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Understanding the processes guiding the confinement of adsorbed Hj in different porous structures is vital for the
development of adsorbents for effective cryo-adsorptive Hy storage systems. Quasi-elastic neutron scattering
(QENS) is applied over a wide range of timescales (0.2 ps — 150 ps) to determine different self-diffusion
mechanisms of Hy adsorbed in a carbide (synthesized from TiC via the sol-gel method) derived carbon (sol-gel
TiC-CDC) adsorbent with hierarchical porous structure. The bulk and porous structure is characterized by gas
adsorption, Raman spectroscopy, and wide-angle X-ray scattering methods. Sol-gel TiC-CDC belongs to a series of
CDCs that have been previously characterized and where the self-diffusion of adsorbed Hj has been investigated
with QENS. Sol-gel TiC-CDC is very mesoporous, has relatively high stacking (2.76 graphenic layers per stack),
and small interlayer spacing of graphenic sheets (3.43 A)in comparison to other CDCs in the series, thus, being a
well-ordered highly porous CDC. Restricted rotational self-diffusion of adsorbed Hy is determined in ultra-
micropores (pore width, w, < 7 A) and translationally self-diffusing H, adsorbed in multilayers across multiple
timescales are determined in micro- and mesopores (7 A < w < 500 A). The microporous and graphenic structure
of the CDC does not remarkably affect the self-diffusion of Hy at high surface coverages. The simultaneous
determination of adsorbed Hy motions across different timescales allows to analyze the influence of micro- and
mesopores under Hj loading conditions, which are close to the ones used in technical applications and are vital
for adsorbent optimization.

1. Introduction gravimetric density of Hy [5]. Porous materials have attracted interest as

Hj storage materials since these can help to decrease the storing pressure

The confinement and self-diffusion of Hy adsorbed in porous mate-
rials is of interest for both fundamental and applicational purposes, such
as isotope separation, Hj storage via physisorption, and catalysis [1-3].
Currently, the high cost of Hj storage is one of the greatest obstacles to
realizing a sustainable society based on Hjy as an energy carrier [4].
Namely, Hy needs to be stored either at a high pressure of 300 bar — 700
bar or at a very low temperature of 20 K to increase the volumetric and

and increase the storing temperature of Hy. The optimal conditions for
using porous materials for H; storage are in the temperature range of 77
K - 150 K and the storage pressure as low as ~250 bar [6]. The porous
structure of the carbon adsorbent has been shown to have a great impact
on H, storage properties, e.g., Hy uptake and the self-diffusion rate [1].

When Hj, is adsorbed in pores with widths, w, < ~4 A, where wis the
effective distance between the pore walls obtained by gas adsorption
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analysis, only one layer of adsorbed H; can be accommodated between
the carbon layers [7]. The lowest accessible pore w is defined by the
kinetic diameter 2.9 A of the H, molecule. The electrostatic repulsion of
the electron shells between the pore wall and the Hy molecule start
impeding entry of the Hy molecule in case of pores just slightly larger
than the Hy molecule (e.g., w < ~3 1°\) [8]. The adsorbed phase of Hy
formed in ultramicropores, i.e., pores with w < 7 [D\, has been shown to
be denser than liquid Hs at 77 K due to the attractive forces between the
Hy molecules and the adsorbent pore walls [9-11], resulting in highly
restricted self-diffusion of Hy at low temperatures (< 40 K) [12]. The
occurrence of Hy adsorption of at least two layers (in pores withw > ~7
A) has been predicted theoretically [7] and the maximal Hy storage
density in case of pores with widths 6 A — 7 A has been shown by both
theoretical and experimental methods [1,12-22].

For pores with w > ~10 /o\, the influence of the electrostatic field of
the opposite pore walls on the adsorbed Hj is negligible [15]. Therefore,
opposite pore walls can be regarded as two independent surfaces for
adsorbing Hp. If the pores are even larger, i.e., w > 20 fo\, additional Hy
layers on top of the Hy monolayer can be present in the adsorbed phase.
These additional layers are not in direct contact with the pore wall and
multiple Hy layers form which are difficult to distinguish [7,23]. The
self-diffusion of these Hj layers adsorbed on top of the Hy monolayer in
these pores can be much faster compared to the self-diffusion in the
adsorbed monolayer and/or Hy adsorbed in ultramicropores. As a result,
self-diffusion over multiple timescales can occur [13,24-26].

Carbide-derived carbons (CDCs) have shown excellent performance
in many applications, such as electrode materials in supercapacitors and
polymer electrolyte membrane fuel cells, and as adsorbents for Hy
storage applications [27-32]. The porous structure of the CDC can vary
from very ultramicroporous to mainly meso- and macroporous, their
surface area can vary from relatively low (e.g., 146 m> g_l) [33] to
beyond the theoretical maximum 2600 m? g~ of an infinite sheet of
graphene [34], and their pore size distribution can vary from single
modal to trimodal [35-39]. The graphene-like platelet size of CDCs has
been shown to vary from 23 A to 82 A, and the interlayer distance of the
graphene-like sheets has been shown to be as large as 4.53 A [40]. The
mesopores of the CDCs can be differently shaped, e.g., spherical, cylin-
drical, and slit-like [41,42] and the micro- and mesopores can have
different levels of pore wall corrugation (i.e., volume of ultra-
micropores) [13]. Their diverse and tunable porous and bulk structure
makes them perfect model materials for studying the different types of
self-diffusion processes of adsorbed Hs.

Quasi-elastic neutron scattering (QENS) is a well-suited method for
investigating self-diffusion of adsorbed Hj since Hy has a large inco-
herent neutron scattering cross-section and the neutron energies used
are unique for probing motion on timescales characteristic to diffusional
processes [43,44]. It has been shown with QENS that Hy adsorbed in
different adsorbents, e.g., CDCs, zeolites, exfoliated graphite, and micro-
and mesoporous carbons self-diffuses on distinguishable timescales [13,
24-26,45]. However, it should be noted that fast Hp mobility arising at
high Hj loading conditions is difficult to quantify since considerable
amounts of Hj interact weakly with the absorbent and self-diffuses with
virtually no restrictions. As a result a broad, background-like, quasi-e-
lastic scattering signal (i.e., with quasi-elastic broadening > 2 meV) is
observed which is usually beyond the time resolution of the neutron
instrument used [13]. The fast H, components adsorbed in mesoporous
carbon and exfoliated graphite have been shown to self-diffuse trans-
lationally with residency times between translational jumps in the range
from ~0.1 ps to ~2 ps at temperatures from 12 K to 80 K [45]. The more
restricted Hy component has been shown to self-diffuse rotationally with
residency times between rotational jumps in the range from 0.3 ps to 0.8
ps at temperatures from 22 K to 80 K [45]. In addition, the strongly
confined Hy adsorbed in a zeolite has been shown to self-diffuse trans-
lationally with a ~11 ps residency time between translational jumps at
50K, i.e., the presence of very restricted self-diffusion of adsorbed Hy in
micropores of a zeolite material [25]. Some of the adsorbed H; can be so
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restricted that a phase as dense as, or even denser than liquid Hy forms
and, thus, Hy self-diffuses too slowly to be investigated with the QENS
method [12,13]. However, the self-diffusion of H, adsorbed in an
ultramicroporous carbon has been analyzed at temperatures as low as
22 K with a QENS instrument set up to detect very slow dynamics [16,
45].

