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2. ACRONYMS AND SYMBOLS 

〈N〉 – average number of graphenic layers in a single stack 

2D-NLDFT-HS – Two-Dimensional Non-Local Density Functional Theory for 

Heterogeneous Surfaces 

A0,2site(Q) – model function for rotational jumps between two sites with distance d  

A0,sph(Q) – model function for continuous rotational diffusion on the surface of a 

sphere with a diameter d  

A0,vol(Q) – model function for continuous rotational diffusion within the volume 

of a sphere with a diameter d 

a3 – average interlayer spacing 

CDC – Carbide-Derived Carbon 

D – diffusion coefficient 

D0 – diffusion coefficient at infinite temperature 

δ(E) – Dirac delta function 

DFT – Density Functional Theory 

E – energy transfer 

Ea – activation energy 

EISF or A0 – Elastic Incoherent Structure Factor  

FWHM – Full Width of a peak at Half Maximum 

ΓHR(Q) – model function for half width at half maximum of the quasi-elastic 

component of the signal at a given Q value, HR denotes the Hall-Ross model 

ΓSS(Q) – model function for half width at half maximum of the quasi-elastic com-

ponent of the signal at a given Q value, SS denotes the Singwi-Sjölander model 

HWHM or Γ – Half Width of a peak at Half Maximum 

IUPAC – International Union of Pure and Applied Chemistry 

j0 – zero-order spherical Bessel function of the first kind 

j1 – first-order spherical Bessel function of the first kind 

L(Q,E) – Lorentzian function 

La – average graphenic layer extent 
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Lc – average stack size of graphenic layers 

nH2 – amount of adsorbed H2 per mass of adsorbent 

NLDFT – Non-Local Density Functional Theory 

p – absolute pressure 

p/p0 – relative pressure 

p0 – saturation pressure 

pH2,load – H2 loading pressure 

Q – scattering vector magnitude 

QENS – Quasi-Elastic Neutron Scattering 

R – universal gas constant (8.314 J mol−1 K−1) 

R(Q,E) – resolution function 

SAIEUS – stable numerical Solution of the Adsorption Integral Equation Using 

Splines 

S(Q,E) – dynamic structure factor  

SH2(Q,E) – incoherent dynamic structure factor of H2 

Sfun(Q,E) – functional form of the dynamic structure factor 

SDFT – surface area calculated by applying the 2D-NLDFT model on the gas 

adsorption data 

STP – Standard Temperature and Pressure (0 °C and 1 bar) 

T – temperature 

VDFT – pore volume calculated by applying the 2D-NLDFT model on the gas 

adsorption data 

Vmeso – mesopore volume 

Vsmp – supermicropore volume 

Vump – ultramicropore volume 

w – pore width 

WAXS – Wide-Angle X-ray Scattering 

XRD – X-Ray Diffraction 
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3. INTRODUCTION 

The diffusion of H2 is of great interest for many applications, such as H2 storage 

via physical adsorption, H2 and D2 (deuterium) separation, and heterogeneous 

catalysis 1–7. In all these applications, the diffusion of adsorbed H2 takes place, 

and different applications have different requirements for the porous adsorbent 

materials. For H2 storage, pores with widths (w) 6–7 Å are important as these 

pores enable to store 30% more H2 at 100 bar and at 77 K compared to a cryo-

compression system without the adsorbent at similar experimental conditions 8. 

For H2:D2 separation, pores with w from 3–7 Å are required because in such 

narrow pores, quantum effects influence diffusion and adsorption of H2 and D2 at 

cryogenic temperatures, enabling selective isotope separation 5–7. Pores with  

w ≤ 20 Å (micropores) are important in catalyst support materials for polymer 

electrolyte fuel cells and electrolysers since they provide active sites and pores 

with w 20–500 Å (mesopores) and > 500 Å (macropores) ensure fast mass 

transport of H2 (and O2) 
9,10. To develop better materials for these applications, it 

is important to understand the diffusion of H2 adsorbed in carbon materials with 

varying structures. 

Quasi-elastic neutron scattering is an advantageous method to study the 

diffusion of H2 
6,7,11–18. H2 has a large incoherent neutron scattering cross-section 

and therefore, neutrons are sensitive towards H2. The energy of neutrons used in 

the scattering experiments (0.2–330 meV) is suitable for studying diffusion 

kinetics. Neutrons have a large penetration depth in most materials, enabling the 

use of complex sample environments such as sample cells tolerant to low tem-

peratures and high pressures and also for conducting in situ measurements 19–21. 

Carbide-derived carbons (CDCs) are well-suited adsorbents to study the 

diffusion of H2 with neutrons because the synthesized carbon materials are rela-

tively free of additives 22. The structure of a CDC can be controlled by the choice 

of precursor carbide and synthesis conditions 23. For example, the porous struc-

ture of the CDC can vary from very microporous to mainly meso- and macro-

porous and the graphenic structure can range from disordered (graphene-like 

layers randomly ordered) to ordered (graphite-like) 22,24. CDCs have been used in 

different applications such as electrode materials in supercapacitors, batteries, 

catalyst supports in polymer electrolyte membrane fuel cells, and as adsorbents 

for H2 and other gas adsorption applications 3,22,25,26. CDCs’ tunable structure 

makes them good model materials for studying the H2 diffusion processes. 

To improve materials for various applications requiring different porous and 

graphenic structures, it is crucial to understand the diffusion properties of H2 

adsorbed in carbon materials with these varying structures. Therefore, this thesis 

aims to 

 
  For consistency, the terms „diffusion“ and „self-diffusion“ are used for all mass transport 

phenomena throughout this thesis. 
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• determine the porous and graphenic structure of model CDC materials 

using well-established and comprehensive physical characterization 

methods such as multiple gas adsorption and wide-angle X-ray scattering, 

• determine the diffusion mechanisms of H2 adsorbed in CDCs using 

quasi-elastic neutron scattering at various H2 loading and temperature 

conditions, 

• investigate the influence of the porous and graphenic structure of CDCs 

on the diffusive properties of adsorbed H2.  
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4. LITERATURE OVERVIEW 

4.1. Carbide-derived carbons 

Carbide-derived carbons (CDCs) are a group of carbon materials produced by 

selectively removing metal or metalloid atoms from carbide precursors such as 

binary carbides (e.g., SiC, TiC) or ternary carbides (e.g., Mo2AlC, V2AlC) 27. The 

CDC materials have a diverse graphenic and porous structure (Figure 1a) 22. 

 

 

Figure 1. a) Model of a CDC generated with quenched molecular dynamics with a 

ReaxFF force field 28 (available under a CC-BY 4.0 license. Copyright 2017 Cheng Zhan. 

Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim); a simplified 

visualisation of the b) graphenic structure and c) porous structure with ultramicropores 

(pore width w < 7 Å), supermicropores (7 Å < w < 20 Å) and mesopores (20 Å < w < 

500 Å) of a material. 

 

The graphene-like layers of a CDC material can be corrugated, i.e., can have 

concaves and convexes, and exhibit varying extents and levels of stacking of the 

graphene-like layers/domains (Figure 1a,b) 29. These graphene-like layers resemble 

sheet- or flake-like structures and they can have defects in them. Therefore, the 

CDCs can exhibit a very diverse level of orderliness – they can form relatively 

well-ordered stacks of graphenic layers in the short range, but these relatively 

well-ordered stacks might not be ordered with respect to each other and therefore, 

the structure can be relatively disordered in the long range (Figure 1b) 30,31. The 

graphenic structure of a CDC depends on the synthesis temperature. When the 

synthesis temperature of the CDC is increased, the level of graphitization in the 

CDC also increases 22,24,32,33. Between these stacks of graphene-like layers with 

varying orderliness as well as concaves, convexes and defects in the graphene-

like layers, porosity can form 30. 

b)a)

c)

ultra-

micropores

super-

micropores
mesopores
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The porous structure of a CDC (and a porous carbon more generally) can also 

vary and is described with the specific surface area and pore size distribution, 

which shows the pore volume by pore width (w). The International Union of Pure 

and Applied Chemistry (IUPAC) classifies pores in porous materials based on w 

into three main categories – micropores (ultra- and supermicropores), mesopores 

(Figure 1c), and macropores 34. Micropores are pores with w < 20 Å. These pores 

are further subdivided into ultramicropores (w < 7 Å) and supermicropores 

(7 Å < w < 20 Å). Mesopores are pores with w between 20 Å and 500 Å and macro-

pores are pores with w > 500 Å 34. The porous structure of the CDC materials 

derived even from the same precursor carbide can be very diverse and depend on 

the synthesis conditions. For example, CDC synthesized from Mo2C at 700 °C is 

highly microporous, whereas CDC synthesized from Mo2C at 1200 °C is mainly 

mesoporous 24. 

Due to the versatile graphenic and porous structure of CDCs, they have been 

used in applications that have different requirements for the structure of carbon 

materials 4,35–38. For example, for H2 storage, ultramicropores are the most effec-

tive as they are able to confine adsorbed H2 the strongest and form a high-density 

H2 phase 13,39–43. For catalyst support materials, a combination of micro-, meso-, 

and macropores are needed. Namely, micropores are needed for the active sites, 

meso- and macropores are needed to ensure that the diffusion of reactants and 

products proceeds at a sufficient rate 9,10. The structure of CDCs is influenced by 

the chemical composition and structure of the precursor carbide as well as by the 

synthesis conditions, such as temperature 22,24,29,31,33,44–46. 

4.1.1. Synthesis of CDCs 

Carbide-derived carbons (CDCs) are synthesized from inorganic precursor 

carbides 22. The precursor carbide (e.g., Mo2C, TiC, SiC) can be purchased or 

synthesized in-house with, for example, the sol-gel method 24,44,45,47,48. 

The sol-gel process is a versatile method that can be used to synthesize com-

pounds such as nitrides, carbides, and fluorides. During the sol-gel process, a 

colloidal suspension (sol) is generated and is thereafter converted to a viscous 

gel. This method allows for better control over the particle size and particle size 

distribution, often resulting in a more uniform and fine-grained structure com-

pared to commercial methods used traditionally for the synthesis of solid 

materials. Using specific thermal treatment steps, the gel can be converted to 

different materials such as powders, fibers, and xerogels 49,50. 

The CDCs can be synthesized from carbides by halogenation. This can be 

done by reacting the precursor carbide with chlorine gas at temperatures typically 

above 200 °C. The synthesis temperature higher than 200 °C is important to 

ensure that the metal chlorides are removed and to shift the reaction equilibrium 

towards the CDC formation 22. For reacting Mo2C and TiC with Cl2, the chemical 

reactions 1 or 2 are followed. 

 Mo2C (s) + 5Cl2 (g) → C (s) + 2MoCl5 (g) (1) 
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 TiC (s) + 2Cl2 (g) → C (s) + TiCl4 (g) (2) 

   

The volatile product can be removed in the excess gas flow. The residual chlorine, 

chlorides, oxygen-containing functional groups etc. from the surface of the CDCs 

are typically reduced in H2 gas flow applied at high temperatures, for example, at 

900 °C. 

 

4.1.2. Characterisation of carbons with gas adsorption method 

Gas adsorption method is widely used to characterize porous materials. Most 

commonly, this method is used to estimate the specific surface area, pore volume 

and pore size distributions of micro- and mesoporous materials. During the mea-

surement of a gas adsorption isotherm, the excess adsorption is measured in rela-

tion to the equilibrium pressure of the adsorbate (gas) at a constant temperature. 

At pressures lower than 1 bar, the total and excess adsorbed amounts can be con-

sidered equal 34. 

The way the pressure is expressed depends on the temperature at which the 

adsorption is measured. At an adsorption temperature below the critical point, 

equilibrium pressure is usually expressed as relative pressure p/p0, where p is the 

equilibrium pressure and p0 is the saturation pressure at the adsorption tempera-

ture (e.g., N2, Ar, and CO2). At an adsorption temperature above the critical point, 

where there is no condensation and no p0 exists, the equilibrium pressure p is used 

(e.g., for H2) 
34. 

 

Table 1. Gas adsorption analysis conditions for N2, Ar, CO2 and H2. 

Adsorbate N2 Ar CO2 H2 

T / K 77 87 273 77 

p0 / mbar 1019 1003 34853 –* 

p/p0 / unitless ~10−7 ~10−6 ~10−4 10−2 mbar* 

D at STP / cm2 s−1 0.172 0.158 0.09 1.24 

T – measurement temperature, p0 – saturation pressure, p/p0 – relative pressure from 

which adsorption is measured, D – diffusion coefficient, * – 77 K is above the critical 

temperature of H2 (33 K) and therefore, no p0 exists and p/p0 cannot be calculated. Instead 

of p/p0, the equilibrium pressure (in mbar) from which H2 adsorption is measured is 

shown. 

 

Gas adsorption measurements using gases such as N2, Ar, CO2, and H2 provide 

different information about the adsorbent because the isotherms obtained with 

these gases are measured at different analysis conditions (Table 1) 34,51. The pore 

width ranges that can be characterized by N2, Ar, CO2, and H2 at the conditions 

written in Table 1 are visualised in Figure 2. 
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Figure 2. Pore size ranges characterized by N2, Ar, CO2, and H2 adsorption (reproduced 

from Ref 52). 

