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2. ACRONYMS AND SYMBOLS ⟨N⟩ the average number of layers in a stack 
2D-NLDFT two-dimensional non-local-density functional theory 
a3 average interlayer spacing 
AΣD/AΣG ratio, where the sum of the areas of the DS band and D band is 

divided by the sum of the areas of the GS and the G band 
Bfl the scattering contribution of the carbon phase, which becomes 

dominant at large q values  
CDC carbide-derived carbon 
CLD chord length distribution 
D' band in the Raman spectrum characteristic of sp2 carbon at 

1620 cm−1 
D or DA band in the Raman spectrum characteristic of sp2 carbon at 

~1350 cm−1  
D0 the maximal diffusion coefficient 
DFT density functional theory 
DS band in the Raman spectrum characteristic of sp2 carbon at 

~1200 cm−1 

DT (temperature dependent) diffusion coefficient 
dΣ/dΩ(q) macroscopic differential scattering cross section of the sample 
dΣfluct/dΩ(q) macroscopic differential scattering cross section of the density 

fluctuations and inaccessible pores in the sample 
dΣm/dΩ(q) macroscopic differential scattering cross section normalized by 

sample mass 
dΣpores/dΩ(q) macroscopic differential scattering cross section representing 

the scattering between the open pores and the carbon matrix 
Ea activation energy (of self-diffusion) 
Elaser energy of laser beam 
FWHM full width at half maximum  
G or GA band in the Raman spectrum characteristic of sp2 carbon at 

~1580–1600 cm−1  
g(r)  chord length distribution 
GS  band in the Raman spectrum of sp2 carbon at 1550 cm−1 

HR-SEM high-resolution scanning electron microscopy 
HTC hydrothermal carbonization 
ID/IG  ratio of the intensities (as band heights) of the D and the G band 
IUPAC International Union of Pure and Applied Chemistry 
La average graphene layer extent 
Lc average stacking size (of graphene layers) 
lcc average C-C bond length 
lp

SAXS number-averaged chord-length 
lR Ruland length, describes the size above which the lateral 

correlation in the graphene layer is lost 
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nH2 the amount of H2 in the sample cell normalized by the mass of 
the carbon sample 

NLDFT non-local density functional theory 
p pressure 
p/p° relative pressure 
p° saturation pressure 
pH2 pressure of hydrogen 
pH2,load equilibrium pressure of H2 in the sample holder at 77 K 
q scattering vector defined as q = (4π/λ)sinθ, where the 2θ is the 

scattering angle 
QENS quasi-elastic neutron scattering 
QSDFT quenched solid density functional theory 
R2 coefficient of determination 
Rg radius of gyration (generalized Guinier-Porod model) 
s dimensionality parameter (generalized Guinier-Porod model) 
S/m inner surface area 
SANS small-angle neutron scattering method 
SAS small-angle scattering 
SAXS small-angle X-ray scattering method 
SDFT specific surface area calculated with 2D-NLDFT model 
Sexp(q, ΔE) experimentally measured dynamic structure factor 
Sinc(q, ΔE) incoherent dynamic structure factor 
SLD scattering length density 
T temperature 
TEM transmission electron microscopy 
Tsyn synthesis temperature of carbide-derived carbon 
w pore width 
WANS wide-angle neutron scattering method 
WAXS wide-angle X-ray scattering method 
Vtot total volume of pores calculated from the amount of adsorbed 

gas near the saturation pressure, p/p° = 0.95 
ΓD full width at half maximum of the D band of carbon 
ΓG full width at half maximum of the G band of carbon 
ΓQE full width at half maximum of the quasi-elastic broadening 
ΔE energy transfer 
θ scattering angle 
λ wavelength 
λL laser wavelength 
ρf apparent filling density of carbon particles 
σ1 standard deviation of the first-neighbor distribution for sp2 

carbon 
σ3 standard deviation of interlayer spacing for sp2 carbon 
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3. INTRODUCTION 

Carbon as a chemical element is ubiquituous in the nature. Alongside hydrogen, 
oxygen and nitrogen, carbon can form innumerable amount of different com-
pounds and materials. Even in the pure form, carbon constitutes non-identical 
cystalline materials like diamond, graphite and molecular materials like graphene, 
fullerenes, nanotubes etc. In addition to these well-defined, defect-free forms of 
pure carbon, there exists countless forms of more or less disordered carbon 
materials. The disordered forms of carbons can consist of mainly sp3 or sp2 
hybridized carbon or of a mixture of them [1]. The disordered carbon which 
contains mostly sp2 carbon conducts electricity, is typically soot-like in appea-
rance and can be very porous. Porous sp2 carbons are usually well known as 
activated carbons. The term activation denotes a chemical and/or physical pro-
cess in which the specific surface area and pore volume of a carbon material are 
enhanced. Activated carbons are used widely in air- and water purification 
systems, electrode materials for electrochemical appliances and other more 
specific uses [2].  

Not all porous sp2 carbons have undergone activation. Namely, carbide de-
rived carbons (CDCs) have high specific surface area and specific pore volume 
already after the synthesis and do not need further activation. While typical 
precursors to activated carbons are different organic substances (coconut shells, 
peat, leaves etc.), the precursor to CDCs are inorganic carbides. The structure of 
carbide-derived carbon is easily controlled by choosing different precursor 
carbide and synthesis conditions. The resulting CDCs have the coveted benefit 
of a well-defined and narrow pore size distribution and are often very pure and 
free of additives [3].  

Throughout the years CDCs have been successfully used in multiple appli-
cations, like supercapacitors [4], polymer-electrolyte fuel cells [5], batteries 
[6,7] and in gas adsorption applications [3]. In order to be able to explain in 
more detail the effect of the nanostructure of carbon material on the electro-
chemical and other (e.g H2 adsorption) performance parameters, it is important 
to characterize the structure of the carbon thoroughly. This thesis aims to 
• take a systematic look over a wide dataset of wide-angle X-ray scattering 

and Raman spectroscopy data of different CDCs to gain structural infor-
mation, 

• discern the change of the structure of Mo2C-derived carbon with increasing 
temperature of synthesis using small-angle scattering methods, 

• investigate the impact of the structure of CDCs to the H2 diffusion charac-
teristics in these carbons using quasi-elastic neutron scattering method.  
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4. LITERATURE OVERVIEW 

4.1. Microporous carbons 
Carbon has been used for purposes other than as a fuel or in metallurgy since 
ancient times. One of the oldest records can be seen in an Egyptian papyrus 
(1550 B.C.), where various carbons are mentioned for medicinal use [8]. Nowa-
days, porous carbons are used on a large scale in air and water purification 
applications, but an emerging important use for porous carbons lies in the 
electrochemical energy storage/conversion field. Namely, porous carbon mate-
rials are used as electrode materials in supercapacitors, batteries and polymer 
electrolyte membrane fuel cells.  

A very important characteristic of a porous carbon is its average pore size 
and overall porous structure (i.e. pore-size distribution). Pores are classified 
according to their widths, w, as micropores (w < 2 nm), mesopores (2 nm 
< w < 50 nm) and macropores (w > 50 nm) (Figure 1a) [9]. The pore width is 
defined as the diameter in the case of cylindrical pores or as the distance 
between opposite walls in the case of slit-shaped pores. According to the defi-
nition of IUPAC (International Union of Pure and Applied Chemistry), micro-
porous carbons are carbon materials, which are considered to have a major part 
of its porosity in micropores and exhibit apparent surface areas usually higher 
than 200 m2 g−1 [10]. These small pores form in between the aromatic sheets 
and strips of sp2 carbon, which are often bent and resemble a mixture of wood 
shavings and crumpled paper1 (Figure 1b,c) [12]. The theoretical upper limit of 
surface area of activated carbon material is 2965 m2 g−1, which corresponds to 
the specific surface area of an infinitely large double-sided graphene sheet) [13]. 

The relative orderliness of this disordered material can best be described by 
the size of the aromatic sheets or graphene-like platelets or domains of sp2 
carbon. These platelets are typically few nanometers wide and are not stacked in 
an orderly manner. When the carbon material is heated to >2000 °C, some of 
the platelets can join and, thus, the carbon material will become more ordered 
and the electrical and thermal conductivity of carbon material increases. Finally, 
if the heat-treatment temperature is high enough, the carbon can become com-
petely graphitic, i.e. contain large graphene sheets, which are stacked in a crys-
talline manner (see section 4.2.3). This step-by-step increase in the graphitic 
order of disordered carbon material with the increase in the heat-treatment 
temperature is called the graphitization pathway (Figure 1d). 

 

                                                 
1  For a thorough overview of different representations of the structure of disordered and 
amorphous carbons, reader is referenced to the review by P. J. F. Harris [11]. 
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Figure 1. (a−c) Different representations of the structure of microporous carbon 
materials [12,14,15]. (d) Representation of the graphitization pathway for graphitizable 
and non-graphitizable, i.e. hard carbon [16].  
 
 
R. E. Franklin coined the terms “graphitic” and “non-graphitic”, to distinguish 
sp2 carbons with a 3D ordered structure and 2D ordered structure, respectively. 
Namely, non-graphitic carbons contain graphene-like platelets with some de-
gree of order, but these platelets are not stacked in an orderly manner, while 3D 
carbons contain well ordered stacks of graphene platelets [17]. 
 

4.1.1. Synthesis of microporous carbons  

Various precursor materials and synthesis routes can be used to produce micro-
porous carbon materials. The properties, e.g. average pore size, level of graphi-
tization, etc. depend on both the precursor and the synthesis method applied. 
The synthesis of a porous carbon can consist of the following typical stages 
[3,8]:  
1. the carbonization, i.e. the conversion of an organic substance into carbon or 

a carbon-containing residue, 
2. the activation, i.e. process which enhances the specific surface area and pore 

volume, 
3. the treatment with Ar, H2 or N2 at high temperature in order to clean the sur-

face from unwanted functional groups.   
The common method for carbonization is pyrolysis, i.e. the heat-treatment of 
some carbon-containing substance, often waste (e.g. corn stalks, fruit stones, 
coconut shells) in an inert atmosphere [18]. Another way to carbonize a carbon-
containing precursor is to use hydrothermal carbonization (HTC). In HTC, the 
carbon-containing precursor is mixed with water and heated (T > 100 °C) in an 
enclosed autoclave, where the pressure can reach >0,1 MPa [19–21]. 
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Activation can be done either using gas phase activation (so-called physical 
activation) or some solid/liquid reagents based (so-called chemical) activation. 
Activation can be achieved when the initial material is impregnated or mixed with 
an activating reagent (e.g. KOH, ZnCl2) and then heated in inert atmosphere [18].  

In a different approach entirely, carbide-derived carbons are derived from 
inorganic carbides usually via a chemical reaction at a high temperature. Al-
though similar in terms of properties to the activated carbons, the CDCs can not 
be named “activated” since no activation is usually necessary to obtain a high 
specific surface area. The CDCs are mostly synthesized from metal or non-
metal (Me) containing carbides (MexC) by halogenation, thermal or hydro-
thermal processing [3]. In the case of chlorination, the porous carbon material is 
formed when the Me atoms of the crystal structure of the carbide react with 
chlorine at the synthesis temperature, Tsyn, and, thus, leave behind the carbon 
skeleton:  

 
  MexC(s) + xy/2 Cl2(g) → x MeCly(g) + C(s). (1) 
 
The volatile product MeCly is guided away in excessive Ar flow (collected and 
reused) and any remaining chlorine and/or functional groups are reduced in 
hydrogen gas flow at high temperature. Resulting carbons are noted as C-X Y in 
the text, where X denotes the precursor carbide and Y denotes the synthesis 
temperature in degrees of Celsius applied. 

