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Abstract. Microporous carbon materials are promising for hydrogen storage due to their structural variety,
high specific surface area, large pore volume and relatively low cost. Carbide-derived carbons are highly
valued as model materials because their porous structure is fine-tuned through the choice of the precursor
carbide and the synthesis route. This study investigates H, adsorption in three carbide derived carbons with
well-defined pores and pore size distributions with quasi- and inelastic neutron scattering methods.
Concerning previous studies, a wider neutron energy transfer window is investigated, and a detailed
quantitative evaluation of the graphitic structure is presented. The graphitic structure of the carbon is shown
to influence the speed of the ortho-to-para transition of H,. Namely, the ortho-para transition was the slowest
in carbon derived from TiC, which also had the smallest average stacking size of graphene layers. The
possibility to inhibit the ortho-para transition in cryo-adsorption devices is sought after to mitigate the
evaporation of H, during storage. In addition, the self-diffusion of H, in different timescales is detected in
carbon derived from Mo,C, demonstrating the usefulness of obtaining data in a wide energy window.

1 Introduction

Currently, hydrogen storage is one of the most
expensive components in implementing entire hydrogen
value chains [1]. In order to increase the density of
hydrogen, it needs to be stored either at high pressure
(300-700 bar) or at a very low temperature (20 K). Both
methods result in a significant drop in the overall energy
efficiency of the hydrogen value chain. Porous materials
have attracted interest as hydrogen storage materials,
since these can help to alleviate the problem of the
unfavourable compressibility factor of H, at low
temperatures and high pressures. Although low
temperatures and pressures higher than atmospheric
pressure are still needed for H, storage in cryo-
adsorption systems, the conditions for hydrogen storage
are much milder in the case of porous materials [2]. It
has been shown that the optimal conditions for using
porous materials for hydrogen storage lie in the
temperature range of 77-150 K, and the storage pressure
is up to approximately 250 bar. At 80 K and in the
pressure range from 100 to 200 bar, cryo-adsorption
vessels have been shown to contain up to 20% more H,
compared with the corresponding cryo-compression
vessels, which do not contain adsorbents [3].

* Corresponding author: riinu.harmas@ut.ee

Carbide-derived carbons (CDCs) have been shown
to be excellent model materials to analyze the effect of
porous structure on performance of the carbon in
specific applications (e.g. H, storage, charge storage in
supercapacitors) [4,5]. CDCs are synthesized from
inorganic carbides (e.g., TiC) through the reaction with
chlorine at high temperature, typically 700-1200 °C,
where the formed chloride is removed in gas flow. Thus,
from the carbide structure only the chemically pure
carbon, noted as CDC, is left behind. It has been
previously shown that the average graphene platelet size
in these types of materials is in the range of 2.3-8.2 nm
[6], and the average pore shapes depend on the precursor
carbide [7] and the chlorination temperature used [8]. In
a previous quasi-elastic neutron scattering (QENS)
study on the instrument FOCUS at PSI, the transport
properties of H, in the pores of CDCs derived from SiC,
Mo,C and TiC was investigated in the energy range
from -2 to 2 meV. As a result, the sub-nanometer pores
of C-SiC were shown to contain almost immobile
hydrogen (i.e. solid-like) even at a relatively high
temperature of 120 K [5]. In this study, the Quasi-elastic
neutron scattering (QENS) data of H» diffusing in the
pores of CDCs derived from SiC, Mo,C and TiC is
revisited to investigate a larger transfer energy window
with respect to the previous study. The aim is to
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investigate the ortho-para transition band of H, and to
verify if fast H, diffusion can be detected in the broader
energy window.

2 Experiment

The precursor carbides and the chlorination
temperatures of the studied carbon materials can be seen
in Table 1.

Table 1. Overview of the main synthesis parameters of the

studied CDCs.
Precursor | Chlor.T Ref
carbide °C :
C-TiC TiC 950 [7.9]
C-SiC SiC 1000 [7,10]
C-Mo.C Mo.C 1000 [7,11]

X-ray diffraction patterns were measured using D8
Advance diffractometer (Bruker) with Cu Ka radiation
and Bragg-Brentano geometry. To obtain structural
parameters, the data were fitted with the Ruland and
Smarsly algorithm [12] using the CarbX software
(https://www uni-giessen.de/CarbX) [13].