In this work, CDC obtained from TiC synthesized using the sol-gel
method (denoted as sol-gel TiC-CDC) is used to simultaneously study
different H, self-diffusional motions present in a micro- and mesoporous
model carbon material. Sol-gel TiC-CDC is a highly promising electrode
material for energy storage applications due to its chemical stability and
highly porous structure [37,46]. The porous structure of sol-gel TiC-CDC
is determined from Ny, CO,, and H; adsorption data; the isotherms are
used simultaneously to model the pore size distribution [47,48]. The use
of multiple adsorbing gases, including Ho, gives a more realistic picture
of the porous structure in the w range up to 500 A and, thus, enables
micro- and ultramicropores to be differentiated with greater reliability
[47,48]. The algorithm derived by Ruland and Smarsly on the
wide-angle X-ray scattering (WAXS) data and Raman spectra is used to
characterize the graphenic structure (defined as in Ref. [49]) of sol-gel
TiC-CDC [50,51]. This enables the structural parameters of the carbon
to be estimated quantitatively, e.g., average layer stacking size and
average graphene-like layer extent [50,51]. The sol-gel TiC-CDC
adsorbent presented here belongs to a larger group of CDCs that have
been characterized thoroughly [40] and in which the self-diffusion of
adsorbed H; has been studied with QENS [12-14].

In this work, the different modes of self-diffusion of Hy absorbed in
the pores of sol-gel TiC-CDC are studied in situ using the QENS method
over a wide range of experimental timescales (~0.2 ps — 150 ps time-
scale). This temporal range is achieved by collating data collected using
the neutron instruments IRIS [52] and MARI [53] (at the ISIS pulsed
neutron and muon source). While each instrument allows access to
different temporal and spatial regimes, the data itself is collected with
the samples under common temperature (10 K — 100 K) and H; loading
pressure (~0.01 bar - 1 bar) conditions. As a result, a more detailed view
of the different motions of Hy adsorbed in a micro- and mesoporous
carbon adsorbent is obtained.

2. Methods
2.1. Synthesis and physical characterization

2.1.1. Synthesis

The sol-gel synthesis method was used to prepare TiC, with chlori-
nation being used to synthesize the carbon sample used for the experi-
ment (from here on referred to as sol-gel TiC-CDC). The synthesis
process is described in detail in Ref. [38] and the synthesis route is
briefly summarized in Fig. 1.

2.1.2. Gas adsorption

N, CO4, and Hy adsorption isotherms of the sol-gel TiC-CDC sample
were measured using an ASAP2020 (Micromeritics, USA) adsorption
analyzer at 77 K, 273 K, and 77 K, respectively. The sample were out-
gassed at 300 °C and at a vacuum of at least 13 pbar for 12 h before the
adsorption measurements.

The pore size distribution (PSD) was obtained by applying the two-
dimensional non-local density functional theory model for carbon ma-
terials with heterogeneous surfaces (2D-NLDFT-HS), using the SAIEUS
(Micromeritics, USA) software (developmental version) [54] simulta-
neously to the Ny, CO2, and Hj adsorption isotherm data. 2D-NLDFT-HS
model based specific surface area, Sppr, and volume of pores, Vpgr, were
obtained. The volume of the ultramicropores, Vymp, the volume of the
micropores, Vpicro, and the volume of the mesopores, Vieso, are calcu-
lated from the cumulative pore volume (Fig. S1 in SI section 1) in the
range w < 7 A, w < 20 A, and 20 A < w < 500 A, respectively. The
surface area, Sggr, calculated from the Brunauer-Emmett-Teller method
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Fig. 1. Synthesis routine for sol-gel TiC-CDC. (A colour version of this figure can be viewed online.)

as applied to N5 adsorption data at 77 K in the p/pg range from 0.05 to
0.2, and the total pore, Vi, value calculated from N5 adsorption data at
77 K and at p/po = 0.95, can be seen in supplementary information (SI)
section 1 in Table S1.

2.1.3. Raman spectroscopy

Raman spectra were obtained with an inVia micro-Raman spec-
trometer (Renishaw, Kingswood, UK) at an excitation wavelength of
514 nm. The Raman spectrum presented, and analyzed, was chosen from
a set of four measurements from different sample spots and assumed to
be a representative average of the sample. The first-order Raman spectra
was fitted with 4 Lorentzian and 1 Gaussian peak functions to separate
the Ds, Da, Gs, Ga, and D' bands (L + L + G + L + L, respectively) (Fig. S2
in SI section 2). These have been shown to be characteristic of non-
graphitic carbon materials [55,56] and the fitting results can be seen
in SI Table S2 in section 2. This fitting process has been shown to be
suitable for CDCs [40], deconvoluting bands in a consistent and com-
parable manner between various carbonaceous materials, and yielded a
good deconvolution for the sol-gel TiC-CDC under study (Fig. S2 in SI
section 2). Both Dg and Dy are contributions of the D-band and both of
the Gg and Gy are contributions of the G-band, respectively; with the S
bands originating from vibrations near crystallite edge-areas or near
defects. The A bands originate from vibrations inside the graphene-like
platelets [54]. The D-band is a disorder-induced contribution to the
D-band [56,57].

Characteristic properties, such as integrated intensities and widths of
the D- and G-bands, the integrated intensity ratio, Iyp/Isg (Eq. (1)), and
the full width at half maximum of the D-band (FWHMp,) yield insight
into the relative structural order of a carbon material [40,55-57].

I AL +Ap o
I A% +AA+ Ay

Here, A; is the integrated intensity of the associated deconvoluted band i.