The higher the temperature of chlorination, the higher the level of graphitiza-
tion of the formed CDC [22–24]. In comparison to traditional activated carbons, 
the CDCs contain little to no impurities and have a structure that can be easily 
controlled to range from very disordered to well-organized nano-graphitic. In 
addition, the pore size distribution of CDCs is typically narrower than the pore 
size distribution of typical activated carbons [3,22,23,25]. The CDCs have been 
used in electrochemical applications with excellent results, e.g. as the electrode 
materials for supercapacitors [4], as catalyst carriers for polymer-electrolyte 
membrane fuel cells (PEMFC) [5] and in other applications such as the gas 
(including H2) adsorption [3].  

 
 

4.2. Physical characterization methods of carbons 
Gas adsorption analysis is the most common method to characterize the porous 
structure of various carbon materials. Different gases and measurement condi-
tions are used, which give somewhat different information. Gas adsorption ana-
lysis characterizes the open porosity in the length scale of 0.4 nm to ~50 nm 
(Figure 2) [26,27]. Small-angle scattering methods (either X-ray, i.e. SAXS, or 
neutron, i.e. SANS) also give insight to the porous structure and, in addition to 
open porosity, give information about the possible closed porosity [28–31].  

In order to gain insight about the relative disorder of the carbon (i.e. the 
average graphene domain length, average stacking height etc.), Raman spectro-
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scopy and X-ray (or neutron) diffraction methods are used. However, the 
method known as X-Ray diffraction (XRD) is named Wide-Angle X-ray scat-
tering (WAXS) henceforth, since the term “diffraction” should only be used when 
the studied materials show truly crystalline domains. Although the thorough 
analysis of Raman spectroscopy can result in a tentative assessment of the 
average graphene domain length, as a vibrational spectroscopy, this method can 
not be directly related with a specific length scale analysis. Rather, Raman 
spectroscopy can give information on the electronic states, the phonon energy 
dispersion and the electron-phonon interaction in sp2 carbon systems [32].  

 

  

Figure 2. Length scales probed by different methods used for the characterization of 
porous carbon materials [27,33–35], orange color represents the methods used more 
thoroughly in this study, grey are the electron microscopy methods, which give unique, 
but not representative information about the sample structure. 

 
 

4.2.1. Gas adsorption 

Adsorption is a process by which the particles of one substance (atoms, mole-
cules or ions) become attached to the external or internal surface (walls of capil-
laries, pores or crevices) of solids or the surface of liquids (Figure 3). The 
reverse process to adsorption is desorption. 
 

 
Figure 3. Schematic representation of the formation of a monolayer on an adsorbent.  
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In a gas adsorption analysis measurement the amount of adsorbed gas (i.e. ad-
sorbate) in/on a solid (i.e. adsorbent) at increasing equilibrium pressure values 
of the adsorbate, p, at a constant temperature, T, (i.e. isothermal conditions) is 
obtained2. Thus, the adsorption curve is called an adsorption isotherm. When 
the p nearly reaches the saturation pressure of the adsorbate, p°, the pressure is 
gradually decreased and, thus, the desorption branch of the isotherm is 
measured. The obtained isotherm is characteristic of the porous structure (e.g. 
the specific surface area, the porosity and the pore dimensions) of the studied 
adsorbent. When describing the isotherm, the terms adsorption and desorption 
are used to indicate the direction from which experimentally determined 
amounts adsorbed have been approached – by reference to the adsorption curve 
(or point), or to the desorption curve (or point). When the adsorption and de-
sorption curves do not coincide, so-called adsorption hysteresis arises. The 
experimentally observed adsorption isotherms can be classified according to 
IUPAC-recommendations to eight different types (Figure 4) [26]. 

 
 

 
Figure 4. Classification of physisorption isotherms [26]. 
 
 
Type I isotherms are characteristic of microporous solids, while Type I(a) iso-
therms are given by materials having mainly narrow micropores (of width 
 < 1 nm) and Type I(b) isotherms are found for materials having pore size distri-
butions over a broader range ( < 2.5 nm). Type II isotherms are characteristic of 
the physisorption of gases on nonporous or macroporous adsorbents and the 
shape results from unrestricted monolayer-multilayer adsorption. Type III iso-
therm forms when the adsorbent-adsorbate interactions are weak and the ad-
sorbed molecules are assembled near the most favorable sites on the surface of a 
nonporous or macroporous adsorbent. Type IV isotherms are typical to meso-
                                                 
2  More strictly, the quantity experimentally determined by gas adsorption is a surface ex-
cess amount, not the total amount adsorbed. However, when the pressure is low (<0.1 MPa), 
the surface excess amount and the total amount adsorbed can be considered equivalent [26]. 
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porous adsorbents, while the capillary condensation is accompanied by hyste-
resis in Type IV(a), but no hysteresis in Type IV(b). The hysteresis occurs when 
the pore width exceeds a certain critical width, which is dependent on the 
adsorption system and temperature (e.g., for N2 and Ar at 77 K and 87 K, 
respectively, hysteresis occurs for pores with w > 4 nm). When the mesopores 
in the adsorbent are of smaller width, completely reversible isotherms are seen 
(Type IVb). Type V occurs in the case of mesoporous materials, when the 
adsorbent–adsorbate interactions are weak. Type VI isotherms form when layer-
by-layer adsorption occurs on a uniform nonporous surface [26]. 

The typical setting for gas adsorption/desorption measurement is to use nitro-
gen at pressures from 10−4 to 103 mbar at 77 K, i.e. at the boiling point of N2 at 
atmospheric pressure. This setting in principle allows to characterize pores with 
widths in the range 0.7 to 50 nm (Table 1). However, the diffusion of N2 at 77 K 
in the very narrow micropores is extremely slow. When materials containing 
these narrow micropores are measured with N2 at p/p° < 0.0001, the equilibrium 
pressure may not be reached in a reasonable time or the measured points may 
not characterize the true adsorption equilibrium. The result of this is the unde-
restimation of the experimental isotherm of N2 in the low-pressure range [27]. 

The diffusion limitations of CO2 are much smaller owing to the higher mea-
surement temperature and the higher pressure at which micropore adsorption 
occurs in the case of CO2 (Table 1). Thus, it is found that gas adsorption with 
CO2 at 273 K is better suited to characterize the narrow micropores with widths 
between 0.4 and 1.0 nm [36]. In order to characterize the pore structure more 
accurately in a wide range of pore widths, it is recommended to measure both 
the N2 and CO2 isotherms and analyze the data in a global fitting of N2 and CO2 
isotherms. Since the isotherm of CO2 in the dual analysis provides the most ac-
curate information about narrow micropores, the N2 isotherm may be measured 
for the relative pressures starting at p/p° about 0.001 rather than at 10−6 [27].  

However, N2 and CO2 have high quadrupole moments, which can cause 
additional uncertainties. Namely, due to the quadrupole moment, the orientation 
of a molecule depends on the surface chemistry of the adsorbent. IUPAC 
recommends to measure gas adsorption isotherms with Ar instead of N2, since 
Ar does not have a quadrupole moment and is less sensitive to differences in the 
structure of the adsorbent surface at experimental temperature of 87 K [26].  

Compared to other gases, hydrogen diffusion is much faster and the size of 
the H2 molecule is much smaller. Thereafter, H2 can access very small micro-
pores that are not accessible to other gases (e.g. N2 or Ar) at cryogenic tempe-
ratures [37,38]. When H2 isotherms are measured at 77 K (i.e. at temperature 
higher than the critical temperature of H2, 33.15 K) the maximal pressure is 
limited by the instrument. Namely, the saturation pressure cannot be defined for 
hydrogen at 77 K since H2 will not liquefy, but will become supercritical at 
pressures higher than 12.96 bar. 
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Table 1. The differences in the gas adsorption analysis conditions for different gases 
used [36,38].  

Gas  Tm / K  p° / mbar p/p°  of ads./ 
unitless 

Pore range / nm  

N2  77 1019  ~10−7 0.7 < w < 50  
Ar  87 1003  ~10−6  0.7 < w < 50  
CO2 273  34853 ~10−4  0.4 < w < 1  
H2  77 −  ~10−5  w < 0.7  

Tm – measurement temperature, p° – the saturation pressure at atmospheric pressure and 
at the measurement temperature, p/p° of ads. – the relative pressure at which the 
adsorption in micropores starts, w – pore width. 

 
 

Methods based on Non-local-density functional theory (NLDFT) can be used to 
calculate the pore size distribution of the adsorbent based on the characteristics 
and the shape of the isotherm. Namely, NLDFT is used to calculate a set of 
theoretical isotherms for a given class of adsorbent/adsorptive system with 
different pore widths. This set of theoretical isotherms, the so-called kernel is 
then used as a reference when analysing the real measured isotherm, enabling to 
estimate the pore size distribution [26,39].  

Conventional NLDFT models assume a smooth and homogeneous surface of 
the adsorbent, which is rarely realistic in the case of porous carbon materials. 
This drawback has been addressed by the two-dimensional NLDFT (2D-
NLDFT) approach [39] and the quenched solid DFT (QSDFT) approach [40], 
which take into account the heterogeneity of the adsorbent surface. The 2D-
NLDFT allows for the non-uniformity of the adsorbent surface in two dimen-
sions, i.e the surface of pore wall is treated as randomly wrinkled graphene 
sheet containing non-hexagonal defect rings. The QSDFT describes the ad-
sorbent and the adsorbate density in the pores in one dimension, which is per-
pendicular to the pore wall (same as the conventional NLDFT). However, as 
opposed to the conventional NLDFT method, the QSDFT model assumes that 
the density of carbon atoms linearly decreases to zero within the surface layer 
(i.e. the quenched component). It has been shown, that the QSDFT and the 2D-
NLDFT methods both give similar pore size distributions despite having diffe-
rent mathematical ways of taking into account the heterogeneity of the surface 
of the adsorbent [41]. In summary, the application of advanced methods based 
on DFT leads to reasonably accurate evaluation of the pore size distribution, if 
the porous system is compatible with the chosen kernel [26]. 

 
4.2.2. Raman spectroscopy 

Raman spectroscopy is widely used as a quick, non-destructive characterization 
method to characterize the structure of carbon materials of vastly different 
types, e.g. graphene, amorphous carbons, highly ordered pyrolytic graphite, etc. 
The first-order Raman spectra of disordered graphite typically contains two 
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relatively sharp modes, the G (i.e. graphitic) peak around 1580–1600 cm−1 and 
the D (i.e. disorder-induced) peak around 1350 cm−1. These bands are assigned 
to zone center phonons of E2g symmetry and K-point phonons of A1g symmetry 
(Figure 5a), respectively [42]. The G and D peaks3 with varying intensity, width 
and position, also dominate in the Raman spectra of nanocrystalline sp2 carbons 
(Figure 5b) [1].  

 

  

Figure 5. (a) Carbon motions in the G and D modes of graphene, E2g and A1g, respec-
tively. (b) Raman spectra of various carbon materials, MWCNT – multi-walled carbon 
nanotube, HOPG – highly ordered pyrolytic graphite, C-VC 1100 – porous carbon 
synthesized from vanadium carbide at 1100 °C, TT-68 – porous carbon synthesized 
from D-glycose with hydrothermal carbonization and, thereafter, activated with ZnCl2

4. 
(c) Different bands in the first order region of the Raman spectra of Mo2C-derived 
carbon.  

 
 
While it is simple to distinguish between vastly different carbon samples (e.g 
between graphite and diamond) with Raman spectroscopy (Figure 5b), the diffe-
rences in the spectra of microporous disordered carbons are more complicated to 
distinguish. Schuepfer et al. devised a useful classification of sp2 carbons along 
the graphitization pathway based on the Raman spectra (Table 2) [43]. This 
classification can be used without the deconvolution of the spectra.  
 