 

N2 and Ar adsorption isotherms characterize both the micro- and mesopore volu-

mes and surface areas of the material, as the maximum p/p0 value in these 

isotherms approaches one (Table 1, Figure 2). At this point in the experiment, the 

adsorbate is liquefied, filling all the pores with adsorbate. N2 and Ar adsorption 

in micropores starts at low p/p0 values, as these isotherms are measured at low 

temperatures (at the liquefaction temperatures of N2 and Ar at 1 bar, respectively). 

However, at these conditions, the diffusion rate of N2 and Ar into narrow ultra-

micropores is slow, which can lead to time-consuming measurements or data 

points that do not reflect a true adsorption equilibrium 34,53. 

CO2 is more suitable for analyzing the adsorption isotherms of predominantly 

microporous materials because it is less time-consuming and yields more reliable 

data at low relative pressure values (Figure 2). This is due to the fact that CO2 

adsorption reaches equilibrium more quickly, as it is measured at a higher tem-

perature (273 K) and begins at a higher pressure compared to N2 or Ar adsorption 

(Table 1). In addition to analysis with CO2, analysis with H2 is also suitable for 

the characterization of micropores. Moreover, ultramicropores, and even pores 

“closed” for other gases can be investigated with H2 adsorption (Figure 2). That 

is because H2 has a higher self-diffusion coefficient than other gases and can 

access pores that are inaccessible to other gases 34,51,54. H2 adsorption is explained 

in more detail in section 4.2. 

N2 and CO2 are diatomic and triatomic molecules, respectively, with a quadru-

pole moment, meaning that the orientation of these molecules can depend on the 

surface chemistry of the adsorbent. Ar, on the other hand, does not exhibit a 

3 7 10 20 100 500

3 7 10 20 100 500
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Supermicro-
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quadrupole moment and, thus, may provide more accurate results when there are 

specific functional groups on the surface of the adsorbent. When adsorption 

isotherms measured with N2 and Ar are equivalent, then the surface of the adsor-

bent can be considered chemically inert against the gases used for analysis 34,51. 

There are different methods to analyse the adsorption isotherms of micro-

porous adsorbents. Traditionally, gas adsorption isotherms are analysed with 

macroscopic methods and procedures based on, for example, Dubinin’s pore-

volume-filling theory and Brunauer-Emmett-Teller theory 55,56. However, these 

methods have their specific limitations. For example, micropore size and shape 

of adsorbate molecular packing are not considered. Nevertheless, this approach 

is still useful for routine work and overall comparison of materials 34. Nowadays, 

methods based on statistical mechanics, for example, molecular simulation or 

density functional theory (DFT) are more common 57,58. 

DFT and molecular simulation, which can describe the configuration of the 

adsorbed phase at the molecular level, are considered to provide a more reliable 

approach to pore size analysis over the complete nanopore range. DFT-based 

computational methods provide a reasonably reliable assessment of the pore size 

distribution for both meso- and micropores, considering that the nanopore struc-

ture of the adsorbent is compatible with the chosen DFT kernel. A kernel is a 

collection of ideal adsorption isotherms used to fit experimental adsorption 

data 34,57,58. 

 

 

Figure 3. Example a) N2, b) Ar, and c) CO2 adsorption isotherms of a micro-mesoporous 

carbon material (carbon derived from Mo2C-CDC at 1000 °C) fitted simultaneously with 

2D-NLDFT-HS model in SAIEUS software (data is fitted for this thesis). 
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Traditional DFT methods often use a local density approximation, which assumes 

that the specific free energy at a point depends only on the local density at that 

point, neglecting the strong density gradients near the pore walls. Non-local DFT 

(NLDFT) evaluates the excess Helmholtz free energy using a non-local density 

approximation, which accounts for strong oscillations in the density profile near 

the pore walls 58,59. The drawback of the conventional NLDFT model is that a 

smooth and homogenous carbon surface is assumed. It has been shown that 

porous carbon materials, such as CDCs, can have surface heterogeneity and pore 

wall corrugation 29. This drawback in NLDFT models has been addressed by the 

introduction of two-dimensional DFT approaches (2D-NLDFT) 34. 2D-NLDFT 

models include both energetic and geometric heterogeneities by adding periodic 

functions into the pore wall potential and the model accounts for variations in 

pore wall thickness, edge effects, etc 60,61. 2D-NLDFT methods are included in 

commercial software such as SAIEUS (Figure 3) 62. SAIEUS software has the 

capability to simultaneously apply the 2D-NLDFT for heterogeneous surface 

(2D-NLDFT-HS) model to multiple adsorption isotherms measured with diffe-

rent gases, such as N2 (Figure 3a), Ar (Figure 3b), and CO2 (Figure 3c), to calcu-

late the pore size distribution. 

 

4.1.3. Characterisation of carbons with wide-angle X-ray 

scattering method 

X-ray diffraction (XRD) is a common experimental technique for investigating 

the atomic structure of crystalline solids. XRD is based on the interference of X-

ray waves elastically scattered from a series of atoms oriented along a particular 

direction in a crystal. The maxima in the XRD pattern are the result of construc-

tive interference between the scattered X-ray waves, which at the diffraction 

angle is given by the Bragg’s law (Equation 3) 63. 

 

 𝑛𝜆 = 2𝑑 sin𝜃 (3) 

   

Here, n is an integer, λ is the incident X-ray wavelength, d is the distance between 

lattice planes and θ is the diffraction angle. Onward, instead of θ, scattering angle 

Q calculated as Q = 4 π sin θ / λ is presented. 

As said before, XRD refers to the constructive interference of scattered X-rays 

from crystalline domains. However, when the investigated materials do not have 

any long-range order or crystalline domains, such as CDCs, wide-angle X-ray 

scattering (WAXS) is a more appropriate term to be used for this method. 

 



17 

La

Lc

a3

N

b)a)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

(11)(002)
lo

g
(I

) 
/ 

a
rb

. 
u

n
it
s

Q / Å
−1

(10)

 

Figure 4. a) Example of a WAXS pattern of non-graphitic carbon material (carbon 

derived from Mo2C-CDC at 1000 °C) fitted with an algorithm derived by Ruland and 

Smarsly (published in Ref 31). The gray vertical lines denote the positions of reflections 

that typically appear in the WAXS pattern of a non-graphitic carbon. b) Visualisation of 

some of the parameters, such as La, Lc, 〈N〉 and a3 that are possible to be calculated with 

the CarbX software 64,65. 

 

A typical WAXS curve of non-graphitic carbon contains broad and partially over-

lapping reflections corresponding to the (00l) and (hk) planes (Figure 4a). The 

absence of reflections from (hkl) indicates that the carbon lacks long-range 3D 

order that is characteristic of graphite. The (00l) reflection in non-graphitic carbon 

describes the stacking of graphenic layers, where the parallel stacked layers may 

be randomly rotated relative to each other, known as turbostratic stacking. The (hk) 

reflection describes the in-plane order within a single graphenic layer 65.  

To characterize the WAXS pattern, Ruland and Smarsly have derived an algo-

rithm that can fit the whole scattering pattern of carbonaceous materials and made 

it available through the CarbX software (Figure 4a) 64,66. The possibility to fit the 

whole scattering pattern is a particularly useful feature since it allows for a more 

comprehensive analysis of the interference maxima, considering that their 

broadening can result not only from the limited size of graphene domains but also 

from various other factors such as surface defects, curvature, and strain in the 

carbon structure 67. It is important to note that the algorithm assumes the carbon 

material is homogeneous and that the graphene layers are flat 64,66. However, it is 

known that disordered carbons primarily consist of curved graphene layers 22,30,65. 

By applying the algorithm, in theory, up to 18 parameters can be obtained. 

Some of the most useful ones for carbon materials, such as the average graphene 

layer extent (La), the average stacking size (Lc), the average interlayer spacing 

(a3), and the average number of layers in a stack (〈N〉) are visualised in Figure 4b. 

The algorithm by Ruland and Smarsly calculates the Lc and a3 parameters from 

the shape of the (002) reflection and the La parameter from the shape of the (10) 

reflection. 〈N〉 is calculated as 〈𝑁〉 =
𝐿c

𝑎3(1+𝜅c)
, where κc is the polydispersity of 

the stack height 65. 
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4.2. H2 adsorption in different pores 

During H2 physical adsorption, H2 molecule adsorbs on the surface of the material 

via weak van der Waals forces. The combination of short-range repulsive forces 

from overlapping electron clouds and long-range attractive forces between the H2 

molecule and the carbon atom results in a characteristic shape of the interaction 

potential. The interaction potential between H2 and carbon can be described with 

the Lennard-Jones potential, which depends on ε (the potential energy minimum) 

and σ (the distance where the potential between the H2 molecule and the carbon 

atom is zero) (Figure 5a). At the potential energy minimum, the sum of attractive 

and repulsive forces (the negative derivative of the potential) is zero, meaning 

the H2 is at an equilibrium distance from the carbon where adsorption is energeti-

cally most favorable (Figure 5a) 68. 

 

 
Figure 5. a) Potential energy curve (represented by Lennard-Jones potential) for H2 

molecule and carbon atom interaction as a function of distance, where ε is the potential 

energy minimum (−ε = 0.00276 eV per molecule) and σ is the distance at which the 

potential between the H2 and carbon is zero (σ = 3.18 Å) (reproduced from Refs.69,70). 

Interaction energy of H2 inside carbon slit pores with w of b) 4 Å, c) 7 Å, and d) 13 Å 

plotted against the distance from the centre of the pore (reproduced from Ref 40), where 

dashed vertical lines represent the pore walls (physical width). 
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When H2 molecule adsorbs in micropores, the interaction energy is the sum of 

potentials from all nearby carbon atoms forming the pore walls (not just a single 

atom as in Figure 5a) and H2 molecule, resulting in a more complex interaction 

energy curve compared to the H2 molecule and carbon atom interaction 

(Figure 5). The interaction energy between the H2 molecule and the pore wall of 

a porous carbon material depends on the pore w (and shape) (Figure 5b−d). The 

lowest accessible pore w is defined by the kinetic diameter of the H2 molecule 

(2.9 Å). That is because the repulsion between the pore surface and the H2 

molecule starts to impede entry of the H2 molecule for pores just slightly larger 

than the H2 molecule (e.g., w ~3 Å) 71. In pores with w < ~4 Å, the repulsive 

contributions of the opposite walls still interfere, leading to reduced attraction 

between the H2 molecule and the pore surface 40. 

In pores with w from ~4 Å to ~6 Å, the H2 molecule and carbon material inter-

actions are very strong due to the overlapping potentials of opposing pore walls 

and a single and relatively deep energy minimum located at the center of the pore 

forms (Figure 5b) 40,72,73. In pores with w of 7 Å, the opposing pore walls still 

strongly influence the H2 molecules, but two shallow minima in the interaction 

energy curve form and the energy minima are not so deep anymore (Figure 5c). 

As the pore w increases to 20 Å, the Lennard-Jones interactions between H2 and 

the opposite pore walls decrease, and the opposing pore walls can be regarded as 

two independent surfaces for the H2 molecule and the interactions at the center of 

the pore become negligible (Figure 5d) 40,72,73. In such pores, multiple H2 layers 

can form 73,74. H2 adsorption and diffusion in such pores have been thoroughly 

studied for high-density H2 storage and effective H2:D2 isotope separation 7,40,71–75. 

In addition to the average pore w, the effect of pore shape on the H2 diffusion 

has been studied. It has been shown that pores with a w of 7 Å lead to significant 

H2 densification compared to bulk H2 under the same conditions, with only subtle 

differences in H2 density due to geometric constraints 76. Thus, it was concluded 

that while pore geometry may play some part in influencing the diffusion and 

density of H2, pore w remains the critical factor. On the other hand, another study 

found that the spherically shaped pores are better at confining H2 than slit-shaped 

pores when the pore w is comparable 77. Nevertheless, it has been shown with 

experimental and computational methods to a large extent that in pores with w of 

6–7 Å, H2 self-diffusion is very restricted and the highest H2 storage density can 

be achieved that are required for H2 storage and H2:D2 separation materials 13,39–43. 

In even larger pores, i.e., mesopores, additional H2 layers on top of the H2 mono-

layer can be present inside the pore when the amount of H2 is high enough 74,75. 

These additional layers are not in direct contact with the pore wall and can have 

markedly different densities and self-diffusive properties compared to the H2 in 

the monolayer 78,79. Mesopores (and also macropores) are important in catalyst 

support materials for polymer electrolyte fuel cells and electrolysers since they 

ensure fast mass transport of H2 (and O2) from the surface layer to the active 

sites 9,10. 
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4.3. Neutron scattering method 

4.3.1. Neutron properties and scattering process 

Neutron has a mass of m = 1.675·10−27 kg, a magnetic dipole moment of  

μn = −9.662·10−27 J·T−1 and the total charge is zero. A neutron as a free particle 

has a lifetime of ~15 min. After that, it decays into a proton, an electron and an 

anti-neutrino (β-decay) 80. 