2.1.4. Wide-angle X-ray scattering

A wide-angle X-ray scattering pattern of the sol-gel TiC-CDC sample
was obtained using a D8 Advance (Bruker, Germany) diffractometer; Cu
Ko radiation of wavelength 1.5406 A. The scattering pattern was
measured in the 20 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 diffractogram is performed across the full measured 26 range with
CarbX software (Fig. S3 in SI section 3), resulting in 14 inter- and
intralayer parameters (Table S3 in SI section 3) [50,51]. The average
graphene-like platelet size, L,, the average stacking size, L., the average
interlayer spacing, as, and the average number of graphene-like layers
per stack, (N) (which is calculated as (N) = ﬁfm)’ where k. is the
polydispersity of the stack height) are of main interest for the charac-
terization of the level of ordering of the graphenic domains in sol-gel
TiC-CDC [51].

2.2. Quasi-elastic neutron scattering

Neutron scattering experiments were performed at the ISIS pulsed

neutron and muon source, UK, using the MARI [53] and IRIS [52]
spectrometers. The data can be accessed at Refs [58,59]. The sample was
outgassed at 300 °C to remove air moisture and other adsorbed species
and was transferred to an annular cylindrical aluminum sample can. The
sample thickness of 0.2 mm was chosen such that the transmission
would be more than 90%. At this level, multiple scattering effects can be
considered negligible.

The measurement processes were identical for experiments on both
the MARI and IRIS spectrometers and analogous to the experiments
performed in Refs. [12,13]. The sample was cooled using a helium
cryostat and, for dosing Hy, the gas handling system can be seen in SI
Figure S4 in section 4. First, the signal from the outgassed carbon sample
was measured in the temperature range from 20 K to 100 K. Thereafter,
the samples were cooled down to 77 K and dosed in turn to establish
three different Hy loading pressures, pya joad, - 14 mbar, 225 mbar, and
969 mbar — which resulted in the values of the total amount of Hy per 1 g
of sol-gel TiC-CDC in the closed sample cell (ny2) of 1.7 mmol g’l, 10
mmol g™}, and 31 mmol g~!. These ny, values were chosen to ensure the
surface coverage of 30%, 130%, and 290% at 20 K (Table S7 in SI section
4). A surface coverage over 100% means that the monolayer of Hp is
filled and some of the H is adsorbed in subsequent layers on top of the
monolayer. The loading pressures for the experiment on MARI and on
IRIS were calculated so that the surface coverage would be equivalent in
both experiments. The exact Hy loading pressures and calculations are in
SI section 4.

After establishing adsorption equilibrium over approximately 1 h,
the sample holder was hermetically sealed from the gas handling system
(Fig. S4) and neutron scattering data from the sample with the adsorbed
Hj was collected in the temperature range from 10 K to 100 K. The
neutron scattering data obtained at the lowest temperature (10 K for
IRIS and 20 K for MARI) and at ngo = 1.7 mmol g’1 was used for in-
strument calibration and resolution purposes during subsequent data
analysis. At these lowest applied T and ny, conditions, the Hy present in
the sol-gel TiC-CDC could be presumed static, i.e., frozen solid in the
pores, at least on the experimental time scales afforded by the used
neutron instrumental set-up (Table 1). The Hj pressure in the sample cell
was monitored (SI Table S5 section 4) and used to calculate the sample
surface coverages and pore volume occupancies at all conditions
throughout both experiments (more details in SI section 4).

The energy resolution, momentum transfer, and temporal and spatial
range configurations used on the IRIS and MARI spectrometers are
summarized in Table 1. For IRIS, the neutron scattering data were
collected with the spectrometer configured to energy analyze the

Table 1
The characteristics of the IRIS and MARI instruments and configurations used.
Energy resolution Temporal range Q-range Spatial
meV ps Al range
A
IRIS 0.0175 5-150 0.42-1.85 3-15
(PG002)
MARI 0.43 0.2-10 0.4-6* 1-16

*The analyzable Q range is truncated at Quax ~1.8 AL
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scattered neutron beam using the 002 graphite (PG002) analyzer
reflection. The Q-range used for analysis, from both IRIS and MARI, was
truncated at Quax ~1.8 AL, The Q-range was truncated because of the
strong coherent scattering signal arising from the graphenic carbon
(002) diffraction peak above Q ~ 1.8 A~1; this signal greatly contami-
nated the measured data (Fig. S6 in SI section 5).

On IRIS, the scattered neutrons were detected in the energy transfer
range from —0.3 meV to 1.2 meV, where 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 the Q range of 0.42 A~ - 1.8
A~ Vinto five distinct Q groups/values at ngz = 1.7 mmol g’l and nine Q
groups at nys > 10 mmol g’l. On MARI spectrometer, the neutrons were
detected in the energy transfer range from —20 meV to 20 meV. The
reduced data were collated in the Q range of 0.4 A~! - 1.8 A~! into nine
Q groups at ngz > 10 mmol g ! to match the Q grouping of the scattering
data from IRIS. The data reduction and analysis for both experiments
was carried out using Mantid [60] and OriginLab 2016 (OriginLab
Corporation) softwares.

To deconvolve the different spectral contribution to each measured
neutron scattering spectrum, S(Q,E), the data was fit with functional
form comprised of: elastic and quasi-elastic components, an instru-
mental resolution function, and a constant baseline (Eq. (2)):

S(Q,E) = |Ao(Q)5(E) + Y A(Q)L(E, I'}) | QR(Q, E) + yo @

Here, S(Q,E) is the dynamical structure factor, Q is the scattering
vector value, E is the energy transfer, §(E) is the Dirac delta function
describing the elastic scattering, Ag(Q) and A;(Q) are the fractions of
elastic and quasi-elastic scattering signals, n is the number of quasi-
elastic components, L(E, I';) is the Lorentzian function which describes
mathematically the quasi-elastic component, I” is the half-width at half
maximum (HWHM) of the quasi-elastic component, R(Q,E) in the
instrumental resolution function, and yj is the baseline.

In total, four different quasi-elastic components, i.e. four different Hy
self-diffusional dynamics, denoted with Lj, Ly, Lsjo and Lgs3; are
distinguished and analyzed (Fig. 2). The subscripts 10 and 31 in L3 19
and L3 31, respectively, denote the values of total amount of Hy per 1 g of
sol-gel TiC-CDC in the closed sample cell in mmol g ! at which the width
of the quasi-elastic component is determined. The S(Q,E) obtained on
IRIS at ny = 1.7 mmol g’1 are fitted with Eq. (2) using one Lorentzian
function — L;. The S(Q,E) obtained on IRIS at nygy; = 10 mmol g’1 are
fitted with Eq. (2) using two Lorentzian functions — L; predetermined at
npo = 1.7 mmol g’1 and freely fitted L,. The S(Q,E) obtained on MARI at
nyg2 > 10 mmol g’1 are fitted with Eq. (2) using two Lorentzian functions
accounting for two quasi-elastic broadenings — L, predetermined at ny
= 10 mmol g’1 obtained from data measured on IRIS S(Q,E) and freely
fitted L3 19. MARI and IRIS spectrometers have an overlap in the tem-
poral range where H, motions described with Ly take place (Fig. 2).