  

                                                 
3  It is not entirely correct to name the wide and overlapping bands at ~1580–1600 cm−1 and 
at ~1350 cm−1 in the spectra of disordered carbon G-band and D-band, respectively, since this 
nomenclature is meant to describe crystalline graphene and graphite. However, this notation is 
abundantly used in the literature so the same notation will be used in this work. 
4  Data measured by Tavo Romann from the Institute of Chemistry of the University of Tartu. 
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Table 2. Classification of sp2 carbons along the graphitization pathway based on the 
features of the corresponding Raman spectra devised by Schuepfer et al. [43].  

Stage Name ID/IG ratio Other 

I Disordered5 
Increases with increased 
graphitization, but does 
not exceed a value of 1. 

D- and G-bands are broad and 
overlapping. 

II Nanoparticular Increases further, reaches 
its maximum value 

D- and G-bands are narrower. 
Dʹ might become visible at 
~1620 cm−1 

III Non-graphitic Decreases towards zero D- and D'-bands eventually 
dissapear. 

IV Graphitic Zero. Spectral shape of the 2D-band 
changes. 

ID/IG  – the ratio of the intensities (heights) of the D- and G-band, without the decon-
volution of bands.  

 
 

The sp2 carbon materials typically used as supercapacitor and PEMFC electrode 
materials are either Stage I or Stage II carbons. In order to analyze the differen-
ces of these materials in more detail, it is nessesary to obtain comparable spect-
ral parameters like the widths, positions and areas of the bands. The spectral 
parameters shown to be the most useful to characterize and/or compare the 
Raman spectra of disordered carbons are shown in Table 3. 

In order to obtain the spectral parameters, the spectrum needs to be decon-
voluted since the D- and G-bands are wide and overlapping. Moreover, in addi-
tion to the D- and the G-band, the first order Raman excitation region con- 
tains at least two to three additional bands (at ~1100 cm−1, ~1450 cm−1 and 
1620 cm−1) [44–47]. The first two of these additional bands (~1100 cm−1 and 
~1450 cm−1) have been interpreted as being analogous to the D- and the G-band, 
but originating from the highly disordered areas (the area near the edges of the 
graphene domains and the areas near defects), which results in the softening of 
the phonon modes and, thus, the presence at lower frequencies [45]. The bands 
at ~ 1100 cm−1 and ~1450 cm−1 will be henceforth denoted as DS and GS, 
respectively. The third, i.e. the D'-band at ~1620 cm−1, is assigned to E'2g [48] 
and has been argued to be present in the first-order region even if a separate tip 
is not seen in the spectrum (Figure 5c) [46,47].  

 
 

  

                                                 
5  The term „amorphous carbon“ was used in the original publication, but this refers to 
carbons with considerable sp3-content according to IUPAC [9]. 
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Table 3. Spectral parameters obtained from the spectra of disordered carbons. The ID/IG 
is obtained directly from the spectrum, i.e. without deconvolution, other parameters are 
obtained from the deconvolution results.  

Spectral parameter Notes and Ref. 
ID/IG The ratio of the intensities (mostly 

in the literature as band heights) of 
the D and the G band. 

The value of ID/IG first increases 
and only then decreases along the 
graphitization pathway [1,43].  

AΣD/AΣG 
 

The ratio, where the sum of the 
areas (i.e the integrated intensities) 
of the ~1100 cm−1 band and D-band 
is divided by the sum of the areas of 
the ~1500 cm−1 band and the G 
band. 

The value of AΣD/AΣG decreases 
along the graphitization pathway. 
This parameter was said to be 
applicable for carbons with La > 
32 nm [45].  

ΓG The full width at half maximum of 
the G-band. 

For very disordered carbons, ΓG is 
constant around ~55 cm−1 [49], 
but decreases eventually along the 
graphitization pathway and 
reaches the minimum value of 
13.5 cm−1 in the case of highly 
ordered graphite [45].  

ΓD The full width at half maximum of 
the D-band. 

ΓD decreases substantially along 
the graphitization pathway, i.e the 
change of ΓD is very prominent 
for disordered Stage I and II 
carbons [47,49]. 

 
There are empirical equations, which enable to calculate the size of the carbon 
sheet (i.e. the graphene domain) on the basis of the ID/IG ratio [1,42]. However, 
this calculation has been shown to lead to highly unreliable results, since the 
defect formation and its evolution with size strongly depends on the precursor 
and the carbonization procedure [43,44]. It must be kept in mind, that Raman 
spectroscopy is a vibrational spectroscopy, not a microscopy, and the relations 
between the domain size and the spectral parameters are indirect. Thereafter, the 
most reliable results can be obtained when a series of synthesized carbons (e.g. 
the only variable is the heat treatment temperature) is under study [43].  

The Raman linewidth depends on the disorder of the nearest-neighbor en-
vironment and the size of the sp2 carbon domains formed, in particular for small 
sheet sizes. When the graphene domains in the sample are very small, the 
Raman spectrum can mainly consist of the contributions of various molecule-
like units. Molecules do not possess translational symmetry and do not exhibit 
defects as crystalline materials. Nevertheless, larger units of 6-fold carbon rings 
may exhibit a molecular vibrational mode in the region of the D-band [50]. The 
lower limit, at which the graphene domain is considered to be large enough to 
show crystalline behaviour, has been estimated to be near the average graphene 
layer extent of 2 nm in [1] or 4 nm in [43] (Figure 6).  
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Figure 6. Representations of  graphene domains with a diameter of approximately 2 nm 
and 4 nm, respectively.  

 
 

4.2.3. Wide-Angle X-Ray Scattering 

The maxima in the X-ray diffraction (XRD) pattern results from constructive 
interference between X-ray waves that have elastically scattered from different 
lattice planes. The condition for constructive interference at a certain angle is 
given by the Bragg equation [51]: 

 
 n𝜆 = 2𝑑 sin𝜃, (2) 
 
where n is an integer, λ is X-ray wavelength, d is the distance between lattice 
planes and θ is the diffraction angle. Unlike samples normally studied with 
XRD, the porous disordered carbons cannot be taken as truly crystalline. Thus, 
it is more accurate to name this method Wide-Angle X-ray Scattering (WAXS) 
[52].  

In a WAXS pattern of microporous carbon, typically wide and diffuse (00l) 
and (hk) interference maxima are seen, but no well-expressed (hkl) reflections 
(Figure 7). This indicates a random layer structure, in which single graphene 
layers are stacked roughly parallel and nearly equidistant, but with layers 
having a random orientation (also known as ‘turbostratic’ disorder) [14]. The 
existance of (hkl) reflections is the indicator, that the carbon material is 
graphitic and contains three-dimensional periodicity, while non-graphitic 
carbons only have two-dimensional periodicity. When a non-graphitic carbon 
material is heat-treated at a high temperature (~2000 °C), the (hkl) lines can 
appear in the WAXS pattern (i.e. 3D order is established) and the starting 
carbon material is then said to be graphitizable or “soft” carbon. If the carbon 
material will not show signs of 3D order even after heating it at ~3000 °C, it is 
said to be a non-graphitizable or “hard” carbon, respectively [17].  
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Figure 7. WAXS patterns of various sp2 carbon materials6. The dashed vertical lines 
represent the positions of reflections in the XRD pattern of graphite. There are examples 
of carbide-derived carbons (C-VC 1100 and C-Mo2C 1000 [22,23]), commercial acti-
vated carbon (RP-20 [53]) and porous carbon synthesized via hydrothermal carboni-
zation (TT-67 [19]). On the top axis, the magnitude of the scattering vector, q, is shown. 

 
 

When a carbon material is heat-treated at higher temperatures, the small ordered 
domains grow larger and, as a result, the 00l and hk maxima become narrower. 
Thereafter, the widths of the reflections have been used to quantify the extent of 
the ordered domain, La, according to the Scherrer equation [54]. 

This calculation is based on the assumption that the broadening of the inter-
ference maxima is only caused by the limited graphene domain size. However, 
the defects, curvature, strain etc. also affect the width of the interference maxi-
ma. In addition, the extraction of the width of the asymmetrical (10) reflection, 
which often partly overlaps with the (002) maxima, is riddled with uncertain-
ties. In these cases, a fitting methods for the whole scattering curve are more 
appropriate [55–58]. 

Rietveld refinement [59] is the commonly used method to quantitavely ana-
lyze the full profile of an X-ray diffraction pattern of a crystalline sample. This 
algorithm optimizes the positions of atoms within the 3D unit cell in order to 
calculate the theoretical pattern, which is thereafter step-by-step made to 
resemble the measured pattern. However, since the sp2 carbon materials contain 
platelets of graphene, which are mostly not interconnected with chemical bonds, 
the stacking disorder is common even in highly graphitic materials [14,17,60]. 
Therefore, neither the unit cell nor the Rietveld method are able to model the 
stacking of the graphene layers properly.  
                                                 
6  Data measured by PhD Jaan Aruväli in the Department of Geology of the University of 
Tartu. 
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Shi and Dahn [55] devised an algorithm similar to the Rietveld refinement, 
but with improved consideration for the stacking disorder in graphitic carbons. 
This algorithm takes into account the disorder of stacking, the fluctuations of 
interlayer spacing and the strain using a total of 18 adjustable parameters. The 
algorithm has been implemented in the program CarbonXS (available at 
https://lktsui.github.io/carbon_xs_gui/) [55,60].  

Ruland and Smarsly [56] derived another algorithm to specifically characterize 
the full profile of the WAXS pattern of non-graphitic carbon materials. This 
algorithm has 16 adjustable parameters and is implemented in the program CarbX 
(available at https://www. uni-giessen.de/CarbX) [61]. Some of the parameters 
that can be calculated with this algorithm are shown in Table 4.  

 
 

Table 4. Some parameters, which can be calculated with the program CarbX on the 
basis of the WAXS pattern of a carbon material [52].  

Parameter Denotation Explanation 

La 
Average graphene 

layer extent 
 

lcc 
Average C-C bond 

length 
 

 σ1 
Standard deviation 

of the first-neighbor 
distribution 

Lc 
Average stacking 

size 

 

 
 

a3 
Average interlayer 

spacing 
 

 

 
 

σ3 
Standard deviation 

of interlayer spacing 

N The average number 
of layers in a stack. 
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The algorithm by Ruland and Smarsly has also been successfully used to ana-
lyse the wide-angle neutron scattering (WANS) data of disordered carbons [62]. 
The main advantage of WANS is that the interference maxima are better distin-
guishable at large q values in comparison with WAXS method data. Namely, 
the intensity of the maxima at high q values is diminished by the atomic form 
factor in the case of WAXS. However, it has been shown that standard labora-
tory WAXS instruments provide a sufficient data quality for determining impor-
tant parameters (Table 4) with enough precision for a meaningful interpretation 
[62].  

However, both the algorithms by Shi and Dahn [55] and Ruland and Smarsly 
[56] assume that the carbon material is homogeneous and that the graphene 
layers are flat. It has been shown in the literature to an increasing extent that the 
disordered carbons contain mostly curved layers of graphene [3,63], thus, the 
results from these WAXS profile interpretations must be taken with a grain of 
salt. 

 

4.2.4. Small-angle X-ray/neutron scattering 

Small-angle scattering (SAS) methods rely on the same physical phenomenon 
as the WAXS (or WANS) method, i.e. the constructive interference between 
particle (the X-Ray photon or neutron) waves that have elastically scattered 
from the sample. However, when in the case of WAXS the scattering angle, 2θ, 
ranges typically from 5−90°, the scattering angles with small angle scattering 
are in the range from 0.01 to 11° (Cu Kα radiation, λ = 1.5406 Å)7. Thus, ac-
cording to the Bragg equation (2) the length scale of the area studied in the 
material is much larger in the case of SAS. Namely, the studied length scale is 
in the range 0.8−1000 nm. In this length scale range also microscopy (SEM, 
TEM) can be used to study samples, but in comparison with microscopy, the 
SAS gives averaged representative data about the whole sample (Table 5).  
 