Neutrons interact with atomic nuclei via the short-range strong force or with 

the magnetic moments of unpaired electrons via spin. The penetration depth of 

neutrons in most materials is relatively long, typically in the order of a couple of 

cm, making it possible to study the microscopic properties of bulk samples and 

use complex sample environments without significant neutron flux attenuation 80. 

Also, neutron scattering methods are non-destructive (neutrons with a wavelength 

of 1.5 Å have an energy of 0.036 eV, whereas X-ray with a wavelength of 1.5 Å 

has an energy of 8.265 keV), meaning archeological and biological samples can 

be studied using neutrons 19. Neutron scattering cross-sections do not depend 

directly on the number of electrons per atom (as opposed to X-rays). Thus, atoms 

with few electrons (e.g., H, Li, C, and O) can be studied and even isotopes (e.g., 

H and D) can be distinguished 19,80,81. 

The wavelength of neutrons used in neutron scattering experiments is from 

0.5 Å to 20 Å, which is comparable to atomic sizes and inter-distance spacings of 

atoms in materials. The energy of neutrons used in neutron scattering experiments 

is from 0.2 meV to 330 meV, which is comparable to the normal energy modes 

in materials. Therefore, with neutron scattering, the structural properties of mate-

rials at the atomic to nanometer scale and dynamics, such as diffusion, lattice 

vibration, and phonon characteristics can be studied 19,81,82. 

A neutron is characterised by its wave vector k. When a neutron scatters from 

a nucleus, it can transfer its energy and momentum to the particle in the sample. 

The change in the energy and momentum of the neutron is expressed with Equa-

tions 4 and 5, respectively. 

 
𝐸 = 𝐸i − 𝐸f =

ħ

2𝑚
(𝑘i

2 − 𝑘f
2) (4) 

 

 𝑸 = 𝒌𝐟 − 𝒌𝐢 (5) 

   

Here, E is energy transfer of the neutron, Ei and Ef are the energies of incident 

and final neutron, respectively, ħ is angular Planck constant, m is the mass of the 

neutron, Q is momentum transfer vector (scattering vector), and ki and kf are the 

wave vectors of the incident and final neutron, respectively, and their magnitudes 

are |ki,f| = ki,f = 2 π / λ. 

The quantity measured during a neutron scattering experiment is the number 

of neutrons detected in a solid angle δΩ with energy transfer δE. This quantity is 

called the double differential scattering cross-section (Equation 6). 
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 δ2𝜎

δ𝐸δ𝛺
∝

𝑘f

𝑘i
[𝑏coh

2 𝑆coh(𝑄, 𝐸) + 𝑏inc
2 𝑆inc(𝑄, 𝐸)] (6) 

   

Here, σ is the scattering cross-section, S is the dynamic structure factor and b is 

the scattering length (coh and inc denote coherent and incoherent contribution, 

respectively). Onward, Q is the magnitude of the scattering vector (Q-vector). 

Scattering of a neutron from a particle can be coherent or incoherent. In the 

case of coherent neutron scattering, the neutron wave interacts with the whole 

sample as a unit and the scattered waves from different nuclei interfere with each 

other. This type of scattering depends on the relative distances between the con-

stituent atoms and, thus, gives information about the structure of the material 81. In 

the case of incoherent neutron scattering, a neutron wave interacts independently 

with each nucleus in the sample so that the scattered waves from different nuclei 

do not interfere. This type of scattering can be due to the interaction of a neutron 

wave with the same atom but at different positions and times. Thus, dynamics 

associated with incoherent scattering are related to uncorrelated self-motion, such 

as diffusion 19,81. 

 

 

Figure 6. The energy range of elastic (E ≈ 0 meV), quasi-elastic (−2 meV ≤ E ≤ 2 meV) 

and inelastic neutron scattering (E > 2 meV or E < −2 meV ). 

 

If the incident neutron scatters from a particle that is effectively immobile (at least 

in the investigated experimental timescale), the scattering process is elastic and 

Ef = Ei (Figure 6). When the particle from which the incident neutron scatters is 

moving in a similar timescale to the experimental timescale, the change in the 

energy of the neutron is small (−2 meV ≤ E ≤ 2 meV), and the peak maximum is 

at E ≈ 0, then the neutron scattering process is quasi-elastic 19,81. Quasi-elastic 

neutron scattering can be used to investigate the diffusion of adsorbed H2 
11–13. 
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When E > 2 meV or E < −2 meV, the scattering process is inelastic. Inelastic 

scattering is associated with phenomena occurring with well-defined energies 

like phonons and vibrations (Figure 6) 19,81. In case of the diffusion of adsorbed 

H2, inelastic neutron scattering can occur when the unrestricted diffusion of the 

H2 molecule is hindered by the strong H2-adsorbent interaction. In that case, the 

energy exchange between the neutron and the H2 molecule does not appear in the 

quasi-elastic region as is the case with H2 diffusion. Instead, the strongly adsorbed 

H2 molecule can exhibit a transition at a well-defined rotational energy level of 

14.7 meV (para- to ortho-H2 transition), which is detected in the inelastic region 

(Figure 6) 13,76,83–85. 

 

4.3.2. Quasi-elastic neutron scattering method 

Normal H2 gas consists of two H2 isomers with different nuclear spin align-

ments – ortho-H2 (o-H2) and para-H2 (p-H2). The neutron scattering cross-section 

of o-H2 (80 · 10−28 m2) is considerably larger than for p-H2 (< 0.9 · 10−28 m2) at  

2 meV 11. Therefore, the quasi-elastic broadening originating only from o-H2 can 

be detected and analyzed with QENS in this energy range. When the neutron 

scatters from H2, coherent contribution can be considered negligible and only  

the incoherent contribution is accounted for because H2 has a large incoherent 

scattering cross-section (80 · 10−28 m2) and a small coherent scattering cross-sec-

tion (2 · 10−28 m2) 86. Thus, Equation 6 is written as Equation 7. 

 

 δ2𝜎

δ𝐸δ𝛺
∝

|𝑘f|

|𝑘i|
𝑏inc

2 𝑆inc(𝑄, 𝐸) (7) 

   

Sinc(Q,E) cannot be measured directly and, instead, the experimental dynamic 

structure factor denoted as S(Q,E), which is proportional to the convolution of the 

incoherent dynamic structure factor of H2 SH2(Q,E) with the resolution function 

R(Q,E) of the spectrometer is measured (Equation 8). 

 

 𝑆(𝑄, 𝐸) = 𝑆H2(𝑄, 𝐸)⨂𝑅(𝑄, 𝐸) (8) 

   

Here, symbol ⨂ denotes the convolution product. 
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Figure 7. Deconvolution of the dynamic structure factor into an elastic component 

(resolution function) and a) one quasi-elastic component (Lorentzian function) and b) two 

quasi-elastic components (two Lorentzian functions). 

 

S(Q,E) can be composed of elastic and quasi-elastic (Lorentzian function) com-

ponents (Figure 7a). The elastic component denotes scattering from H2 which 

motion is too slow to be observable within the experimental resolution. Quasi-

elastic component, described with Lorentzian function, arises from the motions 

of H2 that take place within the experimental time window of the instrument. 

When resolved H2 motions take place in multiple timescales, the quasi-elastic com-

ponent can consist of multiple components of quasi-elastic scattering (multiple 

Lorentzian functions) (Figure 7b). Motions of H2 that are faster than the experi-

mental time window contribute to the flat background. With a QENS instrument, 

the lower limit of the timescale studied is set by the width of the instrument 

energy resolution. 

To deconvolve the different spectral contributions to each measured neutron 

scattering spectrum, the data are fitted with a functional form, Sfun(Q,Е), com-

prised of elastic and quasi-elastic components, an instrumental resolution func-

tion, and a constant baseline (Equation 9). 

 𝑆fun(𝑄, 𝐸) = [𝐴0𝛿(𝐸) + ∑ 𝐴i(𝑄)𝐿(𝐸, 𝛤i)
n

i
] ⨂𝑅(𝑄, 𝐸) + 𝑦0 (9) 

 

Here, Sfun(Q,E) is the functional form of dynamic structure factor, Q is the scat-

tering vector value, E is the energy transfer, δ(E) is the Dirac delta function de-

scribing the elastic scattering, A0(Q) and Ai(Q) are the fractions of elastic and 

quasi-elastic scattering signals, n is the number of quasi-elastic components, 

L(E,Γi) is the Lorentzian function which describes mathematically the quasi-

elastic component, Γ is the half-width at half maximum (HWHM) of the quasi-

elastic component, R(Q,E) in the instrumental resolution function, and y0 is the 

baseline. 
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The presence of two quasi-elastic components can be interpreted as H2 diffusion 

over multiple timescales 79. As a rule of thumb, the two different quasi-elastic 

components should have HWHM values that are markedly, usually ten times 

different 19. Plotting the HWHM values of the quasi-elastic component can give 

information about the diffusion process, e.g., the type of diffusion process (trans-

lational or rotational) and the diffusion coefficient. 

 

4.3.3. Diffusion dynamics established with QENS 

The diffusion that is measured under the influence of a concentration gradient (or 

chemical potential gradient), i.e., under non-equilibrium conditions, where par-

ticles migrate down the concentration (or chemical potential) gradient is usually 

called transport diffusion. On the other hand, the diffusion that is measured under 

thermodynamic equilibrium is usually called self-diffusion or tracer diffusion and 

it describes the movement of individual particles. Another example of self-diffu-

sion is the diffusion of two different isotopes of the same gas, e.g., H2 and D2 
87. 

When the diffusion process is translational, continuous, and the diffusing 

particles are unconstrained, considering the spatial range probed by the neutrons, 

then the diffusion process is described by Fick’s law. In this case, the HWHM of 

the quasi-elastic broadening is linearly related to the Q2 value (Equation 10) 21. 

 

 𝛤 = 𝐷𝑄2 (10) 

 

Here, Γ is HWHM of the quasi-elastic broadening, Q is the scattering vector 

value, and D is the diffusion coefficient. 

 

 
Figure 8. a) Fick’s law, Hall-Ross and Singwi-Sjölander models for analysing trans-

lational motions and b) three different models (noted on the graph) for analysing localised 

rotational motions. 
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Some systems, such as porous structures, can hinder continuous diffusion, resulting 

in a jump-like motion with a period of residence time between jumps. In such 

case, the diffusion process is still described by Fick’s law at low Q values (i.e., 

long length scales in real space), but at large Q values (i.e., short length scales in 

real space), systematic deviations from Fick’s law are observed (Figure 8a). The 

models that consider the deviations from a continuous diffusion process are called 

translational jump diffusion models 20,21. 

The translational jump diffusion dynamics of H2 can be described by modeling 

the obtained Γ vs Q dependence with models proposed by Hall-Ross 

(Equation 11) and Singwi-Sjölander (Equation 12) 88,89. These models consider 

deviations from continuous diffusion described by Fick’s law at larger Q values 

through limiting values of jump lengths, which is caused, for example, by the 

porous structure of the adsorbent. Hall-Ross model assumes that the jump lengths 

follow a Gaussian distribution which describes jump diffusion in a restricted 

volume, e.g., in narrow pores. The model proposed by Singwi and Sjölander, 

originally developed for liquid water, assumes an exponential jump length dis-

tribution and characterizes diffusion which alternates between oscillatory and 

directed motions. 

 

 
𝛤HR(𝑄) =

ℏ

𝜏
(1 − exp(−𝑄2𝜏𝐷)) (11) 

 

 
𝛤SS(𝑄) =

ℏ𝐷𝑄2

1 + 𝐷𝑄2𝜏
 

(12) 

Here, Γ(Q) is the HWHM of the quasi-elastic component at a given Q value, HR 

denotes the Hall-Ross model and SS denotes Singwi-Sjölander model, ħ is the 

reduced Planck constant, τ is the residence time, D is the diffusion coefficient, the 

mean jump length 〈𝑙〉 is calculated as 〈𝑙〉 = √6𝑡𝐷. 

An Arrhenius-type equation can be used to describe the temperature depen-

dency of diffusion coefficients (Equation 13). By applying this relation, the acti-

vation energy of the diffusion process, Ea, and the extrapolated diffusion coeffi-

cient at infinite temperature, D0, can be calculated from the slope and intercept of 

the graph, respectively 90. 

  

𝐷 = 𝐷0 exp (−
𝐸a

𝑅𝑇
) 

 

(13) 

Here, D is the diffusion coefficient, D0 is the diffusion coefficient at infinite tem-

perature, R is the universal gas constant (8.314 J mol−1 K−1), and T is the tempe-

rature. 

When the diffusion process is not translational, but is rotational, then the 

HWHM values of the quasi-elastic broadening are independent of the Q value. 