Fast motion Slow motion
L yand L, L, Ll
Determined from IRIS
MARI
IRIS
0.1 1 10 100

Temporal range / ps

Fig. 2. Schematics of H, components analyzable in the temporal ranges of
MARI and IRIS spectrometers. (A colour version of this figure can be
viewed online.)
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Thus, the Ly component is fixed based on the results obtained at ny, =
10 mmol g~ from the data obtained on the IRIS spectrometer to account
for the slower motions probed with MARI, revealing a more reliable
broader Lorentzian (Lg). The motions of Hy component described with L3
have a clear difference in linewidths at nyy = 10 mmol g‘1 and at nyy =
31 mmol g’l and are denoted with L3 19 at ngz = 10 mmol g’l and L3 31
at ng = 31 mmol g’l, respectively. Linewidths of the L, component are
kept constant at npz > 10 mmol g~ as they stayed equal within the
uncertainty margins at ngs > 10 mmol gfl. Similarly, in a previous
QENS experiment with Hy adsorbed in Mo,C-CDC samples on the NEAT
spectrometer, the linewidths of the narrower component stayed equal
within the uncertainty margins over nyy values (SI of Ref [13]). The
fitting of the S(Q,E) can be seen in SI in section 6 in Figs. S8-5S13.

3. Results and discussion
3.1. Physical characterization

The pore size distribution (PSD) for sol-gel TiC-CDC has been pre-
viously calculated using N2 and CO, adsorption data fitted with the 2D-
NLDFT-HS model. This analysis revealed that the adsorbent exhibits
both micro- and mesopores, where the mesoporosity originates from the
precursor TiC sol-gel synthesis process [38]. In this work, the Ng, COo,
and H, adsorption isotherms have been globally fitted using the
2D-NLDFT-HS model (Fig. 3a—c) to calculate the PSD of sol-gel TiC-CDC
(Fig. 3d, Fig. S1). The addition of the H, isotherm data to the PSD
calculation resulted in a more precise distribution of ultramicropores,
where the contribution of ultramicro- (w < 7 A) and micropores (w < 20
A) to the pore volume is considerably higher.

The pore structure characteristics of sol-gel TiC-CDC are compared
with the characteristics of CDCs synthesized from commercial (com) TiC
and MooC using the chlorination method at 950 °C and 900 °C,
respectively (com TiC-CDC and Mo2C-CDC, respectively) (Table 2). For
sol-gel TiC-CDC, a Spgr value of 1560 m? g’1 and a Vpgr value of 2.40
cm® g_1 is obtained, where ultramicropores make up 5% and micropores
(including ultramicropores) make up 22% of the total pore volume for
pores with w ranging from 4 A to 500 A. Com TiC-CDC and Mo,C-CDC
exhibit micro- and mesopores and Sppy values in similar range (1540 m?
g’1 and 1290 m? g’l, respectively). However, the Vppr values of com
TiC-CDC and Mo,C-CDC are considerably lower at 0.68 cm® g1 and
1.42 em® g1, respectively [13,14]. Therefore, although all the investi-
gated CDCs exhibit pores in the same pore width range, and have similar
Sprr values, the main difference between the previously studied CDCs
and the sol-gel TiC-CDC studied here is the volume of mesopores.
Namely, sol-gel TiC-CDC exhibits the largest volume of mesopores of
1.88 cm® g ™! from pores with w > 20 A, i.e. ~78% out of pores with w <
500 A.

Table 3 compares the main structural parameters obtained from
Raman spectra and WAXS analysis of sol-gel TiC-CDC relative to those of
CDCs synthesized by the chlorination method from commercial TiC and
MoC at 950 °C and 900 °C, respectively (com TiC-CDC and Mo,C-CDC).
The average stacking size of graphene-like layers, L, is much larger for
sol-gel TiC-CDC (12.5 f\) compared to com TiC-CDC (5.6 Io\) and Mo,C-
CDC (7.7 A). In contrast, the average graphene-like platelet size, Ly, is in
a similar range for all three CDCs (Table 3); from 45 A for com TiC-CDC
to 63 A for Mo,C-CDC and 50 A for sol-gel TiC-CDC. The comparable
level of ordered graphene-like platelet domain sizes for all three CDCs is
also supported by the Raman analysis; the parameter Iyp/Iyg (Table 3)
also exhibits similar values for all three CDCs. The Isp/Isg ratio and
FWHMpp have been shown to correlate with the structural ordering, i.e.,
level of graphitization, in carbon materials, where both a lower Iyp/Isg
ratio and a lower FWHMp, are characteristic of a larger coherent
graphene-like platelet domain size [40]. Therefore, the main difference
between the carbons derived from MoC, sol-gel TiC, and com TiC is the
stacking of graphenic layers. The sol-gel TiC-CDC has on average 2.76
graphenic layers per stack, while com TiC-CDC and Mo,C-CDC have on
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Fig. 3. a) Ny, b) CO,, and c) H, adsorption isotherms fitted globally with the 2D-NLDFT-HS model using the SAIEUS software and d) the calculated pore size
distribution of sol-gel TiC-CDC. Vertical dashed lines denote the upper limits of ultramicro- and micropore regions, respectively. (A colour version of this figure can

be viewed online.)

Table 2

Table 3

Pore structure characteristics obtained from the global fitting of multiple gas
adsorption isotherms data to the 2D-NLDFT-HS model using SAIEUS software.

Main parameters obtained from the deconvolution of Raman spectra and fitting
of WAXS patterns.