 
Table 5. The comparison of small-angle scattering with microscopy in terms of what 
information can be extracted [64]. 

Feature Microscopy Scattering 
Small details are  Visible Not visible 
Results are Unique but not 

representative 
Representative but 
ambiguous 

Local structure details Can be extracted Cannot be extracted 
Average structures are Hard to obtain Always obtained 

                                                 
7  The scattering angle is dependent on the wavelength of the incident radiation. Therefore, 
it is often better to use the magnitude of the scattering vector, q, on the x-axis; q = 
(4π/λ)sinθ, where the λ is the wavelenth and 2θ is the scattering angle. The magnitude of the 
scattering vector is independent of the incident wavelength.  
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Both X-rays and neutrons have been used for small-angle scattering measure-
ments on microporous carbon materials and the information received about the 
carbon is by-and-large similar [53,65,66]. However, there are multiple technical 
differences/limitations, which need to be considered when planning a SAXS or 
SANS experiment (Table 6). In addition, neutrons and X-rays have a different 
contrast due to different scattering lengths, thus, in order to plot them on the 
same graph, SAXS data needs to be scaled down by a factor of 6.47 in the case 
of materials, which only contain carbon [66]. 

 
 

Table 6. Some differences in the neutron and X-ray scattering experiments.  

 Neutrons X-rays 
Experiments can 
be conducted Only in large scale facilities Both lab-scale and large-scale 

instruments exist 
Scattering from Atomic nuclei Electrons 

Destructivity 
Non-destructive 
1.5 Å neutron has an associated 
energy of En = 0.036 eV. 

Destructive 
1.5 Å X-ray has an incident 
energy, EX-ray = 8265 eV. 

Contrast 
matching 

Easily achieved with  
deuterated solvents. 
Deuterated toluene, D2O, 
deuterated p-xylene etc. have 
beed used as contrast matching 
agents for porous carbons 
[29,31,53,67]. 

Possible, but often more 
complicated. Sulfur has been 
used as contrast matching 
agent for porous carbons 
[68,69]. 

Signal-to-noise 

Incoherent scattering may limit 
resolution at high scattering 
angles even in the case of 
deuterated samples [66,70]. 

Owing to the absence of 
incoherent scattering, the 
resolution is higher. Possible 
to measure up to q = 9 nm−1 
with a better signal-to-noise 
ratio [66,71]. 

 
 

The SAS intensity, I(q), is the number of photons/neutrons of a given wave-
length per unit time scattered by a sample into a detector subtending a solid 
angle ΔΩ at scattering vector q. I(q) contains information about the macroscopic 
differential scattering cross section of the sample, dΣ/dΩ(q), but is also in-
fluenced by the incident photon/neutron flux per unit wavelength, detector 
efficiency, sample transmission, sample volume etc. [72]. After data treatment 
and normalization, dΣ/dΩ(q) is obtained from the measured I(q). dΣ/dΩ(q) is 
the Fourier transform of the electron density-density correlation function in the 
case of SAXS and neutron scattering length density-density correlation function 
in the case of SANS [64,72].  

In order to analyze the macroscopic differential scattering cross section of 
porous carbon powders, the dΣ/dΩ(q) needs to be normalized to the apparent 
filling density, ρf, of the sample since the carbon powder does not fill the entire 
scattering volume, 
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 ௗ∑೘ௗఆ (𝑞) = ଵఘ೑ ௗఀௗఆ (𝑞) , (3) 

 
where q is the magnitude of the scattering vector, dΣm/dΩ(q) is the normalized 
macroscopic differential scattering cross section in units cm2 g−1. The normali-
zation is a necessary step before any subsequent quantitative evaluation of the 
data. The dΣm/dΩ(q) of microporous carbons (Figure 8), henceforth noted as 
scattering curves, contain three regions [28]. 
1. Low-q region, at q < 0.4 nm−1 with a nearly linear decrease, which corres-

ponds to larger mesopores and macropores. 
2. Intermediate area at 0.4 < q < 3 nm−1, which corresponds to smaller meso-

pores and often contains a shoulder. 
3. High-q region (also known as Porod region) at q > 3 nm−1, that contains 

information on the microporous structure (< 2 nm) and the density fluctuations 
in the carbon, which contribute to the scattering intensity at this length scale.   

In an ideal two-phase system, where the surface of the pores is smooth, the 
scattering in the high-q region would give rise to a dependence dΣm/dΩ(q) ~ q−4 
(indicated as yellow dashed line in Figure 8) which is known as the Porod 
scattering in the literature. However, the imperfections inside and between the 
carbon layers due to finite size and bending of the carbon sheets leads to an 
additional contribution to the measured scattering curve, which decays with q−2 
(indicated as green dashed line in Figure 8) [56,73–75]. Together with the 
characteristic q−4 Porod term, the decay of the scattering curve at high-q region 
will typically be in the range from q−2  to q−3.  
 

 
Figure 8. The mass normalized differential scattering cross section (scattering curves) 
of various porous carbon materials8. The studied length scale on the top axis is calcu-
lated by 2π/q.   
                                                 
8  Data is measured by PhD. Eneli Härk on V4 in HZB, Berlin. 
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The mass normalized differential scattering cross section from porous carbon, 
dΣm/dΩ(q), can be expressed in good approximation as 

 
 ௗ∑೘ௗఆ (𝑞) = ௗ∑೛೚ೝ೐ೞௗఆ (𝑞) + ௗ∑೑೗ೠ೎೟ௗఆ (𝑞) + 𝐶 , (4) 

 
where q is the scattering vector, dΣpores/dΩ(q) represents the scattering between 
the open pores and the carbon matrix (assuming an ideal two-phase system), 
dΣfluct/dΩ(q) is the scattering originated from the density fluctuations and 
inaccessible pores in the carbon matrix [74], constant background C describes 
the q-independent 3D density fluctuations of an amorphous phase and/or the 
incoherent scattering background [53,67,73]. Equation (4) is based on the as-
sumption that no strong correlation exists between the density fluctuations in 
graphitic-like domains and the pores.  

In order to be able to analyze the scattering from the pores, dΣpores/dΩ(q), it 
is necessary substract the component dΣfluct/dΩ(q) from the total scattering 
curve, dΣm/dΩ(q). Different approaches can be used to evaluate the dΣfluct/dΩ(q) 
component of the total scattering. In the case of neutron scattering, contrast 
matching with deuterated solvents can be conducted to selectively “hide” the 
dΣpores/dΩ(q) component. In other words, the contribution of dΣpores/dΩ(q) in (5) 
will vanish when the pores are filled with a fluid which has the same scattering 
length density (SLD) as carbon (e.g. deuterated toluene, D2O, deuterated p-
xylene) and only the dΣfluct/dΩ(q) component will be measured [29,67]. With an 
elaborate experimental setup, step-by-step partial filling of pores by the contrast 
matching liquid has also been conducted [66,67].  

The experimentally determined dΣfluct/dΩ(q) can be subtracted from dΣm/dΩ(q), 
resulting in the term dΣpores/dΩ(q). Thereafter, in a simplified approach the scat-
tering from the pores, dΣpores/dΩ(q), is approximated as scattering from mono-
disperse centro-symmetric scatterers. Then, the differential scattering cross-
section of pores can be written: 

 
 𝑑∑௣௢௥௘௦𝑑𝛺 (𝑞) = 𝑁௣𝑉௣ଶ൫𝜌௣ − 𝜌௖൯ଶ𝑃(𝑞)𝑆(𝑞) (5) 

 
where Np is the number of pores, Vp is the volume of pores, ρp and ρc are the 
scattering length densities of pore and carbon, respectively, P(q) is the form 
factor and S(q) is the structure factor for the pores [31,76–78]. Then, the com-
bination of power law behaviour, which is assigned to the structure factor of 
pores S(q) [31,67,79], and the generalized Guinier-Porod model [80] can be 
used to obtain information about the radius of gyration and the dimensionality 
of the pores (i.e. average shape) etc. as done in [29]. However, it should be 
noted that the the generalized Guinier-Porod model assumes relatively dilute 
system of voids with a very well-defined shape and a specific size distribution 
[80].  
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In another analysis approach, derived by Perret, Ruland, Smarsly et al. 
[66,73,81,82], the fluctuation term, dΣfluct/dΩ(q), in (4) is approximated as 

  
 ௗ∑೑೗ೠ೎೟ௗఆ (𝑞) = ஻೑೗௟ೃమ (ଵ଼ା௟ೃమ ௤మ)(ଽା௟ೃమ ௤మ)మ  , (6) 

 
where q is the scattering vector, lR the Ruland length describes size of laterally 
correlated graphene layer (correlation is lost e.g. by finite size or bending of the 
carbon layers) and Bfl defines the scattering contribution of the carbon phase, 
which becomes dominant at large q-values. The term lR is adjusted so that the 
scattering contribution dΣfluct/dΩ(q) does not exceed the overall scattering, i.e. 
dΣm/dΩ(q) > dΣfluct/dΩ(q) for all q values studied and analyzed. 

Bfl can be estimated from the plot dΣm/dΩ(q) vs q4, where at large q values 
the modified Porod’s law applies:  

 
 ௗ∑೘ௗఆ (𝑞) ௤௅≫ଵሱ⎯⎯ሮ (ଶగ)ర ௉೘௤ర + ஻౜ౢ௤మ + 𝐶 , (7) 

 
where L is the structural length scale to be analyzed and Pm is the modified 
Porod’s constant. The fit of the modified Porod’s law is carried out by plotting 
of q4⋅dΣm/dΩ(q) vs q2 (i.e. the modified Porod’s plot). 
 
 𝑞ସ ௗ∑೘ௗఆ (𝑞) = (2𝜋)ସ𝑃௠ + 𝐵୤୪𝑞ଶ + 𝐶𝑞ସ  (8) 

 
When the fluctuation term Bfl⋅q2 is dominant (Bfl⋅q2 >> C⋅q4) the the equation (8) 
results in a straight line in the high-q region of the modified Porod’s plot. A 
non-zero contribution of C will result in a parabolic shape of the q4⋅dΣm/dΩ(q) 
vs q2 plot [53].  

In this approach, the substraction of the contribution of dΣfluct/dΩ(q) from the 
dΣm/dΩ(q) is considered successful, when the decay of the the dΣpores/dΩ(q) 
term in the high-q region is q−4, which is characteristic of an ideal two-phase 
system with sharp boundaries. This is a prerequisite for the following steps, 
where the dΣpores/dΩ(q) is analysed by the chord length distribution (CLD) [83]. 
The advantage of the CLD analysis approach is the possibility to calculate the 
average pore sizes and the pore wall thicknesses without assuming a certain 
pore morphology [82]. However, from an experimental point of view, it has 
been shown, that the interpretation of SAXS/SANS data from carbons via CLD 
analysis requires a sufficient range of accessible scattering angles up to approxi-
mately q = 9.53 nm−1 [82]9. The data quality in the high-q region is of utmost 
importance to ensure an unambiguous interpretation of the Porod regime and 
deviations from the Porod’s law. 
                                                 
9  In the original publication the scattering vector is defined as s = (2/λ)sinθ as opposed to 
the definition q = (4π/λ)sinθ used elsewhere in this thesis; thus they cited s = 1.5 nm−1 as the 
necessary maximum scattering vector.   
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Chord length distributions, g(r), describe the shape, size and spatial arrange-
ment of geometrical objects (e.g. pores, particles) (Figure 9a). In principle, the 
CLD is proportional to the second derivative of the correlation function of 
small-angle scattering curve and it can be calculated from the Fourier transform 
of the dΣpores/dΩ(q) term [82,84]. If the porosity is much smaller than 50%, the 
chord length distribution, g(r) may be viewed as characterizing mainly the 
lengths of chords passing through pores [85]. Otherwide, the g(r) is composed 
of the distribution of chords inside the pores and the pore walls, respectively 
(Figure 9b). When these distributions overlap, the CLD will contain a single 
positive peak. Nevertheless, the position of the peak(s) in the CLD does not 
give the average spatial dimensions of the pores and pore walls [84].  