To get information about the geometry of the motion and the percentage of mobile 
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particles contributing to the QENS signal, the elastic incoherent structure factor 

(EISF), A0, is calculated (Equation 14). 

 

 
EISF = 𝐴0(𝑄) =

𝐼𝑒𝑙(𝑄)

𝐼𝑒𝑙(𝑄) + 𝐼𝑞𝑒(𝑄)
 (14) 

 

Here, Iel and Iqe denote the integrated intensity of the elastic and quasi-elastic 

components, respectively. 

The mobile fraction of species can depend on temperature. As a result, an 

effective EISF, A0’(Q), is obtained experimentally instead of the theoretical EISF, 

A0(Q). The effective EISF can be calculated from the theoretical EISF as 

A0’(Q) = ps + pm · A0(Q), where ps and pm are the relative fractions of static (over 

the experimental timescale) and mobile particles, respectively, and which sum up 

to unity 19. 

The geometry of the motions is investigated by fitting experimentally deter-

mined EISF with theoretical models (Figure 8b). Some examples of these models 

are: 

1) rotational jumps between two sites with distance d 20; 

 
𝐴0,2𝑠𝑖𝑡𝑒(𝑄) = 0.5(1 + 𝑗0(𝑄𝑑)) (15) 

Here, j0 is the zero-order spherical Bessel function of the first kind. 

2) continuous rotational diffusion on the surface of a sphere with a diameter d 20; 

 
𝐴0,sph(𝑄) = 𝑗0

2(0.5𝑄𝑑) (16) 

3) continuous rotational diffusion within the volume of a sphere with a diameter d 20. 

 

𝐴0,vol(𝑄) = [
3 𝑗1(0.5𝑄𝑑)

0.5𝑄𝑑
]

2

 (17) 

Here, j1 is the first-order spherical Bessel function of the first kind.  
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5. EXPERIMENTAL 

In this work, the porous carbons have been derived from commercial Mo2C at 

synthesis temperatures of 700 °C, 800 °C, and 900 °C and from TiC synthesized 

using the sol-gel process. The denotation of the CDCs is presented in Table 2. 

 

Table 2. Synthesis conditions and denotations of the investigated CDCs. 

Carbide 
Origin of the 

carbide 

Chlorination 

temperature of 

the carbide 

H2 reduction 

temperature 
Denotation Ref 

Mo2C Commercial 

700 °C 

900 °C 

Mo2C-CDC 

700 

24 800 °C 
Mo2C-CDC 

800 

900 °C 
Mo2C-CDC 

900 

TiC 

Synthesized 

in-house using 

the sol-gel 

process 

950 °C 
Sol-gel TiC-

CDC 
45 

 

 

5.1. Gas adsorption data 

Gas adsorption isotherms of all the samples were measured with ASAP2020 

(Micromeritics, USA). The isotherms were measured with N2, Ar, CO2, and H2 at 

77 K, 87 K, 273 K, and 77 K, respectively. Before the adsorption measurements, 

the samples were outgassed at 300 °C and at a vacuum of at least 13 µbar for 12 h. 

The pore size distributions were calculated by applying the two-dimensional 

non-local density functional theory model for carbon materials with hetero-

geneous surfaces (2D-NLDFT-HS), using the SAIEUS (Micromeritics, USA) 

software 62. For Mo2C-CDC 700, Mo2C-CDC 800, and Mo2C-CDC 900, the pore 

size distributions were calculated by applying the 2D-NLDFT-HS models simul-

taneously to N2, Ar, CO2, and H2 isotherms (developmental version of SAIEUS). 

For sol-gel TiC-CDC, the pore size distribution was calculated by applying the 

2D-NLDFT-HS models simultaneously to N2, CO2, and H2 isotherms (develop-

mental version of SAIEUS). 2D-NLDFT-HS model-based specific surface area, 

SDFT, and volume of pores, VDFT, were calculated. The volume of the ultramicro-

pores (3 Å < w < 7 Å), Vump, the volume of the supermicropores (7 Å < w < 20 Å), 

Vsmp, and the volume of the mesopores (20 Å < w < 500 Å), Vmeso, were calculated 

from the cumulative pore volume. 
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5.2. Wide-angle X-ray scattering data 

A wide-angle X-ray scattering (WAXS) pattern of the CDC samples were ob-

tained using a D8 Advance (Bruker, Germany) diffractometer and Cu Kα radia-

tion of wavelength 1.5406 Å was used. The scattering pattern was measured in 

the 2θ range from 13° to 80° with a counting time of 166 s per step and a step 

size of 0.0128° using a LynxEye detector. 

Fitting of the diffractograms was performed across the full measured 2θ range 

with CarbX software, resulting in 14 inter- and intralayer parameters 64,66. In this 

thesis, the average graphene-like platelet size, La, the average stacking size, Lc, 

the average interlayer spacing, a3, and the average number of graphene-like layers 

per stack, 〈N〉 calculated as 〈𝑁〉 =
𝐿c

𝑎3(1+𝜅c)
, where κc is the polydispersity of the 

stack height) are of main interest for the characterization of the level of ordering 

of the graphenic domains in the CDC materials. 

 

5.3. Quasi-elastic neutron scattering data 

To investigate H2 self-diffusion in CDCs, quasi-elastic neutron scattering (QENS) 

experiments were performed. The QENS measurements for Mo2C-CDC 700, 

Mo2C-CDC 800, and Mo2C-CDC 900 were performed using the time-of-flight 

spectrometer NEAT′ 2016 at the neutron source BER II in Helmholtz Zentrum 

Berlin (HZB), Germany 91. This data can be accessed at Ref 92. The QENS mea-

surement for sol-gel TiC-CDC was performed using spectrometers IRIS and 

MARI at ISIS neutron and muon source, UK 93,94. The data for IRIS and MARI 

measurements can be accessed at Ref. 95 and Ref. 96, respectively. 

The sample handling process was identical for all of the samples. Before all 

the QENS measurements, the CDCs were outgassed for >17 h at >250 °C to re-

move air moisture and other adsorbed species. After the outgassing process, the 

CDCs were transferred into a double-walled annular cylindrical aluminium sample 

can. The sample thickness of 0.2 cm was chosen so that the multiple scattering 

effects could be considered negligible. All sample handling and preparation were 

performed in a glovebox filled with inert gas. 

The QENS experiments with the CDCs were identical in principle and 

conducted as follows: 

1. The signal from outgassed Mo2C-CDCs was measured at fixed temperatures 

from 50 K to 100 K with a step of 10 K. For outgassed sol-gel TiC-CDC, the 

signal was measured from 20 K to 100 K with a step of 20 K and additionally at 

70 K. 

2. The samples were cooled down to 77 K using a He cryostat and H2 was 

dosed in the sample holder until the pressure reached the pH2,load value in Table 3, 

which resulted in the total amount of H2 of nH2 in the sample holder. 
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Table 3. H2 loading pressures (pH2,load) at 77 K and the corresponding total amount of H2 

per 1 g of CDC (nH2) in the closed sample cell. 

 Lowest H2 loading Moderate H2 loading Highest H2 loading 

pH2,load / 

mbar 

nH2 / 

mmol g−1 

pH2,load / 

mbar 

nH2 / 

mmol g−1 

pH2,load / 

mbar 

nH2 / 

mmol g−1 

Mo2C-CDC 700 68 4 1047 21 10 028 125 

Mo2C-CDC 800 86 3 1056 21 9972 138 

Mo2C-CDC 900 86 3 1017 18 10 193 121 

Sol-gel TiC-CDC 14 1.7 225 10 969 31 

3. The sample holder was disconnected from the gas dosing apparatus and the 

CDCs containing H2 were measured at fixed temperatures ranging from 10 K to 

100 K. The fixed temperature values at which the neutron scattering signal is 

measured and analysed in this thesis can be seen in Table 4. After each tempera-

ture change, the system was let to reach an equilibrium during approximately 

40 min before the start of the QENS measurement. After each increase of H2 

loading, the system was equilibrated for approximately 1 h. 

Table 4. The fixed temperature values at which the neutron scattering signal is measured 

and analysed. 

H2 

loading 

Sample 10 K 30 K 50 K 60 K 70 K 80 K 90 K 100 K 

Lowest 

Mo2C-CDC 700   x x x x x x 

Mo2C-CDC 800   x x x x x x 

Mo2C-CDC 900   x x x x x x 

Sol-gel TiC-CDC x x x   x   

Mode-

rate 

Mo2C-CDC 700   x x x x x x 

Mo2C-CDC 800   x x x x x x 

Mo2C-CDC 900   x x x x x x 

Sol-gel TiC-CDC   x   x  x 

Highest 

Mo2C-CDC 700   x x x x x x 

Mo2C-CDC 800   x x x x x x 

Mo2C-CDC 900   x x x x x x 

Sol-gel TiC-CDC   x   x  x 

Steps 2.–3. were repeated at moderate and highest H2 loading values for 

temperatures noted in Table 4. The H2 pressure in the sample cell was monitored 

at all times and used to calculate the sample surface coverages and pore volume 

occupancies at all conditions throughout all experiments. 
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For detector normalization and background subtraction, the signal from the vana-

dium cells and the empty sample holders was measured for all systems and QENS 

experiments. For the Mo2C-CDC materials, the signal from vanadium was used 

as the resolution function during subsequent data analysis. For sol-gel TiC-CDC, 

the neutron scattering data obtained at the lowest temperature (10 K for IRIS and 

20 K for MARI) at the lowest H2 loading were used for instrument calibration 

and resolution purposes. At these lowest T and nH2 conditions applied, the H2 

adsorbed in the sol-gel TiC-CDC could be presumed static, e.g., frozen solid in 

the pores, at least on the experimental timescales afforded by the used neutron 

instrumental set-up. 

The energy resolution, momentum transfer, and upper experimental observa-

tion time and spatial range configurations used for NEAT, IRIS, and MARI 

spectrometers are summarized in Table 5. 

 

Table 5. The characteristics of the NEAT’2016, IRIS and MARI instruments and con-

figurations used. 

 Energy 

resolution / 

meV 

Upper experimental 

observation timea / 

ps 

Q-range / 

Å−1 

Spatial 

rangeb / Å 

Ref 

NEAT’2016 0.1 80 0.3–2.5 3–20 91 

IRIS (PG002) 0.0175 150 0.42–1.85 3–15 93 

MARI 0.43 10 0.4–6 1–16 94 
a – Determined from the point where the Fourier transformed resolution function of the 

instrument goes to zero 
b – Calculated as 2 π / Q 

 

For NEAT’2016 spectrometer 91, the neutrons were detected from −2 meV to 

2 meV at the lowest H2 loading and from −3 meV to 2 meV at the moderate and 

highest H2 loading. Negative energy transfer means that neutrons gained energy 

during the scattering process and positive energy transfer means that neutrons lost 

energy during the scattering process. The reduced data were collated in three 

different Q ranges: from 0.2 Å−1 to 2.45 Å−1, from 0.25 Å−1 to 2.5 Å−1, and from 

0.3 Å−1 to 2.4 Å−1, with a step size of 0.15 Å−1. 

For IRIS spectrometer 93, the neutron scattering data were collected with the 

spectrometer configured to energy analyze the scattered neutron beam using the 

002 graphite (PG002) analyzer reflection. On IRIS, the scattered neutrons were 

detected in the energy transfer range from −0.3 meV to 1.2 meV. The reduced 

data were collated in the Q range from 0.42 Å−1 to 1.8 Å−1 into five distinct Q 

groups/values at the lowest H2 loading and nine Q groups at moderate and highest 

H2 loading. 

For MARI spectrometer 94, the neutrons were detected in the energy transfer 

range from −20 meV to 20 meV. The reduced data were collated in the Q range 
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from 0.4 Å−1 to 1.8 Å−1 into nine Q groups at moderate and highest H2 loading to 

match the Q grouping of the scattering data from IRIS. 

During the analysis, the Q ranges are truncated because of the coherent scat-

tering occurring due to the graphitic carbon (002) Bragg peak above ~1.8 Å−1 

(also in Figure 4a). The data reduction and analysis for all experiments were 

carried out using Mantid 97 and OriginLab 2016 (OriginLab Corporation) software. 

5.3.1. Deconvolution method of the dynamic structure factor 

For the Mo2C-CDC materials measured with NEAT’2016 spectrometer, at the 

lowest H2 loading, the QENS data are fitted with a model containing one quasi-

elastic component (Equation 9, where n = 1) described with one Lorentzian func-

tion (Figure 7a). At the moderate and highest H2 loading, the data are fitted with 

a model containing two quasi-elastic components (Equation 9, where n = 2) to 

confirm and investigate H2 diffusion in two distinguishable timescales (Fi-

gure 7b). However, at moderate H2 loading and at T = 50 K, the narrower of the 

two quasi-elastic components could not be reliably deconvoluted and, thus, is 

fitted with a model containing one Lorentzian function (Equation 9, where n = 1). 

The S(Q,E) measured at the highest H2 loading are fitted with a model containing 

two Lorentzian functions (Equation 9, where n = 2) throughout the entire T range. 

