0000 Nafion, 5wt% 2.44 0.205 97.56 20.0

Oleum (65%) 2h/90°C 2-propanol 97.56 - 0.00 Nafion, 5wt% 2.44 0.205 97.56 20.0

Post-chlorination CDC-500 Cl2 (4.0) 0.5h/800°C ethanol 57.32 water 41.67 Nafion, 20wt% 1.02 0.492 48.78 24.0

Cl2 (4.0) 0.5h/1000°C ethanol 57.32 water 41.67 Nafion, 20wt% 1.02 0.492 48.78 24.0

Cl2 (4.0) 0.5h/1200°C ethanol 69.69 water 28.57 Nafion, 20wt% 1.74 0.287 48.78 14.0

CDC-800 Cl2 (4.0) 0.5h/800°C 2-propanol 63.41 water 35.71 Nafion, 20wt% 0.87 0.574 48.78 28.0

Cl2 (4.0) 0.5h/1000°C ethanol 97.56 water 0.00 Nafion, 20wt% 2.44 0.205 48.78 10.0

Cl2 (4.0) 0.5h/1200°C ethanol 97.56 water 0.00 Nafion, 20wt% 2.44 0.205 48.78 10.0

CDC-1000 Cl2 (4.0) 0.5h/800°C 2-propanol 67.99 water 31.25 Nafion, 20wt% 0.76 0.656 48.78 32.0

Cl2 (4.0) 0.5h/1000°C 2-propanol 57.32 water 41.67 Nafion, 20wt% 1.02 0.492 48.78 24.0

Cl2 (4.0) 0.5h/1200°C 2-propanol 67.99 water 31.25 Nafion, 20wt% 0.76 0.656 48.78 32.0

* Simple ball milling, instead of planetary ball milling
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