The CLD at small length scales and the value g(0) reflect the topological 
properties of the interface such as curvature and angularity. Namely, a value of 
g(0) > 0 is indicative of angular structures (e.g. edges, vertices) and g(0) = 0 for 
spheres (Figure 9a) [86,87]. The CLD has been used to analyze the SAS curves 
of different microporous, non-graphitic carbons in [30,53,66–68].  

 

 
Figure 9. (a) Example of a chord length distribution, g(r), of a sphere with a radius R 
[85]. (b) The structure of microporous carbons in terms of the chord length distribution. 
Some of the chords go through the solid pore walls (violet lines) and some go through 
the pores (pink lines) [67].  
 
 

4.3. Quasi-elastic neutron scattering 
The wavelength and energy of neutrons in scattering experiments ranges from 
0.5 to 20 Å and 0.2 to 330 meV, respectively. Consequently, neutrons yield 
simultaneously information about the structure of the sample in the atomic to 
nanometer length scale and the dynamic processes taking place in the sample 
(e.g. diffusion, lattice vibration) [33,88].  

The change in the momentum (9) and energy (10) of the incident neutron 
due to scattering are expressed as:  

 
 𝒒 = 𝒌௙ − 𝒌௜ (9) 
 Δ𝐸 = ħ𝜔 = 𝐸௙ − 𝐸௜ (10) 
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where q is scattering vector, which describes the momentum transfer, kf and ki 
are the wave vectors of the final and incident neutron, respectively. ΔE is the 
energy transfer, ħ is the angular Planck’s constant, ω is angular frequency, Ef 
and Ei are energies of final and incident neutron, respectively. When the lengths 
of the final and initial wave vectors are equal (i.e. kf = ki) and ΔE = 0, the 
scattering of the neutron is considered elastic, otherwise inelastic. Quasi-elastic 
scattering is inelastic scattering, where the peak maximum is situated at ΔE = 0 
and the energy transfer is very small, typically ΔE ≤ 2 meV [88].  

Scattering of a neutron from an atom can be coherent or incoherent. If the 
scattering is coherent, the neutron wave interacts with the whole sample as a 
unit and the scattered waves from different nuclei interfere with each other. It is 
the coherent scattering that is interpreted and analyzed in the case of WANS 
and SANS. In the case of incoherent neutron scattering, a neutron wave inter-
acts independently with each nucleus in the sample. Thereafter, there is no 
interference of waves scattered from different nuclei. The dynamics, which are 
associated with the incoherent scattering are related to uncorrelated self-motion, 
like diffusion [33,88]. 

Hydrogen has a large incoherent neutron scattering cross-section (σinc = 
80.26 barn) and a small coherent scattering cross-section (σcoh = 1.76 barn). 
Thus, when the sample contains H2, the coherent scattering contribution can be 
considered negligible and only the incoherent contribution has to be taken into 
account. 

Quasi-elastic neutron scattering experiments, which investigate the uncorre-
lated self-motion, are set up in a way that enables to ignore the coherent scat-
tering signal and focus on the incoherent scattering signal. In this case, the 
experimentally measured dynamic structure factor, Sexp(q, ΔE), is proportional 
to the convolution of the incoherent dynamic structure factor Sinc(q, ΔE) with the 
resolution function of the instrument, R(q, ΔE). The Sinc(q, ΔE) contains infor-
mation about the uncorrelated self-motion dynamics in the sample. The R(q, ΔE) 
of a QENS instrument determines the slowest dynamics that are possible to be 
studied. Typically, the width of the resolution function is near 0.1 meV. The 
narrower the resolution function, the slower motions can be studied. The length 
scale investigated with QENS is determined by the incident neutron wavelength, 
λ, since the momentum transfer q is set by q = 4 π λ−1 [33,89]. 

Self-diffusion, which is too slow to be determined given the experimental 
resolution, will result in a component shaped like the resolution-funtion (e.g. the 
Gaussian function) in the Sinc(q, ΔE). Self-diffusion, which takes place at the 
optimal temporal window (not too slow, not too fast), will typically result in a 
Lorentzian-shape component in the Sinc(q, ΔE), also named the quasi-elastic 
broadening of the signal. Motions, which are too fast to be determined given the 
temporal window of a QENS instrument, will contribute to the baseline of 
Sinc(q, ΔE) [33,89].  

If the self-diffusion is unrestricted, the diffusion follows the Fick’s law, i.e. 
the width of the quasi-elastic broadening, ΓQE, depends linearly on q2. In most 
cases, at low q values (i.e. bigger length scales) the dependence follows the 
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Fick’s law. If at higher q values the dependance of ΓQE on q2 deviates from 
linear, more complex self-diffusion mechanisms, e.g. jump-diffusion between 
different adsorption sites are taking place [33]. Few examples of jump-diffusion 
models are the Chudley-Elliot [90], Hall-Ross [91] and Singwi-Sjölander [92] 
models, which assume a constant jump length, a gaussian and an exponential 
distribution of jump lengths, respectively (Figure 10c). 

 
 

  
 
Figure 10. (a) The three-dimentional function Sinc(q, ΔE)10. (b) Deconvolution of Sinc(q, 
ΔE) into an elastic and quasi-elastic component. (c) Different ΓQE vs q2 relations, which 
correspond to different mechanisms of diffusion (noted in Figure).   

                                                 
10  Data measured on the instrument FOCUS, PSI Switzerland, on C-SiC 1000 with H2 
loading pressure of 1 bar at 90 K by Heisi Kurig, Eneli Härk and Margarita Russina.  
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5. EXPERIMENTAL 

5.1. Gas adsorption analysis 
The adsorption/desorption measurements were conducted on the instrument 
ASAP 2020 (Micromeritics, USA). Different gases used were N2, CO2, Ar and H2 
at temperatures 77 K, 273 K, 87 K and 77 K, respectively.  

All pore-size distributions were calculated using the numerical algorithm 
SAIEUS [93,94] which solves the adsorption integral equation utilizing splines 
and is based on the 2D-NLDFT calculations. 2D-NLDFT Heterogeneous sur-
face kernels “Carbon-N2-77, 2D-NLDFT Heterogeneous Surface”, “Carbon-
CO2-273, 2D-NLDFT Heterogeneous Surface” and “Carbon-Ar-87, 2D-
NLDFT Heterogeneous Surface” were applied to N2, CO2 and Ar isotherms, 
respectively. When possible, dual gas analysis was used combining CO2 iso-
therm data with either N2 or Ar adsorption data.  

 
 

5.2. Raman spectroscopy data 
The CDC samples of which the Raman spectra was analyzed are given in Table 
7. 

  
Table 7. The precursor carbides and corresponding chlorination temperatures of 
carbide-derived carbon powders for which the Raman spectra were analyzed. 

Precursor 
carbide 

Chlorination temperature (°C) Ref. 

Mo2C  600 700 800 900 1000 1100 [22] 
Ta4HfC5    800 900 1000 1100 [24] 
WTiC2    800 900 1000 1100 [24] 
WC    800 900 1000 1100 [95] 
TiC    800 900 1000 1100 [96] 
VC 500 600 700 800 900 1000 1100 [23] 

 
 

Raman spectroscopy measurements were conducted on an inVia micro-Raman 
spectrometer (Renishaw, Kingswood, UK) with excitation wavelength, λL, 
514 nm. While measuring the spectrum, the incident power was kept low 
(~1 mW at the sample). Each spectrum analyzed represents the average of at 
least three measurements from different regions selected on the same sample. 
OriginPro 2019b (OriginLab, San Francisco, CA, USA) was used to analyze 
and deconvolute the spectra.  

Prior to deconvolution, the baseline (4th order polynomial function) has been 
subtracted from the spectrum under analysis. The first order Raman spectra was 
deconvoluted using four different approaches (Table 8). For more details the 
reader is referenced to [97]. 
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Table 8. Different deconvolution approaches for the first-order Raman spectra.  

Denotation Description Ref.  
L+L+BWF Two Lorentzian distribution functions centered at 

~1350 cm−1 and a Breit-Weigner-Fano function centered at 
~1500 cm−1. 

[49] 

G+L+G+L Two Lorentzian functions centered at ~1350 cm−1 (i.e, the D-
band) and 1500 cm−1, (i.e. G-band) respectively, and two 
Gaussian functions centered at both sides of the D-band. 

[45] 

L+L+G+G Two Lorentzian functions centered at ~1200 cm−1 and 
1350 cm−1 and two Gaussian functions centered at 

~1450 cm−1 and 1500 cm−1. 

[29] 

L+L+G+L+L Four Lorentzian functions centered at ~1200 cm−1, 
1350 cm−1, 1500 cm−1 and 1620 cm−1 and one Gaussian 

function centered at ~1450 cm−1. 

[46] 

 
 

5.3. Wide-angle X-Ray scattering data 
The WAXS patterns were measured with diffractometer Bruker D8 Advance 
(Bruker Corporation) using Cu Kα radiation (λ = 1.5406 Å), Goebel mirror, 2.5° 
Soller slits and LynxEye 1D detector and Bragg-Brentano geometry. The scat-
tering angle θ was changed in 0.025° steps in the range from 5° < 2θ < 90°. 
WAXS data was fitted with the algorithm derived by Ruland and Smarsly [56] 
using the CarbX software (https://www.uni-giessen.de/CarbX) [61]. 

Carbon samples of which the WAXS was measured and analyzed can be 
seen in Table 9 and for more details the reader is referenced to [97].  

 
 

Table 9. The precursor carbides and corresponding chlorination temperatures of 
carbide-derived carbon powders of which the WAXS was analyzed. 

Precursor 
carbide 

Chlorination temperature (°C) Ref. 

Mo2C  800 900 1000  [22] 
Ta4HfC5   900 1000 1100 [24] 
WTiC2  800 900 1000  [24] 
WC  800 900 1000 1100 [95] 
TiC  800 900 1000 1100 [96] 
VC 600   1000 1100 [23] 

 
 

5.4. Small-angle X-ray and neutron scattering data 
Measurements on C-Mo2C 600, 700, 800, 900 and 1000 were performed on an 
SAXSess (Anton Paar) using slit collimation with monochromatic Cu Kα radia-
tion (λ = 1.5406 Å) and a one-dimensional position sensitive detector (Mythen 
2R, Dectris) in Helmholz Zentrum Berlin, HZB. Scattering of the samples was ac-
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quired within the range of scattering vectors 0.1 < q < 7 nm−1. The sample cham-
ber was evacuated to 0.5 mbar to avoid air scattering. For more details see [98]. 

Small-angle neutron scattering measurements C-Mo2C 700, 800, 900 and 
1000 were performed on the time-of-flight pinhole collimated V16 instrument 
at Helmholtz Zentrum Berlin, HZB [99]. The beam wavelength used varied in 
the range 2.8 ≤ λ ≤ 80 Å and data was acquired in the scattering vector range 
0.04 < q < 7 nm−1.  

Prior to measurements, the C-Mo2C samples were degassed at 120 °C and 
100 μbar for 12 h. The carbon samples were prepared inside well-treated quartz 
cuvettes (Hellma Analytics, Germany) with 1 mm optical path length. For more 
details see [100]. 