QENS measurements of H, adsorbed in C-TiC, C-
SiC, and C-Mo,C were performed at Paul Scherrer
Institute in Villigen, Switzerland, on the cold neutron
time-of-flight spectrometer FOCUS [14] with incident
neutron wavelength of 5.02 A and the elastic energy
resolution of 100 peV. Data were obtained in the energy
transfer range of £ = =37 meV to 2 meV and scattering
vector, Q, range of 04-25 A™' (corresponding
scattering angle range 26 18-174°). A cylindrical
aluminium sample holder with an inner cylinder was
used for all samples. The outer diameter of the sample
was 1.02 cm, and the inner diameter of the sample was
0.555cm. Empty sample holder and vanadium
measurements were performed for background
subtraction and data correction.

Before the QENS measurement, all three CDCs were
outgassed to remove moisture and other adsorbed
species. After the outgassing process, the CDCs were
transferred into the sample holder in a glovebox. The
signal from the outgassed samples was measured in the
temperature range of 10-120 K. H, with normal ortho-
para content (3:1) was dosed in the sample holder at
77 K until the pressure reached the pusjoa value (Table
2). The adsorption equilibrium was established and,
thereafter, the sample holder was hermetically sealed
and, thus, disconnecting it from the gas dosing
apparatus, and data were measured at different
temperatures ranging from 10 to 120 K. H, pressure in
the sample holder varied according to the reached
adsorption  equilibrium at each experimental
temperature point as the sample holder was hermetically
sealed during the experiment.

Table 2. Conditions for hydrogen loading, pu2 o, is the Ha
pressure in the sample holder at 77 K, nx2, mmol g™' is the
total amount of H» per mass of carbon in the sample holder.

n w% of H:
CDC adsorbent | P Eﬁ;ﬂd mm:lz _, | insample
8 | at20K
C-TiC 0.011 20 0.4%
C-SiC 0.011 24 0.48%
C-MoxC 0.087 1.2 0.24%

Data reduction, which included normalization with
vanadium, corrections for detector efficiency and
subtraction of background, was performed with the
DAVE 2 4 software. [15] Binning of the scattering data
were conducted in the whole energy transfer range, from
dE = -37 meV to 2 meV, with step size 0.047 meV; O
was binned over the entire range as one slice. Since Q
was summed over all detectors, the reported dynamic
incoherent structure factors S(Q,FE) are noted as intensity
S(E), in the following text.

The intensity of signal from hydrogen, Su(E), was
obtained by subtracting the intensity of signal of
degassed carbon, Sc(E), from the total intensity S(E).

Sua(E) = S(E) = Sc(E) 6]

To investigate the diffusion of H, in multiple timescales,
i.e. to detect whether multiple quasi-elastic broadening
signals are convoluted in Su(E), the quasi-elastic
broadening of Su.(E) was analysed. The Su.(E) was
symmetrised based on the neutron energy gain side and
fitted in the energy range from E = -30 meV to 30 meV
with equation 2.

Smoael(E) = Ao O(E) + A1 L(E,IN) + As L(E, ?)

r 2) + Yo
where Smoaei(E) is the model scattering signal, O(E) is the
Dirac delta function describing the elastic scattering, Ao
is the fraction of elastic and A; and A, are the fractions
of quasi-elastic scattering signals, L is the Lorentzian
function which describes the quasi-elastic component
mathematically, I is the half width at half maximum of
the quasi-elastic component, and y, is the background.
The characteristic times for rotational diffusion were
calculated based on the I';and I, values by converting
energy units (1 meV =2.42-10!! Hz).

3 Results and discussion

3.1 Ortho-para transition of H:

The rotational energy levels are given by
Es=BJUJ+1) 3)

where J is the rotational quantum number and B =
737 meV. The free quantum rotor energy of the
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transition from the lower energy para level to the higher
energy ortho level (p—o, J =0 — 1) is 14.7 meV
[16,17].