 

 

Figure 9. Schematics of H2 components analyzable in the temporal ranges of MARI and 

IRIS spectrometers. 

 

For sol-gel TiC-CDC measured with IRIS and MARI spectrometers, a different 

fitting protocol is applied with the aim of reliably determining more types of H2 

motions. In total, four self-diffusional dynamics, denoted with L1, L2, L3.10 and 

L3.31 are distinguished and analyzed (Figure 9). The subscripts 10 and 31 in L3.10 

and L3.31, respectively, denote the values of the total amount of H2 per 1 g of  

sol-gel TiC-CDC in the closed sample cell in mmol g−1 at which the width of the 

quasi-elastic component is determined. 

The S(Q,E)-s obtained on IRIS at nH2 = 1.7 mmol g−1 are fitted with a model 

containing one Lorentzian function (Equation 9, where n = 1) – L1. The S(Q,E)-s 

obtained on IRIS at nH2 = 10 mmol g−1 are fitted with a model containing two 
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Lorentzian functions (Equation 9, n = 2) – L1 predetermined at nH2 = 1.7 mmol g−1 

and freely fitted L2. The S(Q,E)-s obtained on MARI at nH2 ≥ 10 mmol g−1 are 

fitted with a model containing two Lorentzian functions accounting for two quasi-

elastic broadenings (Equation 9, n = 2) – L2 predetermined at nH2 = 10 mmol g−1 

obtained from data measured on IRIS S(Q,E)-s and freely fitted L3.10 (at 

nH2 = 31 mmol g−1, freely fitted L3.31 ). 

MARI and IRIS spectrometers have an overlap in the temporal range where 

H2 motions described with L2 take place (Figure 9). Thus, the L2 component is 

fixed based on the results obtained at nH2 = 10 mmol g−1 from the data obtained 

on the IRIS spectrometer to account for the slower motions probed with MARI, 

revealing a more reliable broader Lorentzian function (L3). The motions of  

H2 component described with L3 have a clear difference in linewidths at 

nH2 = 10 mmol g−1 and at nH2 = 31 mmol g−1 and are denoted with L3.10 at 

nH2 = 10 mmol g−1 and L3.31 at nH2 = 31 mmol g−1, respectively. Linewidths of the 

L2 component are kept constant at nH2 ≥ 10 mmol g−1 as they are equal within the 

uncertainty margins at nH2 ≥ 10 mmol g−1. 
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6. RESULTS AND DISCUSSION 

6.1. Physical characterisation of CDCs 

 

Figure 10. a) Pore size distributions of Mo2C-CDC 700, Mo2C-CDC 800, and Mo2C-

CDC 900 calculated by simultaneously applying 2D-NLDFT-HS model to the N2, Ar, 

CO2, and H2 adsorption data and the pore size distribution of sol-gel TiC-CDC by simulta-

neously applying 2D-NLDFT-HS model to the N2, CO2, and H2 adsorption data and b) 

WAXS pattern of Mo2C-CDC 700, Mo2C-CDC 800, Mo2C-CDC 900, and sol-gel TiC-

CDC (circles) and fit curve (solid line). 

 

The pore size distributions have been previously calculated for the same Mo2C-

CDC materials on three different occasions by applying the 2D-NLDFT-HS model 

simultaneously to the N2 and CO2 adsorption data, to the Ar and CO2 adsorption 

data and only to the N2 adsorption data 24,29,77. The pore size distribution of sol-

gel TiC-CDC has also been previously calculated by applying the 2D-NLDFT-

HS model simultaneously to the N2 and CO2 adsorption data 45. The pore size 

distributions modelled in Refs. 24,29,77 are bimodal, with the first maximum cor-

responding to pores with w < 20 Å (micropores) and the second maximum cor-

responding to pores with 20 Å < w < 500 Å (mesopores). Including the H2 

adsorption data and applying the 2D-NLDFT-HS model simultaneously to N2, Ar, 

CO2, and H2 adsorption data extends the lower analysis limit of the obtained pore 

size distribution down to the ultramicropore range and gives a more precise 

picture of the porous structure. Thus, trimodal pore size distributions are obtained 

(Figure 10a), where the first maximum corresponds to pores in the ultramicropore 

range and where the contribution of ultramicro- and supermicropores to the pore 

volume is higher than previously determined. 
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Table 6. Pore structure characteristics obtained from the global fitting of multiple gas 

adsorption isotherms data with 2D-NLDFT-HS models using SAIEUS software and the 

main parameters obtained from fitting of WAXS patterns using CarbX software 62,64. 

 Mo2C-

CDC 700 

Mo2C-

CDC 800 

Mo2C-

CDC 900 

Sol-gel TiC-

CDC 

SDFT / m2 g−1 1810 1500 1290 1560 

VDFT / cm3 g−1 1.61 1.52 1.42 2.40 

Vump / cm3 g−1 0.12 (8%) 0.08 (5%) 0.07 (5%) 0.11 (5%) 

Vsmp / cm3 g−1 0.49 (30%) 0.36 (24%) 0.26 (18%) 0.41 (17%) 

Vmeso / cm3 g−1 1.00 (62%) 1.08 (71%) 1.09 (77%) 1.88 (78%) 

La / Å 22±6a 38±11 63±19 50±15 

Lc / Å 6.2±1.1a 12.8±2.3 7.7±1.4 12.5±2.3 

a3 / Å 3.6±0.2a 3.6±0.2 3.5±0.2 3.4±0.2 

〈N〉 / unitless 0.51±0.02a 1.05±0.02 0.79±0.02 2.76±0.55 
a Previously unpublished data. Data are fitted for this thesis by Laura Kalder using the 

same fitting protocol used for fitting other CDCs published in Ref. 31. 

SDFT – specific surface area; VDFT – pore volume; Vump – ultramicropore volume; Vsmp – 

supermicropore volume; Vmeso – mesopore volume; La – average graphene-like platelet 

size; Lc – average stacking size; a3 – average interlayer spacing; 〈N〉 – the average number 

of graphene-like layers per stack 

 

All of the studied CDCs exhibit pores in ultramicro-, supermicro-, and mesopore 

range. As the chlorination temperature of the Mo2C-CDC materials is increased, 

the specific surface area, SDFT, and pore volume, VDFT, decrease (Table 6). Sol-gel 

TiC-CDC has an SDFT value of 1560 m2 g−1, which is in a similar range to the rest 

of the studied CDCs (Table 6). However, the VDFT value of sol-gel TiC-CDC 

(2.40 cm3 g−1) is considerably higher than the VDFT value for the Mo2C-CDC 

materials. Therefore, although all the investigated CDCs exhibit pores in the same 

pore width range, the main difference between the Mo2C-CDC materials and the 

sol-gel TiC-CDC is the volume of mesopores. Namely, sol-gel TiC-CDC exhibits 

the largest volume of mesopores of 1.88 cm3 g−1, which accounts for 78% of pores 

with 3 Å < w < 500 Å. 

Ultramicro- and supermicropores can be interpreted as the measure of 

corrugation/roughness of the pore walls. Thus, a larger volume of ultra- and 

supermicropores in Mo2C-CDC 700 and Mo2C-CDC 800 than in Mo2C-CDC 900 

indicates that the mesopores of Mo2C-CDC 700 and Mo2C-CDC 800 exhibit a 

higher degree of pore wall corrugation than Mo2C-CDC 900. This corroborates 

with the contrast-matched small-angle neutron scattering study on the same mate-

rials in Ref. 29, which revealed that with the increase in synthesis temperature, the 

surface roughness/corrugation of pore walls decreases. 
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a) Mo2C-CDC 700 b) Mo2C-CDC 900

La = 22  6 Å La = 63  19 Å
 

Figure 11. Illustrative representation of the pore wall corrugation of a) Mo2C-CDC 700 

and b) Mo2C-CDC 900, where La is the average graphene-like platelet size from WAXS 

analysis. 

 

The WAXS patterns of the investigated CDCs have broad and overlapping reflexes 

and are missing (hkl) reflexes (Figure 10b). This is typical of a non-graphitic 

carbon, indicating that these materials do not have any long-range order, but 

exhibit short-range order, which is present in the graphenic domains (Figure 4a 

and section 4.1.3). The average graphene-like platelet size, La, of the investigated 

CDCs, visualized in Figures 11a and 11b, slightly increases as the synthesis tem-

perature of the Mo2C-CDC materials increases, also considering the uncertainties 

(Table 6). An increase in the graphene-like domain sizes of the CDCs with the 

synthesis temperature is also supported by the Raman analysis presented in Ref 31. 

The La value of the sol-gel TiC-CDC materials is in a similar range as for the 

Mo2C-CDC materials (Table 6). 

The main difference between the Mo2C-CDC materials and sol-gel TiC-CDC 

is the stacking of graphenic layers (Table 6). The sol-gel TiC-CDC has on average 

2.76 graphenic layers per stack, while Mo2C-CDC materials have on average ≤ 1 

layer per stack. Therefore, on average, the graphene-like layers are not stacked 

and do not form ordered domains with each other in the Mo2C-CDC materials. 

This also correlates with the porous structure analysis of the CDCs. Namely, the 

microporosity in CDCs forms between imperfectly stacked graphene-like layers 

and between the stacks themselves. When the stacking of graphene-like layers 

becomes more ordered, some of the microporosity is lost. 

To summarize, sol-gel TiC-CDC has a relatively high stacking of graphene-

like layers compared to the Mo2C-CDC materials. Overall, the studied Mo2C-

CDC materials have a relatively large volume and high ratio of ultramicro- and 

micropores, and it decreases as the chlorination temperature increases from 

700 °C to 900 °C. The sol-gel TiC-CDC, on the other hand, stands out with a 

large volume of mesopores. 
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6.2. H2 diffusion in porous CDCs 

To investigate H2 diffusion in the micro- and mesopores of CDCs, QENS experi-

ments were performed. H2 pressure in the sample cell was monitored at all tem-

peratures and at all H2 loading values to calculate the pore occupancy at all experi-

mental conditions. All calculation steps and used parameters can be seen in the 

supplementary information of Refs. 98,99. As a summary of these calculations, the 

pore occupancy values can be seen in Table 7. 

 

Table 7. Occupancy of Mo2C-CDC materials and sol-gel TiC-CDC pores with H2 in % 

out of VDFT based on the consideration that the density of adsorbed H2 is equal to the 

density of liquid H2 (70.85 kg m−3). 

H2 

loading 
Sample 30 K 50 K 60 K 70 K 80 K 90 K 100 K 

Lowest 

Mo2C-CDC 700 – 6 6 6 5 4 3 

Mo2C-CDC 800 – 7 7 7 6 5 4 

Mo2C-CDC 900 – 6 6 6 5 4 4 

Sol-gel TiC-CDC 1 1 – – 1 – – 

Moderate 

Mo2C-CDC 700 – 32 29 25 21 18 15 

Mo2C-CDC 800 – 35 31 27 23 19 16 

Mo2C-CDC 900 – 35 31 27 23 19 16 

Sol-gel TiC-CDC – 12 – – 8 – 3 

Highest 

Mo2C-CDC 700 – 100 100 96 93 90 87 

Mo2C-CDC 800 – 100 100 100 100 100 100 

Mo2C-CDC 900 – 100 100 100 100 –a –a 

Sol-gel TiC-CDC – 19 – – –a – –a 

a These values can not be calculated precisely because during the experiments, the 

pressure transducer was changed to a high-pressure one for which the volumes were not 

known. 

 

It must be noted that the diffusion of H2 adsorbed in sol-gel TiC-CDC was 

measured with two spectrometers – MARI and IRIS – and, thus, in principle, two 

different pore occupancy values are calculated for the same experimental condi-

tion depending, for example, on the gas handling systems installed on both instru-

ments and on the sample mass. However, the H2 loading values for both mea-

surements performed on MARI and IRIS were chosen intentionally to achieve as 

similar pore occupancy values as possible – the value presented in Table 7. The 

pore occupancy values separately for both experiments on MARI and IRIS 

instruments can be seen in Table S8 in the supplementary information of Ref99. 
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Figure 12. Visualisation of pore occupancy of a) Mo2C-CDC 700, Mo2C-CDC 800, 

Mo2C-CDC 900 and b) sol-gel TiC-CDC at different H2 loading conditions and at 50 K, 

where dark, medium and light gray denote the lowest, moderate, and the highest H2 

loading, respectively. 

 

At the lowest H2 loading and at 50 K, ~6% of the total pore volume of the Mo2C-

CDC materials is occupied by H2. As ultramicropores make up 5–8% of the total 

pore volume of Mo2C-CDC materials depending on the CDC (Table 6) and 

smaller pores are filled first, H2 occupies mostly ultramicropores of Mo2C-CDC 

materials (Figure 12a). At the lowest H2 loading and at 30 K, ~1% of the total 

pore volume of the sol-gel TiC-CDC is occupied by H2. As ultramicropores make 

up ~5% of the total pore volume of sol-gel TiC-CDC, then at these conditions, H2 

does not occupy all ultramicropores, but only the active adsorption sites present 

in the ultramicropores of sol-gel TiC-CDC (Figure 12b). 