 
 

5.5. Quasi-elastic neutron scattering data 
QENS measurements to determine the mass transfer characteristics of adsorbed 
H2 in C-TiC 950 [101], C-SiC 1000 [102], and C-Mo2C 1000 [22] were per-
formed at Paul Scherrer Institute in Villigen, Switzerland, on the cold neutron 
time-of-flight spectrometer FOCUS [103] with incident neutron wavelength of 
0.502 nm and the elastic energy resolution of 100 meV. A cylindrical sample 
holder cell made of aluminium with an inner cylinder (inner diameter of the 
sample was 0.555 cm and outer diameter 1.02 cm) was used for all samples.  

Firstly, the outgassed carbon was measured at different temperatures to 
determine the background signal level, then the temperature was set at 77 K and 
H2 was dosed to the sample holder. The equilibrium pressure of H2 in the 
sample holder at 77 K was then established as pH2,load and the valve between the 
gas apparatus and sample holder was closed. Thereafter the sample holder was 
cooled down and data was collected at different temperatures ranging from 10 
to 120 K. The amount of H2 per mass of the carbon sample in the sample holder, 
nH2, was calculated from the pH2,load based on the fit of the Sips equation [104] to 
the H2 adsorption isotherm.  

Binning of the scattering data was performed in a range of scattering vectors, 
q, from 2 to 24.5 nm−1 with a step size of 1.5 nm−1 and in ΔE range from −2 to 
2 meV with a step size of 0.008 meV. Data reduction (i.e normalization with 
vanadium signal and corrections for detector efficiency and the subtraction of 
background) was performed with the software DAVE 2.4 [105]. Before the 
deconvolution of data into the elastic and quasi-elastic components, the Sinc(q, 
ΔE) of outgassed (i.e. empty) carbon signal was subtracted from the Sinc(q, ΔE) 
of carbon containing H2. For more details on the experiment see [106]. 
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6. RESULTS AND DISCUSSION 

6.1. Wide-angle X-ray scattering 
All the studied carbide-derived carbons can be classified as non-graphitic carbons 
based on their WAXS patterns, which do not contain any (hkl) reflections (some 
examples in Figure 11a). The average stacking size, Lc, was seen to be roughly 
independent of the synthesis temperature, Tsyn, in the case of most CDCs analyzed 
(Figure 11b, Table 10). The exceptions are C-Mo2C and C-VC, where Lc in-
creases significantly with increased Tsyn, which refers to the significant stacking of 
graphene sheets at higher Tsyn. It has been shown previously, that the transition 
between a CDC with disordered structure and a CDC with a more crystalline 
structure can happen in a relatively small temperature window and that for VC 
this transition happens at a relatively low temperature [107]. 

 

 
Figure 11. (a) Wide-angle X-ray scattering patterns of Mo2C-derived carbons prepared 
at different synthesis temperatures (noted on Figure), the red line is the fit of the algo-
rithm by Ruland and Smarsly [56]. (b) The Lc of CDCs plotted against the Tsyn. (c) La of 
CDCs plotted against Tsyn.  

 
 

The average C−C bond length, lcc, is near to 0.141 nm, which is characteristic of 
aromatic carbons. The defect density in a aromatic sp2 carbon layer decreases 
with Tsyn, which is evidenced by the decrease of the standard deviation of the 
first-neighbor distribution, σ1, with Tsyn. In addition, the extent of the graphene 
domain, La, increases with Tsyn for all CDCs (Figure 11c). The La changes in the 
range from 2.5 to 8.3 nm (Table 10). Thus, the assumption that the La of CDCs 
is <2 nm, which was previously seen in [108], is proven to be erroneous for our 
dataset. The results established here are more in line with the study by Chris-
tians et al. [107], where the La of CDCs with similar Tsyn values was estimated 
to be ~7 nm. In conclusion, as the Tsyn increases, larger and more defect-free 
graphene sheets are formed in CDCs, but the number of layers in an average 
stack stays constant in the majority of studied materials.  
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Table 10. Parameters calculated with the algorithm derived by Ruland and Smarsly [56]. 

 C-Mo2C C-WC C-TiC C-VC 
Tsyn 800 1000 800 1000 800 1000 600 1100 
La, nm 3.8 8.3 2.8 4.5 2.6 5.6 2.5 6.3 
lcc, nm 0.1412 0.1410 0.1411 0.1411 0.1410 0.1414 0.1416 0.1406 
σ1, nm 0.016 0.012 0.016 0.015 0.021 0.018 0.020 0.011 ⟨N⟩ 1.05 6.74 1.40 1.90 1.08 0.97 1.51 0.09 
Lc, nm 1.28 2.65 0.55 0.75 0.50 0.59 0.82 3.14 
a3, nm 0.364 0.351 0.314 0.347 0.365 0.365 0.395 0.343 
σ3, nm 0.061 0.048 0.057 0.021 0.038 0.039 0.051 0.011 

La – average graphene layer extent, lcc – average C-C bond length, σ1 – standard 
deviation of the first-neighbor distribution, ⟨N⟩ –average number of graphene layers per 
stack, Lc – average stacking size, a3 – average interlayer spacing, σ3 – standard deviation 
of interlayer spacing. 
 
 

 6.2. Raman spectroscopy 
The Raman spectra of studied CDCs are characteristic of disordered soot-like 
carbons, since they mostly contain wide and overlapping D- and G-bands and 
more than two distribution functions are needed to deconvolute the first order 
region of the spectra. Based on the classification of sp2 carbons by Schuepfer et 
al. [37], most of the carbons in the dataset (Table 8) can be classified as Stage I 
(disordered) or Stage II (nanoparticular) carbons. Only exceptions are C-Mo2C 
1100 and C-VC 1100, which can be classified as Stage III (non-graphitic) 
carbons.  

Since the spectral parameters depend on the deconvolution method used, dif-
ferent deconvolution approaches found in the literature were applied to the data-
set (Table 7, Figure 12a−d). Although all deconvolution methods resulted in 
sufficiently good fits (i.e. R2 values >0.98), these methods did not give equi-
valent spectral parameters (Figure 12e−h) from the investigated CDCs Raman 
spectra data.  
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Figure 12. (a−d) The deconvolution of the first-order Raman spectrum of C-Mo2C 1000 
using different deconvolution methods (noted in Figure). Experimental spectra are given 
as black circles, fits are given as solid lines (orange lines for cumulative fits and black 
lines for single peak fits). The residuals (red dots) are plotted below the spectra. (e−h) 
Plots of the full width half maximum (FWHM) of the band vs the band center position 
data obtained by different first order Raman spectrum band deconvolution methods 
(noted in Figure) for CDCs synthesized at different temperatures (noted in Figure). The 
inset in (h) shows the zoomed in G-band region. 

 
 
The main differences in the spectral parameters (band positions and widths) re-
sulting from different deconvolution approaches can be seen by plotting the 
FWHM vs the band center for CDC materials under analysis (Figure 12e−h). The 
G- and the D-band have a well-defined band center position and width irrespec-
tive of the deconvolution method. For the 4-band deconvolution methods (Figure 
12f,g) both the position and the width of the DS, at ~1200 cm−1, and GS, at 
1550 cm−1, bands are widely scattered. However, the position and widths of 
both DS and GS bands are much more well-defined if the L+L+G+L+L approach 
is used. In case of the 5-band deconvolution approach the position of the D'-
band is separated from the position of the GA-band for the whole dataset (inset 
in Figure. 12h). Owing to the most accurate fit (i.e. no systematic errors seen in 
the residual values) and the most well-defined spectral parameter values (Figure 
12d and h), only the spectral parameters from the deconvolution with five 
bands, L+L+G+L+L, were analyzed further.  

The ratio of the D- and G-band intensities, ID/IG, has been widely used to 
characterize the relative structural order of a carbon material [1,42,107,108], but 
the interpretation of the ID/IG is not straightforward, since ID/IG initially in-
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creases and only then decreases along the graphitization pathway of a dis-
ordered carbon from Stage I to Stage III. Of the spectral parameters described in 
Table 3, the parameters A∑D/A∑G, and the width of the D-band showed syste-
matic decrease with the Tsyn (Figure 13). Since with WAXS method it was 
determined, that the La increases and the defect density decreases with higher 
Tsyn, it is likely that the A∑D/A∑G

11 and the width of the D-band also characterize 
the same ordering effect. Thus, these parameters can be suitable to use as quan-
titive measures of the disorder in different Stage II carbon materials. 

 

 
Figure 13. (a) The full-width half maximum of the D-band (ΓD) data and (b) the ratio 
A∑D/A∑G (Eq. 5), versus the synthesis temperature of the CDC. Lines are guides for the 
eye. (c) The coherent domain size calculated by La = 490/Elaser

4 (AΣD/AΣG)−1 [45] vs the 
La calculated from WAXS data. 
 
 
Ribeiro-Soares et al. [45] proposed an equation for the calculation of the coherent 
domain length from Raman spectra based on the A∑D/A∑G ratio. Using this equa-
tion, the coherent domain lengths for the studied CDCs are from 6 to 16 nm (Fig. 
13c) and increase systematically with the increase of Tsyn for CDCs prepared 
using the same precursor carbide. This proves the applicability of the equation 
based on A∑D/A∑G ratio to characterize the structure of the studied CDCs. The 
coherent domain lengths calculated from the A∑D/A∑G ratio are larger by 3−6 nm 
(average 4.4 nm) compared to the La established with WAXS analysis. The reason 
for this discrepancy might be that when a layer contains defects and/or is curved, 
the coherent domains seen by WAXS method are diminished, whereas phonon 
propagation is not stopped [109]. Especially given that the D-band is not only 
activated near the edge of the graphene domain, but also near different defects in 
the graphene domain [110]. Consequently, the coherent domains detected via 
Raman spectroscopy are somewhat larger in comparison to the La values es-
tablished by the WAXS analysis method (Fig. 13c). The curved graphene layers 
can indeed be longer than 10 nm, as has been shown by transmission electron 
microscopy of CDCs (Figure 14) [95,107,108,111]. 

                                                 
11  In the A∑D/A∑G, also the area of the Dʹ band is taken into account, see equation 5 in [97].  
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Figure 14. Transmission electron microscopy micrographs of some CDCs materials 
(noted in Figure)12. 
 
 

6.3. Small-angle scattering 
From the scattering curves of Mo2C-derived carbons (Figure 15a,b) it can be 
seen that as the Tsyn of the carbons is increased, the scattering intensity de-
creases in the micropore region (q > 3 nm−1) and increases in the mesopore 
region (0.2 < q < 3 nm−1). The higher amount of mesopores with increased Tsyn 
is also visible from the gas adsorption analysis results (Figure 15c). Similar 
change from prevalently microporous to prevalently mesoporous or even macro-
porous structure with increasing synthesis temperature of CDC has been shown 
previously in [107] for a large dataset of CDC materials.  

For disordered porous carbons, it is characteristic that the decay of scattering 
intensity in the high-q region is in the range of q−2 to q−3 (Figure 15a), but not 
q−4, which would indicate a smooth surface. More specifically, the exponent of 
decay parameter (i.e the Porod constant, d) decreases with the increase in Tsyn 
according to SAS data (Figure 15a,b). This result shows that the amount of 
imperfections inside and between the carbon layers and also the amount of 
micropores decreases with the increase of Tsyn.  

For the analysis of SANS data, the generalized-Guinier Porod approach was 
applied (see Section 4.2.4), which assumes, that the pore shape would be 
cylindrical, slit-like or some combination of the shapes mentioned. The results 
showed, that the shape parameter s increased with the Tsyn (Table 11), which 
corresponds to the transformation of Mo2C-derived carbon from prevalently 
cylinder-like to prevalently slit-like structures. 