The para-ortho transition band is seen when the H,
is adsorbed strongly in the carbon material, i.e. due to
adsorption, the H, molecule struck by the neutron is not
able to diffuse freely and therefore, undergoes rotational
excitation [18-20]. The detection of p—o transition
band has been seen as evidence of very strongly
adsorbed H, in the porous material [21]. The ortho to
para (o—p, J=1—0),i.e. areverse transition could be
investigated in the energy transfer window available in
this study. At room temperature, the ortho to para ratio
of hydrogen is about 3:1, but para form will become
prevalent at low temperatures. The spin conversion
process from ortho to para H, is exothermic releasing
535kJ kg™' of heat, meaning that a rapid o—p
conversion could result in desorption and evaporation of
the adsorbed H, [22]. Therefore, it is of interest to
stabilize the H, adsorbed in ortho state.

H, adsorbed in C-TiC, a o—p transition band near
E =-14 meV is visible at 10 K (Fig. 1a). However, no
o—p transition band is detected at low hydrogen
coverages (Pu2joad < 87 mbar) in C-SiC and Mo,C in the
investigated temperature range (Fig. 1b-c). The pore
size distributions of C-SiC and C-TiC are very similar
[5], so the porous structure alone cannot explain why the
o—p transition band was seen for H, adsorbed in C-TiC,
but not for H, adsorbed in C-SiC and C-Mo,C at 10 K.
As the temperature is increased to 50 K, a slight quasi-
elastic broadening becomes visible in the S(E).

a b c

C-SiC

C-Mo,C
O 11mbar, 10K |[ O 87 mbar, 10K Z
O 11mbar,50K 4| O 87 mbar, 50K &

m— oUtgassed i | == outgassed

S(E) (arb.u.)

20 -0
E (meV) E (meV) E (meV)
Fig. 1. The intensities, S(E), in the o—p energy transfer range.
(a) C-TiC at pu21oad= 11 mbar, (b) C-Mo2C at ph2.ioaa= 87 mbar
and (c) C-SiC at pu2ioad= 11 mbar. The red lines correspond to
the intensities of the corresponding outgassed carbons, Sc(E).

The main structural aspect differentiating C-TiC
from other studied carbon material is the lack of
graphitic ordering. Namely, the main difference lies in
the 002 reflections in the X-ray diffraction patterns
(Fig. 2), which is related to stacking of graphene layers.

The average stacking size, L., average interlayer
spacing, as, and the average graphene layer extent, L,
were estimated based on the X-ray diffraction patterns
(Table 3). The algorithm that was used for this analysis
(See part 2) calculates the L. and a; parameters based on
the shape of the 002 reflection and the L, parameter from
the shape of the 10 reflection [12]. Based on these
parameters, the C-TiC material shows a more disordered
structure compared to the other investigated CDCs. L.
values show the most significant difference between the

investigated materials, less than 1 nm for C-TiC and
12.7 nm for C-SiC. Also, the L, value is almost two
times smaller compared to that of C-SiC and C-Mo,C.

100000

10000

Intensity (arb.u.)

1000

100
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Fig. 2. The X-ray diffraction patterns of studied materials
(noted in Figure). The dashed lines represent the reflections
along with their assignment.

Table 3. Main structural parameters of CDCs calculated
based on XRD patterns with Ruland and Smarsly algorithm
[12].

Lc as La
nm nm nm

CDC

C-TiC 0.6 0.38 45

C-SiC 12.7 0.36 7.1

C-MoC 2.7 0.35 83

L. - average stacking size, as - average interlayer spacing, La,
average graphene layer extent

In this study, a normal mixture of ortho and para
hydrogen was dosed into the carbon at 77 K, i.e. the ratio
of ortho to para H, corresponded to 3:1. If by the time of
measurement, there was a negligible amount of ortho-H,
in the carbon, also the ortho-para transition band would
not be visible as seen for C-SiC and C-Mo,C. Namely,
at low temperatures (<80 K), the thermodynamically
more stable para form should become prevalent, but the
carbon’s structure influences the kinetics of the
transition from o—p. It has been shown that depending
on the carbon material, the o—p transition can be as
slow as 0.4% h™' [23] or as fast as ~140% h™'. [24] This
difference has been attributed to paramagnetic sites at
the edges of graphitic planes, which can catalyse the
0—p transition.

Therefore, since C-TiC is the most disordered, it
should contain more edges, defects, etc., which can
catalyse the o—p transition. However, since no o—p
transition was seen in the more graphitic C-SiC and C-
Mo,C at 10 K, the o—p conversion must have been
faster in these materials.