At the moderate H2 loading and at 50 K, 32–35% of the total pore volume of 

the Mo2C-CDC materials is occupied by H2, depending on the CDC. As micro-

pores make up 22–38% of the total pore volume of the Mo2C-CDC materials 

depending on the CDC (Table 6) and smaller pores are filled first, H2 occupies 

mostly micropores of the Mo2C-CDC materials (Figure 12a). At the highest H2 

loading and at 50 K, H2 occupies in addition to micropores also the mesopores of 

the Mo2C-CDC materials indicated by the pore occupancy value > 100% 

(Figure 12a). A pore occupancy value > 100% also shows that the micro- and 

mesoporous structure of the Mo2C-CDCs is saturated with H2. 

Thus, for dosing sol-gel TiC-CDC with H2, lower H2 loading values have been 

chosen. At 50 K and at moderate and highest H2 loading, ~12% and ~19% of the 

total pore volume is occupied with H2, respectively. Micropores make up ~22% 

of the total pore volume (Table 6), meaning that at moderate H2 loading, H2 

occupies most of the micropores (Figure 12b). At the highest H2 loading, H2 occu-

pies almost all of the micropores of the sol-gel TiC-CDC and is very likely al-

ready adsorbed in some of the mesopores (Figure 12b). 
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6.2.1. Restricted H2 self-diffusion in CDCs 

In this section, only the QENS spectra at the lowest H2 loading pressures are 

analysed. At the lowest H2 loading and at 50 K, H2 is adsorbed in ~6% of the 

available pore volume of the Mo2C-CDC materials, while ultramicropores make 

up 5–8% of the Mo2C-CDCs of the pore volume depending on the CDC 

(Figure 12a). For sol-gel TiC-CDC, at the lowest H2 loading and at 30 K, H2 is 

adsorbed in ~1% of the available pore volume, while ultramicropores make up 

5% of the pore volume (Figure 12b). Thus, at these conditions, H2 is adsorbed in 

the smallest accessible adsorption sites. 

 

 

Figure 13. The S(Q,E) of H2 adsorbed at the lowest nH2 value in a) Mo2C-CDC 700 

(summed over Q from 0.8 Å−1 to 0.95 Å−1) measured on NEAT and b) sol-gel TiC-CDC 

(summed over Q from 0.42 Å−1 to 1.8 Å−1) measured on IRIS, where signal at 10 K was 

used as the resolution function. 

 

At the lowest H2 loading when H2 is occupying the smallest accessible adsorption 

sites, the QENS spectra of H2 adsorbed in the CDCs exhibit a quasi-elastic 

broadening (Figure 13a,b). This quasi-elastic broadening indicates that the in-

crease in temperature provides enough additional kinetic energy to the adsorbed 

H2 for self-diffusion processes to be noted at 50 K for the Mo2C-CDC materials 

and at a T as low as 30 K for sol-gel TiC-CDC. 
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Figure 14. Half widths at half maxima (HWHM) of Lorentzian functions fitted to the 

quasi-elastic component describing the self-diffusion of H2 adsorbed in a) Mo2C-

CDC 700 (fitted with Hall-Ross model and denoted with dashed lines) and b) sol-gel TiC-

CDC (fitted with linear function with slope set to 0 and denoted with solid lines) at the 

lowest nH2 value and at various temperatures noted on the graphs. 

 

The shape of the Γ vs Q graphs indicates that the self-diffusion process of H2 

adsorbed in the Mo2C-CDC materials is translational (Figure 14a). For sol-gel 

TiC-CDC, on the other hand, the shape of the Γ vs Q graph is Q-independent, 

which is indicative of rotational and constrained self-diffusion (Figure 14b). The 

difference in the self-diffusion of H2 adsorbed in these CDCs could be caused by 

different aspects. 

Firstly, in sol-gel TiC-CDC, H2 occupies only ~1% of the total pore volume, 

i.e., H2 is adsorbed in the smallest ultramicropores, while in Mo2C-CDC mate-

rials, H2 occupies ~6% of the total pore volume and is likely adsorbed in all avail-

able ultramicropores and already in some supermicropores. In supermicropores 

with w > 7 Å, two energetically favored adsorption sites fit between the pore walls 

(i.e., adsorption in two layers is favored), whereas ultramicropores with w from 

4 Å to ~6 Å have only one energy minimum, referring to one layer of adsorbed 

H2 between pore walls (Figure 5b, c). The constrained rotational self-diffusion of 

H2 in the ultramicropores of sol-gel TiC-CDC could be caused by either the single 

energy minimum or by the two energy minima at these adsorption sites. These 

energy landscapes restrict the translational motion of adsorbed H2 molecules that 

were observed in Mo2C-CDC materials. 

Secondly, the observation of constrained rotational self-diffusion of H2 ad-

sorbed in sol-gel TiC-CDC can be due to the shifted upper experimental ob-

servation time of the IRIS spectrometer compared to the NEAT’2016 spectro-

meter, which is used to investigate the self-diffusion of H2 adsorbed in the Mo2C-

CDCs. Namely, IRIS affords the upper experimental observation time up to 

150 ps, while NEAT’2016 offers the upper experimental observation time up to 

80 ps (Table 5). Thus, with IRIS it is possible to probe slower dynamics than with 

NEAT’2016. Therefore, it is possible that if the self-diffusion of H2 adsorbed in 
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Mo2C-CDCs is investigated using an instrument with the same energy resolution 

as IRIS, rotational self-diffusion might also be observed. 

 

 
Figure 15. a) Arrhenius plots of diffusion coefficients of H2 adsorbed in Mo2C-CDC 700, 

Mo2C-CDC 800 and Mo2C-CDC 900 at the lowest nH2 value fitted with Arrhenius relation 

(solid lines) and b) the calculated activation energy values (Ea). 

 

The translational self-diffusion of H2 adsorbed in the Mo2C-CDC materials has a 

clear dependency on the synthesis temperature of the CDCs (Figure 15a). 

Namely, the translational self-diffusion coefficients are lower and the activation 

energy of H2 adsorbed in Mo2C-CDC 700 is higher than for Mo2C-CDC 900 

(Figure 15b). Therefore, the porous and graphenic structure of Mo2C-CDC 700 

has a more enhanced capability to confine adsorbed H2 than Mo2C-CDC 900. 

This is caused by the larger volume and ratio of ultramicropores (higher pore wall 

corrugation) present in Mo2C-CDC 700 than in Mo2C-CDC 900 (Table 6). 

The self-diffusion of H2 adsorbed in Mo2C-CDC 700 and Mo2C-CDC 800 at 

50 K is strongly confined by the ultramicropores as the D value at 50 K is even 

lower than the D value of liquid H2 at 15 K 100. This phenomenon was investigated 

and analysed in Ref 101. The majority of mobile H2 at 50 K is strongly confined 

inside the ultramicropores of the Mo2C-CDC 700 and Mo2C-CDC 800 due to 

diffusional limitations in ultramicropores and/or curved non-ideal graphenic 

domains. This mobile H2 is not able to desorb from the ultramicropores and 

causes a pressure increase inside the ultramicroporous graphenic structure, com-

pressing the graphenic layers into a laterally ordered structure with Bragg peaks 

emerging in the elastic neutron scattering pattern, and some layers pressed closer 

than in graphite at near-ambient conditions (Figure 2 in Ref 101). With the increase 

to 60 K, the mobility of H2 increases further, causing additional H2 pressure inside 

the pores and inducing the formation of additional graphenic domains during the 

initial 20 min. After the initial 20 min at 60 K, the overpressurized H2 pushes the 

closed porosity open and H2 desorbs from the pores of Mo2C-CDC 700 and 

Mo2C-CDC 800, causing the disappearance of graphenic domains and complete 
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restoration of the original CDC structure after 50 min. This phenomenon was not 

seen for H2 adsorbed in Mo2C-CDC 900 likely because this material has a lower 

ultramicropore volume (Table 6) and smoother pore walls than Mo2C-CDC 700 

and Mo2C-CDC 800 (Figure 11). 

In case of H2 adsorbed in sol-gel TiC-CDC, the rotational self-diffusion was 

observed. The residence times between two rotational jumps of the H2 molecule 

decrease from ~9 ps to ~3 ps (considering that 1 meV = 1.52 · 1012 rad s−1) with 

the increase in T from 30 K to 80 K. This indicates a temperature-induced in-

crease in the rotational self-diffusion of adsorbed H2. For comparison, the 

characteristic rotational self-diffusion times of H2 adsorbed in mesoporous carbon 

and exfoliated graphite are in the range of ~0.1–2 ps in the T range from 22 K to 

80 K 12. Since the residence times between rotational jumps of H2 adsorbed in the 

CDC studied here are longer, the ultramicropores of sol-gel TiC-CDC can more 

effectively confine adsorbed H2. 

 

 
Figure 16. The elastic incoherent structure factor (EISF) response at 50 K and 80 K at 

nH2 = 1.7 mmol g–1 fitted with the model assuming jumps between two sites (solid line). 

 

The Q-dependence of the elastic incoherent structure factor (EISF) at 

nH2 = 1.7 mmol g–1 indicates that the rotational motions of self-diffusive H2 are 

geometrically constrained (Figure 16). To determine the geometry of the rotatio-

nal motions, the EISF response shown is fitted using three models: (1) H2 per-

forming rotational jumps between two equidistant sites (Equation 15), (2) conti-

nuous rotational diffusion of H2 on the surface of a sphere (Equation 16), and 3) 

continuous rotational diffusion of H2 within the volume of a sphere (Equation 17). 

The diameter of the confining volume or distance between two sites (d) is 

determined from the first minimum of the EISF vs Q graph (Figure 16), which is 

reliably observed in the available Q-range. However, to determine the exact 

geometry of motion, more data points at higher Q-values would be needed as the 

differences between the applied rotational diffusion models are subtle. 

The best fit is achieved with the model assuming jumps between two sites 

(Equation 17, Figure 16). The d value is 3.4±0.1 Å and 3.7±0.1 Å at 50 K and 
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80 K, respectively. Two mechanisms for the restricted jumps of adsorbed H2 are 

possible: (1) jumps between opposing pore walls and/or (2) jumps along the pore 

walls. 

In the first case, H2 molecules exhibit oscillatory motions – H2 molecules jump 

between the potential energy minima created by the pore walls. H2 jumps with 

distances of 3.4 Å and 3.7 Å can take place in pores with a w of approximately 

7 Å, i.e., in large ultramicropores or small supermicropores (Figure 5c). In addi-

tion to the spatial limitation of the opposing ultramicropore walls, the neighboring 

adsorbed H2 molecules provide a steric barrier as, according to the pressure 

calculation, 21% and 13% of the monolayer is occupied by H2 at 50 K and 80 K, 

respectively. 

In the second case, H2 molecules diffuse along the pore walls, jumping 

between adsorption sites located on the graphene-like surface. According to 

Refs. 13,102, these adsorption sites are separated by distances ranging between 3 Å 

to 5 Å – a range that overlaps with the 3.4 Å and 3.7 Å H2 jumps determined from 

EISF analysis. Thus, the H2 jumps along the pore walls would be between adsorp-

tion sites on the graphene-like surface. 

The restricted H2 jumps – both between opposing ultramicropore walls and 

along the pore walls – show the confining effect of specific adsorption sites in 

carbon materials, e.g., in ultramicropores. Such a strong H2 confinement in the 

ultramicropores at low temperatures lays the foundation for the formation of a 

high-density adsorbed H2 phase needed for H2 storage. However, high-density H2 

phase can form inside mesoporous materials as well. For example, a monolayer 

adsorption density of 202 kg m−3 was observed on mesoporous silica at 20 K and 

0.6 bar 103. At room temperature and higher pressures, slightly larger pores than 

ultramicropores can also adsorb H2 as a high-density phase 104. For example, it 

has been calculated that an adsorbent containing 1 cm3 g–1 of pores with w = 9 Å 

would be able to store 8.13 wt% of H2 at room temperature and 207 bar, which 

approaches the U.S. Department of Energy system-based target 105. 

6.2.2. H2 self-diffusion over multiple timescales 

At the moderate H2 loading and at 50 K, H2 is adsorbed in 32–35% of the available 

pore volume of the Mo2C-CDC materials, while micropores make up 22–38% of 

the pore volume of Mo2C-CDCs depending on the CDC (Figure 12a). For the sol-

gel TiC-CDC at moderate and the highest H2 loading and at 50 K, H2 occupied 

~12% and ~19% of the available pore volume, respectively, while micropores 

make up 22% of the pore volume of sol-gel TiC-CDC (Figure 12b). Therefore, at 

these conditions, H2 is mostly adsorbed in the micropores of the CDCs. 
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Figure 17. S(Q,E) of H2 adsorbed in a) Mo2C-CDC 700 measured on NEAT at T = 80 K, 

nH2 = 21 mmol g−1, Q = 0.875 Å−1 and b) sol-gel TiC-CDC measured on MARI at T = 

50 K, nH2 = 10 mmol g−1, Q = 1.3 Å−1 fitted with Equation 12 where n = 2. 

 

The neutron scattering spectra of H2 adsorbed in the micropores of the CDCs 

exhibit a quasi-elastic broadening as is evident from Figure 17 and as is the case 

for the lowest H2 loading, when H2 is adsorbed predominantly in the ultramicro-

pores. However, the main difference compared to the lowest H2 loading is that 

when H2 loading is increased to moderate H2 loading, and H2 is adsorbed in 

micropores, the self-diffusion of H2 takes place over multiple timescales, 

expressed as multiple distinct quasi-elastic broadenings denoted with L1 and L2 

in Figure 17a and with L2 and L3.10 in Figure 17b. 