For the analysis of SAXS data, the chord length distribution (CLD) analysis 
approach was used, which does not assume any specific shape for the pores. 
From that analysis, the parameter expressing the shape is the degree of angu-
liarity, g(0), which decreases systematically with the Tsyn of studied materials 
(Table 11). Thus, irrespective of the analysis approach used, the results from 
SAS indicate that the pore walls become less curved and contain less defects 

                                                 
12  HRTEM micrographs are from Prof. K. Kontturi from the Department of Chemistry at 
Aalto University and previously published in [112]. 
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(the cause for anguliarity) as the Tsyn increases (Figure 15d). This result is 
supported also by Raman spectroscopy and WAXS data, which clearly indicate 
that the average graphene platelet size increases with Tsyn and amount of defects 
decreases with Tsyn (see previous Sections).  

 

 
Figure 15. The scattering curves of Mo2C-derived carbons (noted in Figure c) measured 
with (a) SANS [100] and (b) SAXS method [98]. (c) The pore size distributions of C-
Mo2C carbons calculated based on the CO2 and N2 adsorption isotherms. (d) Illustration 
of the change of the structure of the pore with the synthesis temperature of CDC based 
on SAS data for C-Mo2C materials synthesised at different temperatures. 

 
 
Comparing other parameters established with different analysis approaches for 
SAS data about the Mo2C-derived carbon, it can be said that the radius of 
gyration, Rg, and the number-averaged chord-length, lp

SAXS, are quite similar in 
the case of C-Mo2C 700 and 800, both indicating that the average pore/pore 
wall size is in the range from 0.6 to 0.7 nm. However, a steep change in the 
parameters is seen when Tsyn changes from 900 to 1000 °C (Table 11). This 
steep change was also seen with Raman spectroscopy, as C-Mo2C 900 could be 
classified as Stage II carbon, but C-Mo2C 1000 already belongs to Stage III 
region in the graphitization pathway. The probable explanation is, that the 
graphene platelets can coalesce and reaarrange considerably more easily at 
1000 °C in comparison with 900 °C in the case of C-Mo2C, which results in 
larger and more defect-free graphene platelets. Larger graphene platelets give 
rise to larger pores with smoother surfaces (as evidenced by the Porod constant, 
d, in Table 11) and decreased amount of microporosity. In addition, the de-
crease in the amount of microporosity can be a result of more ordered stacking 
of graphene layers, which was evidenced by the considerable increase in the Lc 
parameter (Figure 11b, Table 10). Altogether, the inner surface area diminishes, 
which can be seen both from the S/m parameter and from the results established 
using gas adsorption analysis methods (Table 11).  
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Table 11. Different characteristics of CDCs derived from Mo2C with varied Tsyn.  

 SANSb SAXSa Gas adsorption 
Tsyn 
°C 

Rg  
nm 

s d Bfl  
cm2g−

1nm−2 

S/m 
m2g−1 

lp
SAXS 
nm 

g(0) 
nm−1 

SDFT  
m2 g−1 

Vtot  
m3 g−1 

600    10.8 965 0.57 1.24 1577a 1.28a 

700 0.59 1.20 2.03 9.7 950 0.59 1.16 1665a, 
1720b 

1.57a, 
1.61b 

800 0.60 1.32 2.65 7.6 1310 0.72 1.13 1424a, 
1380b 

1.65a, 
1.48b 

900 0.65 1.46 3.10 7.9 1363 0.92 0.92 1139a, 
1280b 

1.43a, 
1.50b 

1000 0.73 1.75 3.40 2.23 621 1.52 0.25 734a,  
680b 

1.42a, 
1.35b 

Rg – radius of gyration, s – dimensionality parameter, d – Porod constant, Bfl – scattering 
contribution from disordered carbon (Eqs. 6–8), S/m – inner surface area, lp

SAXS – 
number-average chord length and g(0) – degree of anguliarity, SDFT – specific surface 
area calculated from 2D-NLDFT model,Vtot – total volume of pores calculated from the 
amount of adsorbed gas near the saturation pressure, p/p° = 0.95. 
a Results from [98], where gas adsorption analysis was done with N2. 
b Results from [100], where gas adsorption was done with CO2 and Ar. 

 
 

6.4. H2 diffusion in CDCs 
From the carbon materials chosen for the in situ QENS study on H2 diffusion, 
C-SiC 1000 and C-TiC 950 were the most microporous. C-SiC 1000 contained 
more pores with w < 1 nm, but less pores with w > 1 nm compared to C-TiC 
950. C-Mo2C 1000 was drastically different, as C-Mo2C 1000 is rather meso-
porous and exhibits considerably lower microporosity (Figure 16a).  

C-SiC 1000 and C-TiC 950 also had similar H2 adsorption isotherms (Figure 
16b). Although, more H2 is adsorbed in C-SiC 1000 than C-TiC 950 at pH2 < 
0.4 bar due to the larger amount of subnanometer pores in C-SiC 1000. How-
ever, more H2 is adsorbed in C-TiC 950 at pH2 > 0.5 bar, where C-TiC 950 has 
more pores with widths 1 nm < w < 2 nm (Figure 16). Due to the lack of 
microporosity the amount of H2 adsorbed in C-Mo2C 1000 at 1.1 bar is con-
siderably lower compared to the other CDCs under study (Figure 16b). 
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Figure 16. (a) Pore size distributions calculated according to N2 and CO2 isotherms for 
C-TiC 950, C-SiC 1000 and C-Mo2C 1000 (noted in Figure). (b) H2 adsorption iso-
therms for the same carbon materials. The solid line is the fit of the Sips equation [104].  

 
 
The in situ quasi-elastic neutron scattering (QENS) is very sensitive towards the 
presence of adsorbed hydrogen and is used for the observation of molecular 
(self-)diffusion phenomena, which enables to investigate the strength of inter-
action between the adsorbent and the adsorbed species.  

In the case of the lowest amount of H2 per sample, nH2 = 2.4 mmol g−1, only 
the elastic scattering component is present for C-SiC 1000 (Figure 17a). This was 
true for all measured temperatures, i.e. up to 120 K, which indicates that at nH2 = 
2.4 mmol g−1, hydrogen is strongly bound and practically immobile in the pores 
of the C-SiC 1000. As totally opposed to this, the quasi-elastic broadening, i.e. 
mobile hydrogen, could be detected for C-TiC at nH2 of 2.0 mmol g−1, already at 
temperatures higher than 25 K (Figure 17b). In the case of C-Mo2C 1000 and at 
the lowest H2 amount per sample, nH2 = 1.2 mmol g−1, quasi-elastic broadening 
was visible already at low temperatures, T ≥ 50 K, and the integrated area of the 
quasi-elastic component was larger in comparison to the elastic component, indi-
cating the presence of a considerable amount of mobile adsorbed H2 (Figure 17c).  
 

 
Figure 17. The deconvoluted incoherent dynamic structure factor, S(q,ΔE) of H2 at q = 
10.7 nm−1 in the pores of (a) C-SiC 1000 at 90 K, (b) C-TiC 950 at 50 K and (c) C-
Mo2C 1000 at 50 K.  
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Although the Hall-Ross jump-diffusion model [91] was suitable to fit the data 
from C-TiC 950 ja C-SiC 1000, the Singwi-Sjölander jump-diffusion [92] fit 
was used, since it was suitable for the whole data series of CDC under study. 
The calculated diffusion coefficients are shown as the Arrhenius-type plot in 
Figure 18. The calculated temperature-dependant H2 diffusion coefficients, DT, 
of C-Mo2C 1000 are higher in comparison to the diffusion coefficients of H2 
adsorbed in C-TiC 950 and C-SiC 1000, which demonstrates again that 
hydrogen mobility in the pores i.e. the porous structure of C-Mo2C 1000 is less 
restricted. In the case of lowest H2 amounts (nH2 = 2.4 mmol g−1) in C-SiC 1000, 
the diffusion coefficients could not be calculated, since no quasi-elastic com-
ponent was detected, i.e. the H2 in the pores of C-SiC 1000 was immobile or 
solid-like. More specifically, at these measurement conditions, the motions of 
adsorbed H2 in C-SiC 1000 were too slow to be detected by the limited instru-
ment energy resolution and at these conditions. However, at higher H2 loading 
(nH2 = 5.4 mmol g−1), the quasi-elastic component became visible and the calcu-
lated DT values are already larger compared to H2 adsorbed in C-TiC 950 at nH2 
= 2.0 mmol g−1. This is because when the loading of H2 in carbon is sufficiently 
small, only the most favourable adsorption sites are occupied, which result in 
solid-like adsorbed H2 in C-SiC 1000 at nH2 = 2.4 mmol g−1. Thereafter, when 
the loading pressure of H2 is larger (nH2 = 5.4 mmol g−1), the remaining H2 is 
positioned in the less favourable sites and the self-diffusion coefficient is, thus, 
larger and the quasi-elastic scattering can be then detected.  

The DT values of hydrogen in the pores of C-TiC 950 at nH2 of 2.0 mmol g−1 
and temperatures up to 70 K was similar to that of liquid H2 at 20 K [113] 
(Figure 18). Therefore, H2 adsorbed in C-TiC 950 demonstrated liquid-like 
behaviour at low temperatures as well as at low loading pressures. 

 

 
Figure 18. The Arrhenius plot, i.e. the logarithm of self-diffusion coefficient of H2, 
ln(DT), vs the inverse temperature, 1/T.  
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The potential energy landscape in pores with widths in the range 0.6 nm < w < 
0.8 nm has been shown to have a strong minima in the middle of the pore, 
which enhances the strength of the interaction between the adsorbate and the 
adsorbent [114,115]. Hydrogen is adsorbed in these favourable positions 
already at very low pressures and when the amount of H2 per the available pore 
volume in the carbons sample was small (nH2 < 2.4 mmol g−1), most of the H2 is 
adsorbed in these minima of the potential energy landscape. 

It can be concluded, that the sub-nanometer pores of C-SiC 1000 contribute 
to the formation of a strongly adsorbed (solid-like) hydrogen layer in the case of 
nH2 = 2.4 mmol g−1. However, in the pores of C-TiC 950, the H2 was more 
mobile (according to DT, H2 was liquid-like up to 70 K) in case of nH2 = 
2.0 mmol g−1 and the in the pores of C-Mo2C 1000, the H2 self-diffusion was 
the quickest and H2 was the least confined (Figure 18, Table 12). Thus, the 
mesoporous structure does not restrict H2 mobility effectively. Instead, micro-
pores and especially sub-nanometer micropores will help to reduce the repulsive 
forces between hydrogen molecules and obtain confined H2 with low diffusion 
coefficients at milder conditions (i.e. temperature, pressure) compared to pure 
H2 at the same conditions.  

These results are well explained in terms of the average pore shapes estab-
lished for these CDC materials. That is, it has been previously determined with 
SANS, that the prevalent pore shape is spherical in C-SiC 1000, cylindrical in 
C-TiC 950 and slit-like in C-Mo2C 1000 [29]. Namely, the pore size distribu-
tions of C-SiC 1000 and C-TiC 950 were rather similar (Figure 16a), but H2 was 
much more confined in C-SiC 1000 with predominantly spherical pores. This 
demonstrates the strong effect of pore shape to the confinement of H2, i.e. the 
spherical pores are best at confining H2, while the slit-like pores allow for far 
more H2 mobility.  

 
 

Table 12. Porosity characteristics based on gas adsorption analysis, hydrogen amounts 
used in QENS experiments and the results about the self-diffusion parameters of H2 
calculated by Arrhenius-type equation.  