In addition, preferred adsorption of o-H, can occur
in some pores. The physisorption energy is a sum of the
isotropic and anisotropic terms of the adsorption
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potential. While the isotropic term is the same for both
ortho and para species, the anisotropic term can be
different. Namely, the energy of the o-H, rotational
levels can be lowered or raised due to anisotropic term,
while the para level is left unchanged. This indicates that
due to the decrease in the o-H, energy level in specific
anisotropic adsorption sites, o-H> can be preferably
bound to these sites and conversion to p-H» would then
be less likely [16].

Recently, in the study of Terry et al. [19], the specific
adsorption of o-H» in carbon materials was detected.
These adsorption sites were attributed to the smallest
pores (pore width, w = 04 nm) or some specific
adsorption sites with a disorder-induced curvature. So,
it might be the case that for low surface coverage, H, in
C-TiC is adsorbed in the ortho state and not convert to
para form easily. Thus, despite the anticipated
conversion of most of the ortho species to para species
already before the start of the neutron scattering
measurement, an appreciable amount of hydrogen is still
left in the ortho state in the pores in C-TiC. Thus, the
existence of o—p transition band proves the existence
of 0-H, still in the pores which alludes to the H» rotation
being strongly affected by the anisotropic adsorption
potential in these pores.

This explanation is also supported by the fact that
the o—p band seen in C-TiC was centred at approx. dE
=-13 meV (Fig.1), instead of dE = —14.7 meV seen for
freely rotating H,. This deviation refers to strong
anisotropic adsorption potential in the pores of C-TiC.

3.2 Quasi-elastic broadening, i.e. Hz diffusion

The H, diffusion was recently seen to occur in multiple
different timescales in the pores of carbon materials.
[25] This has increased the interest to investigate the
quasi-elastic broadening component of S(E) in a wide
energy transfer window. From the investigated CDC
materials, a wide temperature-dependant quasi-elastic
broadening was detected in the Su(E) in the C-Mo,C
material at temperatures over 25 K (Fig. 3a). This could
refer to fast self-diffusion of H, that could occur in
mesopores and be also related to multilayer adsorption.

o 120K
s E|astic]

Fig. 3. (a) The Su(E) of hydrogen in C-M0:C (ph2ioad =
87 mbar). (b) The deconvolution of Sp2(E) of C-Mo2C (prz2jea
=87 mbar) at 120 K. QE1 is the quasi-elastic intensity related
to the slower self-diffusion, and QE2 is the quasi-elastic
intensity related to the faster self-diffusion of Ha.

To investigate the existence of self-diffusion at
different timescales, the Su.(E) was fitted with equation
2. The successful fit was obtained using two Lorentzian

functions in addition to the resolution function (Fig. 3b).
This demonstrates that H, self-diffusion with speed
faster than previously reported exists in C-Mo,C.

Assuming the rotational diffusion mechanism, the
characteristic times were calculated based on the half-
width half-maxima of the quasi-elastic broadening
components (Table 4). It can be seen how the residency
times between rotational jumps decrease with the
increase in temperature. Further measurements are
needed to ascertain the mechanism of H, diffusion by
investigating the Q dependence of the quasi-elastic
broadening signal.

Table 4. Assuming rotational diffusion, the characteristic
residency times of Ha, Tiot, in the pores of C-Mo2C was

calculated.
T QEI, Trot QEZ, Trot
K ps ps

50 185+1.5 1.0+£0.1

70 69+02 05+0.1

120 | 48+02 05+0.1

Conclusions

The graphitic structure of the porous carbon material

affected the transition from ortho to para hydrogen. C-
TiC was the most disordered of the studied CDC
materials and the only one for which the o—p transition
band of H, was seen at 10 K. Moreover, there were
evidence of H, rotation being strongly affected by the
anisotropic adsorption potential in the pores of C-TiC.
This finding can have an impact on the practical
application since it would be preferable to keep
hydrogen in the ortho state. Namely, storing H, in the
ortho form would help avoid heat generation that comes
from ortho to para transition during hydrogen storage in
cryo-adsorption systems.
In addition, H, self-diffusion in different timescales was
seen in the case of C-Mo,C at temperatures over 25 K.
This gives the incentive to study the self-diffusion of H,
in the pores of carbon material in a wider energy transfer
window in the future.
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