The optimal number of quasi-elastic broadening for the spectra measured from 

H2 adsorbed in the Mo2C-CDC materials is confirmed with the analysis of 

reduced chi-squared values, which is presented in the supplementary information 

of Ref. 98. For sol-gel TiC-CDC, a different methodology is applied with the aim 

of distinguishing more quasi-elastic components. For that, the quasi-elastic com-

ponents are deconvoluted across a wide temporal range by combining QENS data 

from different experimental conditions and different spectrometers – MARI and 

IRIS (section 5.3.1). 
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Figure 18. Half width at half maximum (HWHM) of the Lorentzian functions fitted to 

the quasi-elastic component describing the self-diffusion of H2 adsorbed in a) Mo2C-CDC 

700, where narrower Lorentzian (L1) is fitted with Hall-Ross model (dashed line) and 

broader Lorentzian (L2) is fitted with Singwi-Sjölander model (solid line) at moderate nH2 

and in b) sol gel TiC-CDC, where the HWHM-s of L2, L3.10 and L3.31 are fitted with Hall-

Ross model (dashed line) at moderate and high nH2. Arrhenius plots of the diffusion 

coefficients of H2 adsorbed in c) Mo2C-CDC 700 at moderate nH2 and d) sol-gel TiC-CDC 

at moderate and high nH2 fitted with Arrhenius relation (solid line). 

 

The H2 adsorbed in the Mo2C-CDC materials and in sol-gel TiC-CDC is self-

diffusing over multiple timescales, as indicated by the multiple quasi-elastic 

components (L1 and L2 for Mo2C-CDC materials and L2, L3.10 and L3.31 for sol-gel 

TiC-CDC) (Figure 18a,b). The self-diffusion over multiple timescales is inter-

preted as the separable self-diffusion of H2 adsorbed closer to the pore wall and 

H2 adsorbed in multilayers, i.e., in the middle region of the pore. All self-diffusing 

components adsorbed in the Mo2C-CDC materials and in sol-gel TiC-CDC follow 

a translational jump-like diffusion mode. This is evident from the similar and 

distinctive shape of the HWHM vs Q plots (Figure 18a,b). In addition, the self-

diffusion processes of H2 adsorbed in Mo2C-CDC materials as well as sol-gel 

TiC-CDC have an activation barrier, indicated by the D values which follow an 
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Arrhenius-type relation (Figure 18c,d). Therefore, similar self-diffusional pro-

cesses, where the self-diffusion has an activation barrier, the adsorbed H2 molecules 

are self-diffusing translationally and are restricted by the pore walls of the ad-

sorbents and/or adjacent H2 molecules, are taking place in the investigated CDCs. 

Because a different deconvolution procedure is applied in the case of H2 ad-

sorbed in sol-gel TiC-CDC, additional self-diffusing components can be dis-

tinguished compared to Mo2C-CDC materials. Such multi-component analysis 

across a wide temporal range is possible by combining data from different mea-

surement setups and instruments. 

 

Ea(L2) = 0.2  0.1 kJ mol−1

D0(L2) = (0.3  0.1) · 10−7 m2 s−1

Ea(L3.10) = 0.5  0.1 kJ mol−1

D0(L3.10) = (3.4  0.7) · 10−7 m2 s−1

Ea(L3.31) = 0.1  0.1 kJ mol−1

D0(L3.31) = (2.5  0.1) · 10−7 m2 s−1

H2 in monolayer

H2 in subsequent layers

 

Figure 19. The proposed mechanism for the diffusion of adsorbed H2 components (L2, 

L3.10, and L3.31) between different adsorption sites in the monolayer and subsequent layers 

in sol-gel TiC-CDC described with activation energy values (Ea) and maximum diffusion 

coefficients (D0). 

 

At these conditions, three different self-diffusing components of H2 adsorbed in 

the pores of sol-gel TiC-CDC can be distinguished – L2, L3.10, and L3.31. In 

Figure 19, the proposed mechanism for the diffusion of adsorbed H2 between 

different adsorption sites in the monolayer and subsequent layers of sol-gel TiC-

CDC is visualised. The relatively low Ea(L2) indicates that H2 adsorbed in the 

monolayer of sol-gel TiC-CDC can jump between the adsorption sites with almost 

no restriction. The differences in binding energies of H2 adsorbed in the adsorption 

sites can be small and, thus, there could be many equally preferred adsorption sites 
15,102. As indicated by the low D0(L2) value, the monolayer H2 is strongly confined 

to the pore wall and is not able to diffuse towards the middle region of the pore. 

The strong confinement of the H2 molecules adsorbed in the monolayer is 

explained by the type of interactions they experience. As explained in section 4.2, 

H2 molecules adsorbed in the monolayer and in pores with w < 10 Å are strongly 

influenced by the adjacent pore walls. Also, the H2 molecule interacts with 
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neighboring and subsequent H2 molecules, therefore experiencing confinement 

from every direction 40,106. H2 can be strongly confined in mesopores in the mono-

layer as well. In the mesoporous silica KIT-6, the bulk-liquid and bulk-solid den-

sity of H2 could be exceeded by a factor of almost 3 103. The formation of such a 

high-density adsorbed H2 monolayer was proposed to be possible only on smooth 

adsorbent surfaces and at temperatures close to that of liquid H2 (i.e., near 20 K) 103. 

The H2 component adsorbed in subsequent layers (L3.10) is interpreted as the 

H2 diffusing from a strongly confined monolayer to subsequent layers 

(Figure 19). Thus, that H2 fraction has a slightly higher Ea(L3.10) value. When this 

slightly higher activation barrier is exceeded, this H2 component is relatively 

mobile as indicated by the relatively higher D0(L3.10) value. The H2 adsorbed in 

subsequent layers does not experience as strong an interaction with the pore wall 

as in the monolayer because they are further separated. This means that the 

confinement arises mainly from steric hindrance and, therefore, the H2 is more 

mobile than in the monolayer 106. 

The H2 component adsorbed in subsequent layers (L3.31) is able to self-diffuse 

within the adsorbed H2 regions with almost no restriction, as indicated by the low 

Ea(L3.31) and high D0(L3.31) value (Figure 19). This can be explained by the 

differences in densities of different regions – the density of H2 in subsequent 

adsorption layers is lower than in the primary monolayer closest to the pore wall, 

i.e., fewer intermolecular interactions are involved 107. 

The observation of H2 self-diffusion over multiple timescales, both in the case 

of Mo2C-CDC materials and sol-gel TiC-CDC, could be important for designing 

catalyst support materials for polymer electrolyte membrane fuel cells and 

electrolysers, and adsorbent materials for H2 storage. For example, the significant 

difference in densities and self-diffusivities and overly strong confinement of 

adsorbed H2 could be disadvantageous for catalyst support materials as it can lead 

to slower transport of H2 to and from active sites, limiting the rate of catalytic 

reactions 9,10,108. For H2 storage materials, the inhomogeneity in the adsorbed H2 

phase, particularly the strongly confined H2, shows the formation of a high-

density adsorbed H2 phase, which is important for efficient H2 storage 105. 
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Figure 20. Activation energy values (Ea) of the two different self-diffusing components 

of H2 (denoted as L1 and L2) adsorbed in Mo2C-CDC 700 and Mo2C-CDC 900 at moderate 

nH2 value. 

 

The differences between the self-diffusion properties of adsorbed H2 arising from 

the structure of the CDC become evident when comparing the Ea values under 

common experimental conditions in Mo2C-CDC materials (Figure 20). When H2 

is adsorbed in Mo2C-CDC 900 at moderate H2 loading, the smoother pore walls 

(indicated by the lower volume and ratio of ultramicropores) have less effect on 

the diffusion hindrance of different components of adsorbed H2 indicated by the 

similar Ea values of components L1 and L2 (Figure 20). Thus, although the self-

diffusion of H2 still occurs clearly in two different timescales in Mo2C-CDC 900, 

the calculated Ea-s for these diffusion modes are nevertheless similar (Figure 20). 

The layering of adsorbed H2 in the more corrugated pores of Mo2C-CDC 700 is 

disrupted – some fraction of H2 is adsorbed at an equivalent distance from the 

pore wall but with varying density profiles 107. These regions of different H2 

densities cause different Ea values for H2 self-diffusion components (L1 and L2) 

since Ea will be higher if the molecules restrict each other’s movement in the 

regions with higher density. Overall, higher pore corrugation leads to a larger 

difference in the density of H2 in different regions of the pore, which in turn leads 

to a larger difference in the Ea values of self-diffusing H2 components. Thus, at 

moderate H2 loading, the Ea of the slower and faster self-diffusion of H2 in Mo2C-

CDC 700 are markedly more different from each other than the Ea of the slower 

and faster self-diffusion of H2 in Mo2C-CDC 900. 

To compare the self-diffusion characteristic of H2 adsorbed in the Mo2C-CDC 

materials with sol-gel TiC-CDC, pore occupancy values need to be considered. 

Therefore, only the results for H2 adsorbed at nH2 = 31 mmol g−1 are presented 

and analysed for sol-gel TiC-CDC (the results of the full series of the materials 

are analysed in Ref. 99). 
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Table 8. Residence times (τ) of H2 adsorbed in the monolayer in ps calculated for the 

Mo2C-CDC materials with Singwi-Sjölander model and for the sol-gel TiC-CDC with 

Hall-Ross model. 

T / K Mo2C-CDC 700 Mo2C-CDC 800 Mo2C-CDC 900 
Sol-gel TiC-

CDC 

50 2.22±0.13a 2.55±0.16a 1.42±0.10a 1.21±0.02 

80 2.71±0.05 3.41±0.07 1.66±0.02 0.98±0.02 

100 2.29±0.04 2.05±0.02 1.76±0.02 0.89±0.01 

a At these conditions, H2 self-diffusion was observed in only one timescale. Thus, the 

results are not directly comparable with the rest of the results in the table. 

 

The residence times (τ) are effectively dependent on the height of the plateau 

observed from Γ(Q) vs Q when fitted with the Hall-Ross or Singwi-Sjölander 

model. Since the diffusion of H2 adsorbed in the Mo2C-CDC materials and sol-

gel TiC-CDC are fitted with different translational jump-diffusion models, the 

differences in self-diffusivities are analysed based on the τ value. 

The τ values of H2 adsorbed in the monolayer in Mo2C-CDCs are longer than 

in sol-gel TiC-CDC (Table 8). This indicates that Mo2C-CDCs can confine the H2 

adsorbed in monolayer to a larger extent than sol-gel TiC-CDC. This could be 

related to a higher degree of graphenization, i.e., stacking of graphene-like layers, 

that was 2.76 graphenic layers per stack for sol-gel TiC-CDC and a larger meso-

pores volume in sol-gel TiC-CDC (Vmeso = 1.88 cm3 g−1) compared to the rest of 

the CDCs. The interlayer distance in graphenic non-graphitic carbon materials 

(3.3–3.7 Å) is too narrow for H2 intercalation and, therefore, if the graphene-like 

layers are ordered in stacks of more than one layer, e.g., on average 2–3 graphene-

like layers stacked in sol-gel TiC-CDC, important sites for H2 adsorption are lost. 

In addition, the larger volume of mesopores in sol-gel TiC-CDC compared to 

Mo2C-CDC promotes the faster self-diffusion of H2 adsorbed in the monolayer 

and, therefore, shorter τ values of adsorbed H2 compared to Mo2C-CDCs. 

6.2.3. H2 self-diffusion at the highest applied pressure 

At the highest H2 loading and at 50 K, H2 occupies in addition to micropores also 

the mesopores of the Mo2C-CDC materials indicated by the pore occupancy value 

> 100%. The QENS of sol-gel TiC-CDC is not measured at a comparable H2 

loading, and thus, the QENS of H2 adsorbed only in the Mo2C-CDC materials is 

analysed further. 
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Figure 21. Activation energy (Ea) values of the two different self-diffusing components 

of H2 (L1 for the more restricted H2 component and L2 for the more mobile H2 component) 

adsorbed in Mo2C-CDC 700, Mo2C-CDC 800, and Mo2C-CDC 900 at the highest nH2. 