Adsorbent SpFT Vorr Vump Vinicro Vieso Ref Material Isp/ FWHMp, / L,/ L/A as/ (N) Ref
m?gt emPg! mPg! emPg!  emPg! Isc em™! A A
Sol-gel TiC- 1560 2.40 0.11 0.52 1.88 This Sol-gel 1.59 67.4+0.2 50 12.5 3.4 2.76 This
CDC work TiC- + + +2.3 + + work
Com TiC- 1540 0.68 0.23 0.60 0.08 [14] CDC 0.02 15 0.2 0.55
CDC Com TiC- 1.46 101.2 + 45 5.6 + 3.8 0.95 This
Mo,C-CDC 1290 1.42 0.07 0.33 1.09 [13] CDC + 0.9 + 1.0 + + work,
0.05 14 0.2 0.19 [62]
Mo,C- 1.25 81.8 £ 0.7 63 7.7 3.5 0.79 [40]
average < 1 layer per stack, meaning that on average, the graphene-like CDC + + 1.4 + +
0.04 19 0.2 0.16

layers are not stacked and do not form ordered domains with each other.
In addition, the average interlayer spacing between graphenic layers, as,
of sol-gel TiC-CDC is lower than in com TiC-CDC and Mo,C-CDC, indi-
cating greater graphenic interlayer order in sol-gel TiC-CDC.

By comparing the parameters from Raman spectra (Isp/Izg and
FWHMp,) to previously reported parameters from 32 different CDC
materials (Fig. 4 from Ref. [40]), it is concluded that based on FWHMpy
values, the sol-gel TiC-CDC belongs to the most well-ordered CDC ma-
terials, thus containing less defects than com TiC-CDC and MoyC-CDC.
The sol-gel TiC-CDC stands out with a high ratio of mesopores, relatively
high stacking of graphene-like layers for a CDC material, and a relatively
well-ordered surface structure compared to the CDCs previously studied
with the QENS method. Thus, sol-gel TiC-CDC is a suitable model ma-
terial with which to investigate the different modes of self-diffusion of
H, adsorbed in pores with w in the range from 4 A to 500 A since it
exhibits both very well-ordered regions which should strongly confine
the adsorbed H; and also mesopores which should promote less
restricted self-diffusion of Hs.

Isp/Isg — integrated intensity ratio of D- and G-bands (Eq. (1)) from Raman
spectra.

FWHMp, — Full width at half maximum of the deconvoluted D* band of Raman
spectra (Fig. 52).

L, — average graphene-like platelet size from WAXS.

L. — average stacking size from WAXS.

as — average interlayer spacing from WAXS.

(N) — average number of graphene-like layers per stack from WAXS.

3.2. Self-diffusion of Hy adsorbed in sol-gel TiC-CDC

To determine the self-diffusion of Hy adsorbed in sol-gel TiC-CDC,
quasi-elastic broadening components are deconvolved from the total
neutron scattering spectra, S(Q,E), collected using the MARI and IRIS
spectrometers by fitting Eq. (2).
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Fig. 4. a) The S(Q,E) measured on IRIS (resolution function at 10 K is just below the S(Q,E) values at 30 K), b) an example of the S(Q,E) at 50 K and at 1.6 A~ fitted
with Eq. 2. and c) the resulting linewidths, 7'(Q), of the quasi-elastic broadening for ny, = 1.7 mmol g’1 as a function of T, where the solid lines denote the I'(Q)
values obtained from summed Q values (panel a). (A colour version of this figure can be viewed online.)

3.2.1. Self-diffusion of strongly confined Hy

At nga > 1.7 mmol g~ and T > 30 K, the neutron scattering spectra
of Hy adsorbed in sol-gel TiC-CDC exhibit a weak quasi-elastic signal
relative to the instrument resolution function; the latter being measured
at 10 K (Fig. 4a). This quasi-elastic broadening indicates that the in-
crease in temperature provides enough additional kinetic energy to the
adsorbed Hj for self-diffusion processes to be noted at a T as low as 30 K.
Observation of the self-diffusion of adsorbed H; at 30 K is possible due to
the experimental time window accessed by the IRIS spectrometer (~5 ps
- 150 ps) (Table 1).

The Q-independent linewidth (Fig. 4c) of the quasi-elastic broaden-
ings measured at ngy = 1.7 mmol g’l, component L,, is indicative of
localized or constrained self-motion, and, as suggested by Fig. 6.14 in
Ref. [43], the Hy adsorbed in ultramicropores is assumed to self-diffuse
rotationally (SI section 6 Fig. S10). The presence of localized rotational
self-diffusion of Hy in narrow ultramicropores could be caused by only
one energy minimum at these adsorption sites which restrict trans-
lational motions of the adsorbed Hy molecules [15]. The PSD analysis
showed that the volume ultramicropores make up ~5 % out of pores
with w in the range of 4 A to 500 A (section 3.1).

The residence times between two rotational jumps decrease from ~9
ps to ~3 ps (considering that 1 meV = 1.52 10'2 rad s™! from Fig. 4, see
SI Figure S8) with the increase in T from 30 K to 80 K. This indicates a
temperature-induced increase in the rotational self-diffusion of adsor-
bed Hs. For comparison, the characteristic rotational self-diffusion time
of Hy adsorbed in mesoporous carbon [45] and exfoliated graphite [45]
are in the range of ~0.1 ps - 2 ps in the T range from 22 K to 80 K. Since
the residency times between rotational jumps of Hy adsorbed in the
carbon studied here are longer, the ultramicropores of sol-gel TiC-CDC
can more effectively confine adsorbed Hj.

Although the self-diffusion of Hy adsorbed in CDCs has been previ-
ously investigated [13,14,16], this is the first time that slow rotational
self-diffusion of Hy adsorbed in CDCs has been observed. This is possible
due to the shifted temporal range, from 5 ps to 150 ps (Table 1), afforded
by the IRIS spectrometer (i.e., slower dynamics being probed),
compared to that of the NEAT and FOCUS instruments used in previous
studies [13,14]. Therefore, it is likely that if the self-diffusion of Hy
adsorbed in MoyC-CDCs were investigated using an instrument with the
same energy resolution as IRIS, rotational self-diffusion might have also
been observed.

Contescu et al. observed an even more restricted translational self-
diffusion of Hy adsorbed in polyfurfuryl alcohol-derived activated car-
bon (PFAC) and ultramicroporous carbon (UMC) in Ref. [16]. This could
be related to the level of surface coverage and the number of available
adsorption sites. In Ref. [16] the excess Hy was outgassed from the

sample container, meaning that only very strongly adsorbed Hy is left in
the sample and, thus, the presumably lower surface coverage yields
more available adsorption sites compared to the Hy adsorbed in sol-gel
TiC-CDC, investigated in this work. Therefore, the partial surface
coverage and availability of free neighboring adsorption sites allows Hy
adsorbed in PFAC and UMC to perform translational jumps from one
adsorption site with higher likelyhood. Whereas in sol-gel TiC-CDC, at
higher Hj surface coverage the high energy adsorption sites are fully
occupied, lowering the likelyhood for translational jumps and promot-
ing and/or making it possible to detect only the predominant rotational
self-diffusion.