Carbon SDFT  
m2 g−1 

Vtot  
cm3 g−1 

nH2  
mmol g−1 

D0 x10−7

m2 s−1 
Ea  

kJ mol−1 
C-Mo2C 
1000 820 1.36 1.2 5.1 ± 1.8 1.16 ± 0.17 

C-TiC 950 1540 0.68 2.0 1.1 ± 0.3 1.18 ± 0.18 
C-SiC 1000 1420 0.51 2.4 - - 
C-SiC 1000 5.4 1.7 ± 0.2 0.96 ± 0.09 

SDFT – specific surface area from 2D-NLDFT model, Vtot – total volume of pores 
calculated from the amount of adsorbed gas near the saturation pressure, p/p° = 0.95, 
pH2,load – the equilibrium pressure of H2 in the sample holder at 77 K, nH2 – the amount 
of H2 in the sample cell divided by the mass of the carbon sample, D0 is the maximal 
diffusion coefficient and Ea is the activation energy of self-diffusion process of H2. 
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 6.5. Conclusions 
For a large dataset of CDCs synthesized form different precursor carbides, a 
positive correlation of the Tsyn and average width of the graphene sheet, La, was 
established with WAXS method. Thus, it was confirmed, that when a higher 
synthesis temperature is used for the preparation of CDC materials, larger and 
more defect-free graphene layers are formed. The differences between CDCs 
with different precursor carbides were also evident. Namely, for most of the 
CDCs studied, the average stacking size did not increase remarkably with syn-
thesis temperature. However, the CDCs derived from Mo2C and VC were seen 
to form larger stacks of graphene layers as the synthesis temperature was in-
creased.  

The studied CDCs were classified to different graphitization stages based on 
their first order Raman spectra. While most of the CDCs were classified to 
Stage I (i.e. disordered) or Stage II (i.e. nanoparticular), again the carbon mate-
rials prepared from Mo2C and VC at higher temperatures (≥1000 °C) stood out, 
since these materials could be classified as Stage III (i.e. non-graphitic). This 
demonstrates the materials C-Mo2C 1000−1100 and C-VC 1000−1100 showed 
significant intra graphene layer ordering both in the graphene layer (as evi-
denced by the first-order Raman spectra) and in the stacking of the graphene 
layers (as established with WAXS method).  

Thereafter, the porous structure of carbons derived for Mo2C at different 
synthesis temperatures ranging from 600 to 1000 °C was investigated with small-
angle scattering methods. It was demonstrated, that the carbons synthesized at 
higher temperatures had smoother pores with less angular (i.e. more-slit-like) 
average shape. Also the decrease in the microporosity with the increase of 
synthesis temperature was shown with gas adsorption analysis. These results 
correlate well with the results from the analysis of the Raman spectra and WAXS 
data on these CDCs. Namely, larger sheets of more ordered graphene layers are 
formed at higher synthesis temperatures, which result in smoother pore sur-
faces. Also, the increase in the stacking of graphene layers with the increase in 
synthesis temperature of C-Mo2C, explains well the decrease in microporosity. 
Hence, a great deal of the the microporosity in CDCs lies in between the de-
fected and imperfectly stacked graphene layers. When the stacking of graphene 
layers becomes more ordered, much of the microporosity is lost. 

From the quasi-elastic neutron scattering experiments with CDCs (C-SiC 
1000, C-TiC 950 and C-Mo2C 1000) partly filled with H2 gas, the impact of the 
porous structure on the confinement of H2 was clearly seen. Carbon material C-
SiC 1000, which was the least ordered and most microporous carbon of the 
CDCs studied was best at confining hydrogen. Namely, in the case of very low 
loading pressure of H2, the self-diffusion of H2 was not detected even at 120 K. 
Carbon material C-TiC 950 has quite similar pore size distribution to C-SiC 
1000, but nevertheless was inferior in its capability to confine H2. This can be 
explained with the average pore shape, where C-SiC 1000 has been shown to 
prevalently exhibit spherical and C-TiC 950 prevalently cylindrical pores [29]. 
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C-Mo2C 1000, which is a mostly mesoporous carbon material and has been 
established to have quite smooth, mostly slit-like pores, was the worst in con-
fining H2, even in the case of low temperatures and low H2 loading pressures. 
Thus, direct experimental evidence for the strong confinement effect of high 
curvature, i.e. spherical-like and cylindrical-like, micropores for the successful 
confinement of H2 was acquired. These spherical pores might be caused by the 
curvature in graphene planes, small La and little to no ordering in the stacking of 
graphene layers.   
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7. SUMMARY 

The microstructure of various non-graphitic carbide-derived carbon (CDC) pow-
ders was investigated with gas (CO2, N2, Ar) sorption analysis, Raman spectro-
scopy, WAXS and SAXS/SANS methods. In addition, a quasi-elastic neutron 
scattering (QENS) experiment was conducted to investigate the diffusion of H2 in 
the porous structure of three different CDC materials.  

From the WAXS data, it was established, that the average graphene platelet 
size ranged from 2.5 to 8.3 nm, which is bigger than previously thought. In addi-
tion, it was demonstrated, that for the most of the CDCs, the stacking size did not 
increase with the synthesis temperature of the CDC. The exceptions to this rule 
were CDCs derived from VC and Mo2C, for which the stacking size increased 
considerably with the synthesis temperature used in the preparation of these 
carbon materials..  

The methods for the analysis of the Raman spectra of non-graphitic carbons 
were compared and it was determined, that a deconvolution of the first order 
Raman spectra with five distribution functions resulted in the most coherent 
spectral paramaters. It was seen, that the width of the D-band and the parameter 
A∑D/A∑G decreased systematically with the increase of the synthesis temperature 
of the CDC. These parameters alongside the results from WAXS analysis show 
that the defect density in the graphene layer will decrease and the size of the 
graphene layer will increase with the synthesis temperature of the CDC. The 
average size of the graphene platelet in the CDC calculated on the basis of 
Raman spectra was bigger on average by 4.4 nm than the size calculated based 
on WAXS mehod. This discrepancy might indicate the existance of curvature in 
the CDC materials since the WAXS analysis assumes flat layers, while phonon 
propagation is not stopped in the case of defected/curved layers of graphene.  

Small-angle X-ray and neutron scattering methods were used to investigate 
the transformation of the porous structure of Mo2C-derived carbons synthesized 
at different temperatures ranging form 600 to 1000 °C. Both SANS and SAXS 
data analysis showed that the surface of the pore becomes smoother as the 
synthesis temperature of the CDC increases. In addition, it was shown that the 
average shape of the pores in C-Mo2C becomes less angular, more slit-like as 
the synthesis temperature increases up to 1000 °C.  

It was demonstrated, that the confinement of H2 in the pores of carbon mate-
rials is highly dependent on the porous structure of the carbon used. When a small 
amount of H2 was adsorbed in the carbon derived from SiC at 1000 °C, it was 
strongly confined and had a practically solid-like structure in the subnanometer 
pores of this CDC material. The carbon derived from TiC at 950 °C also con-
tained subnanometer pores, but to a lesser extent and this carbon had more pores 
with widths in the range from 1 to 2 nm. The self-diffusion coefficient of H2 in 
the pores of TiC-derived carbon (at temperatures up to 70 K) was seen to be 
similar to the self-diffusion coefficients of liquid H2. However, the self-diffusion 
of H2 in the mostly mesoporous carbon derived from Mo2C at 1000 °C was the 
fastest due to the lack of strongly confining subnanometer pores.  
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9. SUMMARY IN ESTONIAN 

Karbiidist sünteesitud poorsete mittegrafiitsete süsinike 
struktuuride uurimine ning nende mõju H2 liikuvusele 

Selles töös uuriti erinevate mittegrafiitsete poorsete karbiidist sünteesitud süsini-
ke (CDC) peenstruktuuri. Selleks kasutati gaasisorptsiooni erinevate gaasidega 
(CO2, N2, Ar), Raman spektroskoopiat, laianurgalist röntgenhajumist (WAXS) 
ning väikesenurgalist neutron- ja röntgenhajumist. Lisaks määrati kvaasielastse 
neutronhajumise meetodiga (QENS) H2 liikuvus kolme erineva CDC poorides. 

WAXS andmete analüüsi tulemusena selgus, et keskmine grafeenikihi laius oli 
2,5 kuni 8,3 nm, mis on suurem, kui varem taoliste süsinikmaterjalide puhul 
eeldati. Keskmine grafeenikihi laius oli seda suurem, mida suurem oli CDC 
sünteesitemperatuur. Samas grafeenikihtide virna suurus ei sõltunud enamiku 
CDC süsinike puhul sünteesitemperatuurist. Ainult molübdeenkarbiidist ja 
vanaadiumkarbiidist sünteesitud süsinike korral oli näha, kuidas grafeenikihtide 
virn kasvab sünteesitemperatuuri suurenedes.    

CDC süsinike Raman spektrite analüüsiks rakendati ja võrreldi mitmeid eri 
meetodeid. Selgus et seda tüüpi süsinike I järku Raman spektrite analüüsiks 
sobib kõige paremini kasutada viie jaotusfunktsiooniga kombinatsiooni. Kui 
sünteesitemperatuur kasvas, muutus süstemaatiliselt kitsamaks Raman spektri D 
piik ja vähenes spektrit iseloomustav parameeter A∑D/A∑G. Koos WAXS analüü-
sist saadud tulemustega saab sellest järeldada, et defekte jääb grafeenikihis 
vähemaks ja keskmine grafeenikiht suureneb, kui CDC sünteesitemperatuur 
kasvab. Raman spektri järgi arvutatud keskmine grafeenikihi suurus oli umbes 
4,4 nm suurem võrreldes WAXS analüüsi tulemusena saadud grafeenikihi laiu-
sega. See erinevus viitab sellele, et grafeenikihid CDC materjalides on kaardus, 
sest WAXS analüüsi eelduseks on lamedad kihid, aga võnkumised, mis põhjus-
tavad Raman hajumist, võivad toimuda ka kaardus grafeenikihtides.  

Selleks, et uurida lähemalt molübdeenkarbiidist eri temperatuuridel (600 
kuni 1000 °C) sünteesitud süsinike poorset struktuuri, kasutati väikesenurgalist 
röntgen- ja neutronhajumist. Nähti, et kui sünteesitemperatuur tõuseb, tekib 
süsinikku rohkem mesopoore, samas kui mikropooride hulk väheneb. Seda toe-
tas ka gaasisorptsiooni analüüs. Väikesenurgahajumise meetodite tulemuste 
põhjal oli näha, et sünteesitemperatuuri kasvades muutub poorisein süsinikus 
siledamaks ja poori kuju muutub keskmiselt vähem nurgelisemaks.  

Selle, millisel määral on H2 liikumine kinni peetud teatud poorses süsinik-
materjalis, määrab suuresti süsinikmaterjali poorne struktuur (ehk kui palju ja 
kui suuri poore see sisaldab). Väike kogus vesinikku, mis oli adsorbeerunud 
ränikarbiidist sünteesitud süsiniku poorides, oli tugevalt kinnipeetud, sisuliselt 
liikumatu, ka suhteliselt kõrgel temperatuuril 120 K. Väike kogus vesinikku, 
mis oli adsorbeerunud titaankarbiidist sünteesitud süsinikul difundeerus ligi-
lähedaselt sama kiirusega kui vedel vesinik, kui temperatuur oli kuni 70 K. 
Seevastu väike kogus vesinikku, mis oli adsorbeerunud molübdeenkarbiidist 
sünteesitud süsiniku poorides ei olnud kuigi tugevalt kinnipeetud ja selle 
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difusioon oli üsna kiire ka madalatel temperatuuridel. Selgus, et vesiniku 
lõksustamisel on oluline alla 1 nm läbimõõduga pooride hulk süsinikus, mis on 
ränikarbiidist sünteesitud süsinikus suurim. Veel on oluline asjaolu ka poori 
kuju, sest kuigi 1 nm pooride hulk oli nii räni- kui ka titaankarbiidist sünteesitud 
süsinikes sarnane, oli ränikarbiidist sünteesitud süsinikus, mille keskmine poori 
kuju on sfääriline, H2 tugevamalt lõksustunud.   
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