 

Even at the highest applied H2 loading, there is still an adsorbed H2 component 

for which motions are restricted, indicated by the relatively high Ea values of the 

H2 component denoted with L1 (Figure 21). Thus, even at the highest H2 loading, 

there is a fraction of adsorbed H2 for which self-diffusion is highly hindered. The 

fraction of H2 with highly restricted self-diffusion is most likely the H2 com-

ponent adsorbed and confined in the supermicropores and in the concaves of the 

supermicropores, i.e., in ultramicropores. 

The amplified confining effect on H2 of the more corrugated pores, present in 

the case of Mo2C-CDC 700, is not evident at the highest H2 loading. This is in-

dicated by the Ea values of the slower H2 components (L1), which are similar for 

all investigated CDCs (Figure 21). However, the Ea values of the faster moving 

component (L2) show that at the highest H2 loading, a considerable amount of H2 

is weakly interacting with the adsorbent and the adsorbed H2 layers and, thus, H2 

is self-diffusing with virtually no restrictions at all. Therefore, the capability to 

analyse the faster H2 component at increased H2 loading pressure with the NEAT 

instrument set to the specific measurement parameters is limited. However, the 

very high mobility of some of the H2 molecules is nevertheless evident from the 

considerably higher D values at the highest H2 loading (Figure S9 in Ref. 98). 

 

6.3. Conclusions 

The porous and graphenic structure of carbides derived from Mo2C at 700 °C, 

800 °C, and 900 °C (denoted as Mo2C-CDC materials) and TiC, synthesized with 

sol-gel method (sol-gel TiC-CDC), at 950 C is characterized with N2, CO2, H2 

(and Ar) adsorption analysis and with wide-angle X-ray scattering method, 
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respectively. The quasi-elastic neutron scattering (QENS) measurements were 

carried out at various H2 loadings, i.e., various pore occupancy conditions. The 

Mo2C-CDC materials and sol-gel TiC-CDC were measured with QENS instru-

ments accessing different but overlapping timescales. This difference should be 

considered when comparing the self-diffusive properties of adsorbed H2 mole-

cules. The most important conclusions are summarized in Table 9. 
 

Table 9. Overview of the main differences in the structure of Mo2C-CDC materials and 

sol-gel TiC-CDC, the diffusion mechanisms and the influence of ultramicro-, micro-, and 

mesopores. 

 Mo2C-CDC materials Sol-gel TiC-CDC 

Porous 

structure 

Mainly microporous. As synthesis 

temperature decreases, pore wall 

corrugation (microporosity) 

increases 

Mainly mesoporous 

Graphenic 

structure 

Graphenic layers on average not in 

ordered stacks 

Graphenic layers on average in 

stacks of ~2.76 layers 

 H2 self-diffusion in ultramicropores 

Mechanism Translational Rotational 

Influence of 

structure 

As pore wall corrugation increases, 

self-diffusion becomes more 

restricted 

Very restricted – self-diffusion 

takes place between the opposing 

ultramicro-pore walls and/or 

between adsorption sites along the 

pore surface 

 H2 self-diffusion in micropores 

Mechanism 

Translational self-diffusion over multiple timescales 

The self-diffusion of H2 is 

distinguished into two types – H2 

self-diffusing in the monolayer and 

self-diffusing in the middle region 

of the pore distinguished 

The self-diffusion of H2 is dis-

tinguished into three types – H2 

self-diffusing in the monolayer, 

diffusing to subsequent layers and 

self-diffusing in the middle region 

of the pore distinguished 

Influence of 

structure 

Higher pore wall corrugation results 

in a larger difference in the self-

diffusive properties of H2 compared 

to pores with smoother walls 

Diffusion less restricted – if the 

graphene-like layers are ordered in 

stacks of more than one layer, 

important sites for H2 adsorption 

are lost 

 H2 self-diffusion in micro- and mesopores 

Mechanism 
Translational self-diffusion over 

multiple timescales 

– 
Influence of 

structure 

A fraction of H2 adsorbed with 

restricted self-diffusion (most likely 

in micropores). The amplified 

confining effect of the more 

corrugated pores not evident 
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7. SUMMARY 

The self-diffusion of H2 adsorbed in carbide-derived carbons (CDCs) was investi-

gated with quasi-elastic neutron scattering (QENS) method at different H2 

loading conditions and at temperatures from 30–100 K. The porous structure of 

the CDCs was characterised with N2, CO2, H2 (and Ar) adsorption analysis and 

the graphenic structure with wide-angle X-ray scattering method. The CDCs 

derived from Mo2C at the chlorination temperature of 700 °C, 800 °C, and 900 °C 

(denoted as Mo2C-CDC 700, Mo2C-CDC 800, and Mo2C-CDC 900) had a rela-

tively large micropores volume and high ratio of micropores. The micropore 

volume, i.e., the pore wall corrugation decreased as the chlorination temperature 

increased from 700 °C to 900 °C. The CDC derived from sol-gel TiC (sol-gel 

TiC-CDC) had a large mesopore volume, especially compared to the Mo2C-CDC 

materials and a high stacking of graphene-like layers for a CDC material. 

To investigate the influence of micro- and mesopores on the self-diffusive 

properties of adsorbed H2, the QENS measurements were carried out at different 

H2 loading conditions and at different fixed temperatures. That ensured varying 

levels of pore occupancy. At the lowest H2 loading conditions in sol-gel TiC-

CDC, H2 was adsorbed in the smallest ultramicropores, while in Mo2C-CDC 

materials, H2 was likely adsorbed in all available ultramicropores and in some of 

the supermicropores. H2 self-diffusion mechanism in sol-gel TiC-CDC was rota-

tional, while in the Mo2C-CDC materials it was translational. More corrugated 

pores (larger volume of ultramicropores) in Mo2C-CDC 700 were able to confine 

adsorbed H2 to a larger extent than pores with smoother walls in Mo2C-CDC 900. 

The H2 adsorbed in the smallest ultramicropores in sol-gel TiC-CDC was very 

restricted and two self-diffusion mechanisms were possible: jumps between op-

posing pore walls and/or jumps along the pore walls. Such a strong H2 confine-

ment in the ultramicropores lays the foundation for the formation of a high-

density adsorbed H2 phase needed for H2 storage. This could also be advanta-

geous for H2:D2 separation. In contrast, the H2 adsorbed in the larger ultramicro-

pores of the Mo2C-CDC materials was less restricted. 

When H2 was adsorbed in the micropores of the CDC materials, the self-

diffusion of adsorbed H2 occurred over multiple timescales. It is interpreted as 

the separable self-diffusion of the more restricted H2 adsorbed closer to the pore 

wall in monolayer and the more mobile H2 adsorbed in multilayers, i.e., in the 

middle region of the pore. The significant difference in self-diffusivities and very 

strong confinement of adsorbed H2 could be disadvantageous for catalyst support 

materials as it can lead to slower transport of H2 to active sites and away from the 

surface and thus, hinder catalytic performance. The differences in the self-

diffusivities of adsorbed H2 arise from the porous and graphenic structure of the 

CDC. Namely, Mo2C-CDCs can confine the H2 adsorbed in monolayer to a larger 

extent than sol-gel TiC-CDC. This is related to a higher level of graphene-like 

layer stacking, and larger volume of mesopores in sol-gel TiC-CDC compared to 

other CDCs. 
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The self-diffusion of H2 adsorbed in Mo2C-CDC materials was also investi-

gated at the highest H2 loading condition, where H2 was adsorbed in all available 

micro- and mesopores. At these conditions, there was still a fraction of adsorbed 

H2 for which the self-diffusion was restricted. That was most likely the H2 com-

ponent adsorbed and confined in the micropores. However, a considerable 

amount of H2 was weakly interacting with the adsorbent and was self-diffusing 

with virtually no restrictions. 
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9. SUMMARY IN ESTONIAN 

Karbiididest sünteesitud süsinikes adsorbeerunud H2 difusiooni 

uurimine kvaasielastse neutronhajumise meetodiga 

Selles töös uuriti karbiididest sünteesitud süsinikes (CDC) adsorbeerunud H2 

difusiooni kvaasielastse neutronhajumise (QENS) meetodiga erinevatel H2 

laadimisrõhkudel ja temperatuuridel 30–100 K. CDC-de poorne struktuur määrati 

N2, CO2, H2 (ja Ar) adsorptsiooni meetodiga ja grafeeniline struktuur määrati laia-

nurgalise röntgenhajumise meetodiga. CDC-d sünteesiti Mo2C-st kloreerimis-

temperatuuridel 700 ℃, 800 ℃ ja 900 ℃ (vastavalt Mo2C-CDC 700, Mo2C-

CDC 800 ja Mo2C-CDC 900) ja nendel materjalidel oli võrdlemisi suur mikro-

pooride (poori laius < 20 Å) ruumala ja osakaal. Mikropooride ruumala (poori-

seina karedus) vähenes kui materjali kloreerimistemperatuuri tõsta 700 ℃-lt  

900 ℃-ni. CDC-l, mis oli saadud sool-geel meetodiga sünteesitud TiC-st (sol-gel 

TiC-CDC), oli võrreldes teiste CDC-dega suur mesopooride (poori laius 20–

500 Å) ruumala ja võrdlemisi palju grafeeni-laadseid kihte ühes virnas (umbes 

2–3 grafeeni-laadset kihti). 

Selleks et uurida mikro- ja mesopooride mõju adsorbeerunud H2 difusioonile, 

viidi läbi QENS mõõtmine erinevatel H2 laadimisrõhkudel ja erinevatel tempera-

tuuridel, st erinevatel pooride täitumismääradel. Kõige madalamal laadimisrõhul 

täitis H2 ~1% sol-gel TiC-CDC pooridest, st H2 oli adsorbeerunud kõige väikse-

mates ultramikropoorides (poori laius < 7 Å). Mo2C-CDC materjalides oli H2 

adsorbeerunud ~6% pooridest, seega kõikides ultramikropoorides ja väiksemates 

supermikropoorides (poori laius 7–20 Å). H2, mis oli adsorbeerunud sol-gel TiC-

CDC väikseimates ultramikropoorides, difundeerus rotatsiooniliselt, aga H2, mis 

oli adsorbeerunud Mo2C-CDC-de ultra- ja supermikropoorides, difundeerus 

translatoorselt. Karedamate seintega poorid (suurem ultramikropooride ruumala) 

materjalis Mo2C-CDC 700 hoidsid adsorbeerunud H2 tugevamalt kinni kui sileda-

mate seintega poorid materjalis Mo2C-CDC 900. 

Sol-gel TiC-CDC materjali kõige väiksemates ultramikropoorides adsorbee-

runud H2 difusioon oli väga takistatud ning kaks H2 rotatsioonilise difusiooni 

mehhanismi olid võimalikud: H2 molekulid „hüppasid“ poori seinte vahel ja/või 

pikki poori seina. H2 molekulide nii piiratud liikumine nendes poorides näitab, et 

ultramikropoorid hoiavad H2 nii tugevalt kinni, et H2 saab adsorbeeruda väga 

suure tihedusega. See on vajalik näiteks H2 salvestamiseks ning H2 ja D2 (H2 iso-

toobi) eraldamiseks. Seevastu Mo2C-CDC materjalides, kus H2 oli adsorbeerunud 

kõikides ultra- ja supermikropoorides, oli H2 liikuvam. 

Keskmisel laadimisrõhul oli H2 adsorbeerunud valdavalt CDC-de mikropoori-

des ja H2 difusioon toimus mitmes erinevas kiiruspiirkonnas. Näitkes, üks H2 

komponent oli tugevamalt adsorbeerunud poori seinale kõige lähemal esimeses-

tes kihtides ja teine H2 komponent oli liikuvam ja adsorbeerunud järgmistes H2 

kihtides poori keskel. Selge erinevus adsorbeerunud H2 komponentide difusiooni 

kiirustes võib olla kahjulik näiteks katalüsaatormaterjalides, kus on oluline, et H2 

difusioon aktiivtsentritesse ja nendest ära oleks võimalikult kiire ning poorides 



62 

oleva H2 tihedus võimalikult ühtlane. Erinevused adsorbeerunud H2 komponen-

tide difusioonis olid tingitud CDC-de poorsest ja grafeenilisest struktuurist. 

Mo2C-CDC materjalid hoidsid adsobeerunud H2 tugevamalt kinni kui sol-gel 

TiC-CDC. See võis olla põhjustatud sellest, et sol-gel TiC-CDCs oli rohkem 

grafeeni-laadseid kihte ühes virnas ja suurem mesopooride ruumala kui teistes 

CDC materjalides. 

Mo2C-CDC materjalides uuriti H2 difusiooni ka kõige kõrgemal H2 laadimis-

rõhul, kus H2 oli adsorbeerunud kõikides mikro- ja mesopoorides. Kuigi H2 oli 

adsorbeerunud kõikides poorides, oli siiski ühe H2 komponendi liikumine väga 

piiratud. See H2 komponent oli adsorbeerunud mikropoorides. Samas oli ka suur 

hulk adsorbeerunud H2, mille difusioon toimus peaaegu piiramatult. See H2 kom-

ponent oli adsorbeerunud juba mesopoorides.  
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