3.2.2. Self-diffusion of mobile Hy

Translational jump-diffusion models can be used to describe the
dependency of I'(Q) upon Q, yielding information about the self-
diffusion of adsorbed Hy. The translational jump-diffusion model used
in this work, the Hall-Ross model (Eq. (3)), assumes that the jump
lengths follow a Gaussian distribution (Eq. (4)) and describes jump
diffusion in a restricted volume, e.g., in narrow pores [61].

r) :2 (1 —exp(-Q°D)) ©)
2P I
p(l)= mexp ( - 21(2)> 4

where 1 is the reduced Planck constant, 7 is the residency time, D is the
translational diffusion coefficient, p(l) is the distribution of jump
lengths, (I) is the mean jump length, and [ is the distribution mode
value, where (I?) = 313 (where (I?) is the mean square jump length) and
() = V6rD.

From the data obtained on the MARI spectrometer, two linewidths
per loading within the experimental time window afforded by the in-
strument could be resolved. At ngs > 10 mmol g_l and T > 50 K, when
H, is adsorbed in both micro- and mesopores, the self-diffusion of Hy
takes place on multiple timescales, expressed as distinct quasi-elastic
broadenings. Information about each QENS signal is obtained by
deconvolution with multiple Lorentzian distributions (Fig. 5a and b), as
has been shown in Refs. [13,24-26,62]. The narrower of the two Lor-
entzian distributions (Ls) is determined from IRIS S(Q,E) at nyp = 10
mmol g~! and is fixed to resolve the broader Lorentzian distribution
more reliably.

The Q-dependence of I'(Q) observed at ny2 > 10 mmol g’1 and T >
50 K (Fig. 5¢,d and Fig. S14 in SI) indicates that the Hy adsorbed in
micro- and mesopores is self-diffusing translationally. The I'(Q) of the
Ly, L3 10, and L3 31 components vs Q are fitted using the Hall-Ross jump-
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Fig. 5. The S(Q.E)atQ=1.3 A1 and 50 K collected on MARI at a) at ny, = 10 mmol g’1 and b) ny» = 31 mmol g’l, where L, L3 19 and L3 3; denote the quasi-elastic
components obtained from fitting Eq. (2) to the data. The I'(Q) of the quasi-elastic broadening components Ly, L3 10, and Lg 3; at ¢) 50 K and d) 100 K fitted with the
Hall-Ross jump-diffusion model (solid lines from Eq. (3)). (A colour version of this figure can be viewed online.)

diffusion model (Eq. (3)), which presumes that the self-diffusion is
taking place in a restricted volume, i.e., Hy is adsorbed in pores with a
clear confining volume and is further restricted by neighboring Hy
molecules. The three different Hy translational self-diffusion mobilities
are attributed to the Hy transport in different adsorption layers, where
H, is adsorbed in:

1. layers closer to the pore wall, e.g., in the monolayer denoted with Ly;

2. layers more in the middle region of the pore at ny, = 10 mmol g, e.
g., subsequent Hy layers on top of the monolayer, denoted with L3 1,
where subscript 10 denotes the total amount of Hj per 1 g of sol-gel
TiC-CDC in the closed sample cell in mmol g~ %;

3. layers more in the middle region of the pore at ny; = 31 mmol g}, e.
g., subsequent Hy layers on top of the monolayer, denoted with L3 31,
where subscript 31 denotes the total amount of Hy per 1 g of sol-gel
TiC-CDC in the closed sample cell in mmol g~ 7.

At ngo > 10 mmol g’l, when Hj is adsorbed also in larger pores, i.e.,
in micro- and mesopores, ~130% and ~290% of the surface of sol-gel
TiC-CDC is covered with Hy at 20 K, respectively. As a result, while
some of the H; is adsorbed on top of the Hy monolayer in subsequent Hj
layers the majority congregates in the middle region of the pore. The Hy
components adsorbed in subsequent layers (L3 19 and L3 31) have more
freedom to self-diffuse and the confining effect of ultramicropores be-
comes less evident when compared to Hj self-diffusivity at ngs = 1.7
mmol g~'. This is indicated by the difference in magnitude of HWHM
values of the quasi-elastic broadenings at ny = 1.7 mmol g~! (HWHM
<0.15meV, Fig. 4b) compared to those at nys > 10 mmol g’1 (HWHM in
the range of 0.3 meV-3.5 meV, Fig. 5c and d). With the increase in
temperature from 50 K to 100 K, the translational self-diffusion co-
efficients, D, of all Hy components increase and the residency times
between jumps, 7, of all Hy components decrease (Table 4). As the
temperature increases, Ho desorbs from the pores, i.e., the surface
coverage and the steric hindrance from neighboring adsorbed Hj

Table 4
Translational jump-diffusion parameters of H, adsorbed in sol-gel TiC-CDC.
Parameter H, Nua / T=50K T=80K T =100
component mmol g~! K
7107127 Ly >10 1.21 + 0.98 + 0.89 +
0.02 0.02 0.01
L310 10 0.38 + 0.30 + 0.30 +
0.01 0.01 0.01
L33 31 0.31 + 0.21 + 0.19 +
0.01 0.01 0.01
D1078°m? Ly >10 23+ 2.6+ 2.8 +
s 0.1 0.2 0.2
Ls1o 10 10.5 + 15.5 + 20.6 +
0.3 0.2 0.5
L33 31 179 + 199 + 21.6 £
0.2 1.1 1.1

2 residency time between jumps.

b translational self-diffusion coefficient.

decreases. Therefore, as T increases, the adjacent Hy molecules have
more room and kinetic energy to self-diffuse.

An Arrhenius-type equation can be used to describe the temperature
dependence of the diffusion coefficients of Hy adsorbed in porous car-
bons (Eq. 5) [13,43]. By applying this relation, the activation energy of
the diffusion process, E,, and the extrapolated diffusion coefficient at
infinite temperature, Dy, can be calculated from the slope and intercept
of the graph, respectively.

E,
D =D, exp (_ﬁ) 5)

where R is the universal gas constant and T is the temperature.

Since the logarithmic values of D-s are linear with respect to the
inverse value of T, an Arrhenius relation can be applied to calculate the
activation energies, E,, and maximal diffusion coefficients, Dy (Eq. (5),
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Fig. 6. Arrhenius type plot showing diffusion coefficients of H, adsorbed in
CDCs from previous work [13,14] and from this work at various amounts of
total H, in the sample cell per adsorbent mass, ny, (noted in the figure). The
diffusion coefficient of bulk liquid H, from Ref. [63] is shown for comparison
alongside Arrhenius type description of the data (Eq. (5), solid lines). (A colour
version of this figure can be viewed online.)

Fig. 6) of Hy translational jumps. The corresponding values for the self-
diffusion of Hy adsorbed in MoC-CDC and com TiC-CDC are reported in
Table 5 for comparison.

The differences between E, and D values for the self-diffusion of Hy
adsorbed in Mo2C-CDC and com TiC-CDC compared to that of sol-gel
TiC-CDC do not arise only from the differences in the graphenic and
porous structure of the adsorbent, but also from the differences in the
deconvolution procedure applied to the S(Q,E). Namely, the self-
diffusion of Hy adsorbed in Mo,C-CDC and com TiC-CDC was analyzed
as self-diffusion on one timescale (i.e., fitted with one Lorentzian func-
tion to account for one type of Hy motion) [13,14]. The self-diffusion of
Hy adsorbed in sol-gel TiC-CDC, on the other hand, is analyzed as
self-diffusion across multiple separable timescales (i.e., fitted with
multiple Lorentzian functions) to differentiate between the self-diffusion
of Hy adsorbed both as a monolayer and as subsequent layers. Such
multi-component analysis across a wide temporal range is possible by
combining data from different measurement setups and instruments.

The proposed mechanism for the diffusion of adsorbed Hy between
different adsorption sites in monolayer and subsequent layers can be
seen in Fig. 7. The relatively low E, value of Ly indicates that Hy
adsorbed in the monolayer of sol-gel TiC-CDC can jump between the
strong adsorption centers with almost no restriction. It has been shown
that the differences in binding energies of Hy adsorbed in strong binding
sites can be small and, as such, there could be many equally preferred
adsorption sites [64,65]. The monolayer Hj is strongly confined to the

Table 5
H, amounts and results from Arrhenius type equation.
Adsorbent N2 / mmol E./kJ D107 /m?  Reference
g! mol ! s
Mo,C-CDC 3.1 0.70 £ 0.14 1.49 + 0.38 [13]
Com TiC-CDC 2.0 1.18 +£0.18 1.11 £0.33 [14]
Sol-gel TiC-CDC L, 10 0.17 £ 0.01 0.34 £ 0.07 This work
Sol-gel TiC-CDC 10 0.50 £ 0.12 3.44 £0.72 This work
Ls10
Sol-gel TiC-CDC 31 0.14 £ 0.02 2,53 £0.11 This work

L331

Carbon 219 (2024) 118799

pore wall and is not able to diffuse toward the middle region of the pore
as indicated by the low Dg value. The strong confinement of the Hj
molecules adsorbed as a monolayer can be explained by the type of in-
teractions they experience. Namely, H, molecules adsorbed in mono-
layer and in pores with w < 10 A are strongly influenced by the adjacent
pore walls [15] and the Hy molecule interacts with neighboring and
subsequent Hy molecules, therefore experiencing confinement from
every direction [66]. The presence of strongly confined H, monolayer
has also been suggested in the mesopores of the mesoporous silica KIT-6,
where it was reported that the bulk-liquid and bulk-solid densities of Hy
could be exceeded by a factor of almost 3 [67]. The formation of such a
high-density adsorbed Hy monolayers was proposed to be possible only
on smooth adsorbent surfaces and at temperatures close to that of liquid
H, (i.e., near 20 K) [67].

The H, component adsorbed in subsequent layers at ngs = 10 mmol
g’1 (L3.10) can be envisaged as the Hj diffusing from strongly bound
monolayer to subsequent layers and therefore has a slightly higher E,
value (Fig. 7, Table 5). When this slightly higher activation barrier is
exceeded, this Hy component is mobile as indicated by the relatively
higher Dy value. The Hy adsorbed in subsequent layers does not expe-
rience as strong 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 Hy is more mobile
than in monolayer [66]. The Hy component adsorbed in subsequent
layers at ngs = 31 mmol g’l, L3.31, is able to self-diffuse between the
weaker adsorption sites and within the adsorbed H; regions with
virtually no restriction, as indicated by the low E, and high Dy value.
This can be explained by the differences in densities of different regions -
the density of Hy in subsequent layers is lower than in monolayer, i.e.,
fewer intermolecular interactions are involved [68].

Considering jump length distributions calculated with the Hall-Ross
model, approximately 50% of the jumps of the self-diffusive Hy adsorbed
in monolayer (Lp) are in the range 3 Ato7A (Fig. 8a). Theoretically, the
possible jumps of Hy adsorbed in high energy adsorption sites on an
ideal graphene surface have been calculated to be in the range of ~3 A to
~5 A along the plane depending on the specific position of the Hy
molecule [65,66]. The surface of sol-gel TiC-CDC, however, is not ideal
and has defects (section 3.1) that provide additional high-energy
adsorption sites. Therefore, ~50% of the jumps of Hy adsorbed in the
monolayer of sol-gel TiC-CDC could be between the strong neighboring
adsorption sites which are provided by the ultramicropores. In addition,
the Hy adsorbed in high-energy adsorption sites could perform longer
jumps during a jump event as the nearest adsorption positions could
already be fully occupied by adsorbed Hy molecules [64]. Therefore,
even longer jumps between strong binding sites are possible, as indi-
cated in Fig. 8a by the jump length distributions going to the maximal
value of ~15 A.

The jump length distributions of Hy adsorbed in subsequent layers at
np2 = 10 mmol g’1 and nyy = 31 mmol g’1 (L3.10, and L3 31, respec-
tively) are more spread out, extending to the maximal value of ~20 A-
25 A (Fig. 8b and c). This confirms that the Hy fractions are no longer
jumping mainly between the high-energy adsorption sites but could be
diffusing from the monolayer to the middle region of the pore and self-
diffuse without significant restriction within the subsequent layers. The
mean jump lengths, 6.6 + 1.7 A, of Hy adsorbed more towards the
middle region of the pore at 50 K and at nyjp = 31 mmol g~ * have a large
uncertainty, meaning that it is indiscernible over temperatures of 80
K-100 K, where the mean jump lengths are ~5 A (Table S9 in SI in
section 6). This suggests that when Hj is adsorbed more in the middle
region of the pore, the microporous and graphenic structure of the
carbon adsorbent does not affect the confinement of more mobile Hy
molecules that strongly anymore. As a result, the Hj is relatively mobile
within the phase.
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Fig. 8. Jump length distributions calculated with the Hall-Ross model describing translational jump diffusion in restricted volume (Eq. (4)) for adsorbed Hjy
components a) Ly, b) L3 10, and c) L3 31. (A colour version of this figure can be viewed online.)

3.3. Comparison with other CDCs

The self-diffusion of Hy adsorbed in Mo,C-CDC [13,14] and in com
TiC-CDC [14] at ngz = 3.1 mmol g’1 and ngo = 2.0 mmol g’l, respec-
tively, follow a translational jump-like diffusion mode like in sol-gel
TiC-CDC. This is evident from the similar shape of the HWHM vs Q as
well as the D values, which follow an Arrhenius-type relation (Fig. 6).
Therefore, similar self-diffusional processes, i.e. where the self-diffusion
process has an activation barrier and where the adsorbed Hy molecules
are restricted by the pore walls of the adsorbents and/or adjacent Hy
molecules, are taking place in the investigated CDCs.

The differences between the self-diffusion processes of Hy adsorbed
in different CDCs become evident when comparing 7 values extracted
from CDCs under common experimental conditions. Here, 7 is effectively
dependent on the height of the plateau observed from I'(Q) vs Q and
extracted when this response is fitted with the Hall-Ross [61], Sing-
wi-Sjolander [69] or Chudley-Elliot model [70]. The 7 values of Hy
adsorbed in the monolayer in MoyC-CDCs (from ~2.8 ps to ~1.0 ps at
50 K-100 K, respectively) (supplementary information of Ref [13]) are
longer than in sol-gel TiC-CDC (from ~1.2 ps to ~0.9 ps at 50 K-100 K,
respectively) (Table 4). This indicates that Mo,C-CDC can confine the Hy
adsorbed in monolayer to a larger extent than sol-gel TiC-CDC (Ly). This
could be related to a higher degree of graphenization (i.e., stacking of
graphene-like layers and less defects) and larger volume of mesopores in
sol-gel TiC-CDC compared to the rest of the CDCs (section 3.1). The
interlayer distance in graphenic non-graphitic carbon materials (3.3 A —
3.7 A) is too narrow for Hj adsorption and, therefore, if the
graphene-like layers are ordered in stacks of more than one layer (2.76

graphene-like layers for sol-gel TiC-CDC), important sites for Hj
adsorption are lost. In addition, the larger volume of mesopores in
sol-gel TiC-CDC compared to Mo2C-CDC promotes faster self-diffusion of
H, adsorbed in monolayer (Ly) and, therefore, shorter r values of
adsorbed Hy compared to Mo,C-CDC.

The 7 values of translationally self-diffusive Hy adsorbed in subse-
quent layers of sol-gel TiC-CDC (i.e., L3 19 and L3 31) are the shortest at
nyz = 31 mmol g1 (~0.19 ps), indicating the highest self-diffusivity.
Similar 7 values (0.18 + 0.01 ps) were observed for H, adsorbed in
Mo,C-CDCs studied with the NEAT instrument set up for resolution of
0.1 meV [13] despite the fact that NEAT has a temporal range shifted to
observe slower motions compared to MARI. Moreover, sol-gel TiC-CDC
(investigated with instrument MARI) has a larger volume of mesopores,
larger stacking of graphenic sheets and smaller interlayer spacing
compared to Mo,C-CDC (Table 3), which should even further promote
faster self-diffusion and smaller 7 values. However, faster self-diffusion
of Hy adsorbed in sol-gel TiC-CDC is not seen. Therefore, when Hj is
adsorbed in CDCs, the 7 values of ~0.19 ps could be the minimal time
between jumps in translational jump-like diffusion mode. Thus, based
on these results, when nyy values are high and Hj is already adsorbed in
subsequent layers and in mesopores, then the influence of the graphenic
and microporous structure of the CDCs on the confinement of adsorbed
H, is limited.

4. Conclusion

The self-diffusional dynamics of Hy adsorbed in sol-gel TiC-CDC
adsorbent is investigated with in situ the quasi-elastic neutron scattering
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(QENS) method over a wide temporal range. The experiments are car-
ried out at temperatures in the range from 10 K to 100 K and at different
Hj loading conditions, ensuring different levels of surface coverage.

In-depth structural analysis of sol-gel TiC-CDC revealed that the
main difference between the carbons derived from Mo,C, sol-gel and
commercial TiC is the stacking of graphenic layers. While TiC-CDC and
Mo,C-CDCs synthesized from commercial carbides have on average up
to one graphene-like layer per stack, the sol-gel TiC-CDC has on avergae
2.76 graphene-like layers per stack and the interlayer spacing is also
smaller between graphene-like layers in graphenic stacks.

When Hj, is adsorbed mostly in ultramicropores, i.e., the high energy
adsorption sites present in sol-gel TiC-CDC, a fraction of the H; is able to
self-diffuse already at 30 K and the self-diffusion mechanism of the
adsorbed Hj is rotational. This is the first time when the very slow
rotational self-diffusion of Hy adsorbed in CDCs is observed. When Hj is
adsorbed in micro- and mesopores of sol-gel TiC-CDC, the self-diffusion
of the adsorbed Hj is translational and takes place over multiple time-
scales. The components of Hy self-diffusing in multiple timescales is
interpreted as the separable self-diffusion of Hy adsorbed closer to the
pore wall, i.e., in the monolayer, and H, adsorbed farther away from the
pore wall and in the middle region of the pore, i.e., in subsequent layers.
Such distinction between components of adsorbed Hy across a wide
temporal range is possible by combining QENS data from different
measurement setups and instruments.

The self-diffusion of Hy adsorbed in the monolayer in Mo,C-CDC is
considerably more restricted than in sol-gel TiC-CDC. This is related to a
higher degree of graphenization and larger volume of mesopores in sol-
gel TiC-CDC compared to the rest of the CDCs. The shortest residency
time between jumps is ~0.19 ps for H, adsorbed in subsequent layers in
sol-gel TiC-CDC is very similar to the residency time (~0.18 ps) of Hy
adsorbed in Mo,C-CDCs obtained from measurement data on the NEAT
instrument at similar experimental conditions. However, the experiment
on MARI spectrometer was set up to access considerably faster Hy dy-
namics than NEAT. This suggests that under high H, loadings and in case
of Hy adsorption in subsequent layers and in mesopores the graphenic
and microporous structure of the CDCs does not anymore have consid-
erbale effect on the confinement of adsorbed Hs.

In this work we present the simultaneous determination and disen-
tanglement of Hy motions across different timescales. This methodology
allowed to analyze the dynamics of Hy adsorbed in high density phase at
conditions which are close to the ones used in technical applications.
The presented methodology and results yield vital insight into Hjy
adsorbent interaction for cryo-adsorptive system development.
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