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Our investigations into molecular hydrogen (H2) confined in microporous carbons with different pore
geometries at 77 K have provided detailed information on effects of pore shape on densification of
confined H2 at pressures up to 15 MPa. We selected three materials: a disordered, phenolic resin-based
activated carbon, a graphitic carbon with slit-shaped pores (titanium carbide-derived carbon), and
single-walled carbon nanotubes, all with comparable pore sizes of <1 nm. We show via a combination of
in situ inelastic neutron scattering studies, high-pressure H2 adsorption measurements, and molecular
modelling that both slit-shaped and cylindrical pores with a diameter of ~0.7 nm lead to significant H2

densification compared to bulk hydrogen under the same conditions, with only subtle differences in
hydrogen packing (and hence density) due to geometric constraints. While pore geometry may play
some part in influencing the diffusion kinetics and packing arrangement of hydrogen molecules in pores,
pore size remains the critical factor determining hydrogen storage capacities. This confirmation of the
effects of pore geometry and pore size on the confinement of molecules is essential in understanding and
guiding the development and scale-up of porous adsorbents that are tailored for maximising H2 storage
capacities, in particular for sustainable energy applications.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Molecular hydrogen (H2) has received much attention as a
potentially sustainable, zero-carbon energy vector due to its global
abundance in the form of water and biomass, its relative ease of
production, for example via water electrolysis or thermochemical
athematics, and Physical Sci-
ingdom.

.ting@bristol.ac.uk (V.P. Ting).

r Ltd. This is an open access articl
treatment of biomass, and the fact that it produces only water upon
complete oxidation. While H2 has the highest gravimetric energy
density of any chemical fuel (with a higher heating value of
142 MJ kg�1), it exists as a very low-density gas under ambient
conditions (~0.08 kg m�3) leading to relatively low volumetric
energy density compared with liquid fuels. Hence gaseous H2 must
be densified to be stored and transferred effectively, which has
proven to be technically challenging. An alternative to pressurising
or liquefying H2 to increase its volumetric energy density is the
physisorption of H2 in microporous materials such as activated
carbons [1e4], zeolites, metal-organic frameworks [5] and certain
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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porous polymers [6e8]. These microporous materials (with pore
diameter < 2 nm) can spontaneously adsorb and compress
hydrogen within their pores, allowing the hydrogen to be stored at
much higher densities than in high-pressure tanks (which typically
store hydrogen at pressures of 35e70 MPa) [6] and at significantly
higher temperatures than storage as liquefied H2 (20 K).

This density enhancement is the result of molecular confine-
ment within the micropores of the materials. Confinement has
been shown to have a strong effect on the packing and phase
behaviour of confined phases [9]. The impact of pore geometries on
hydrogen densification and the mechanisms of densification are
not well understood, although a very recent study reported that
sub-nanometre pores of spherical and cylindrical shape strongly
limit the diffusion of H2 [10]. Moreover, many studies of water
within the pores of carbon nanomaterials have indicated stabili-
sation of states of matter not normally present at such pressures or
temperatures, which can be attributed to enhancement or disrup-
tion of the hydrogen bonding network under confinement. Erko
et al. reported that water confined in 2 nm diameter cylindrical
pores of silica undergoes considerable structural changes from low-
density amorphous ice to high-density crystalline ice with
decreasing pore size [11], with Raman measurements suggesting
the existence of both a non-freezable wall layer and a different
hydrogen-bonded core water phase. Experimental studies onwater
encapsulated in carbon nanotubes have also demonstrated a
transformation from a liquid-like state to ordered tubular or helical
ice structures called “ice nanotubes” [12e14]. Confinement can also
lead to elevation or depression of freezing points due to in-
teractions of the adsorbed fluid with the pore surfaces. X-ray
diffraction studies of ice nanotubes inside single-walled carbon
nanotubes (SWCNTs) show that the melting/freezing temperature
of ice nanotubes increases with decreasing SWCNT diameter [15].
Choi et al. found the optimummicroporous structures and uniform
particle morphology enabling efficient methane (CH4) molecular
packing in micropores [16]. In the case of hydrogen, confinement in
porous Vycor glass with the mean pore diameter of ~6 nm has been
shown to prompt liquefaction at temperatures above the triple
point of bulk H2 [17], while the freezing transition temperatures of
H2 and molecular deuterium (D2) confined inside a range of porous
aerogels were shown to be lower [9,18] compared to the bulk gas.
Each of these deviations from the classical phase behaviours of the
bulk properties observed for fluids in tight confinement is a result
of the combination of interactions between the fluids and the walls
and geometrical or steric limitations, and thus hydrogen densifi-
cation and phase behaviours are expected to be heavily dependent
on the size and shape of the confining space.

In microporous hydrogen storage materials, molecular
confinement involves van der Waals interactions between the
adsorbed H2 and the pore surface, and is amplified for small pores
due to overlapping potentials from opposing pore walls. The role of
pore diameter in increasing the density of confined hydrogen has
been well-studied. For example, Gogotsi et al. showed for carbide-
derived carbons (CDCs) with an accurately controlled pore size, that
the materials with the smallest pore sizes (of diameter 0.6e0.7 nm)
provide the largest H2 uptake per unit specific surface area (SSA) at
77 K, whereas pores larger than ~1.5 nm in diameter contributed
little to hydrogen storage [2,19,20]. From these studies [2,21], the
average density of hydrogen in CDCs with a micropore size below
0.7 nm at 0.1 MPa was estimated to be close to the density of liquid
hydrogen [21]. Our recent neutron scattering studies of hydrogen
adsorbed in activated carbonwith a pore diameter of ~0.7 nm found
limiting hydrogen densities in the region of 100 kgm�3 at 77 K [22],
suggestive of solid hydrogen densities at temperatures and pres-
sures where this would not be classically possible in bulk H2. This
high hydrogen density (larger than the ~76 kg m�3 density of bulk
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liquid hydrogen at the critical point) in slit-shaped micropores of
pore size < 1 nm at 77 K has recently been investigated by Rogacka
et al. through Monte Carlo simulations [23]. These authors simu-
lated hydrogen adsorption in carbon slit-shaped nanopores at 77 K
and showed the density of the adsorbed hydrogen layer (95 kg m�3

at 77 K) was far higher than the density of bulk liquid hydrogen at
the critical point.

While the role of pore size in causing H2 densification via
confinement in microporous materials has previously been iden-
tified, the role of pore geometry on the H2 densification has
remained unclear. Computer simulations [24e27], such as Grand
Canonical Monte Carlo (GCMC) [24,25] and density functional
theory (DFT) [28], have provided molecular-level insight into the
gas adsorption/desorption process, and indicated the importance of
pore geometry as well as of pore size for gas sorption in nanopores.
For example, Raghavan et al. [29] studied the behaviour of H2 and
CH4 flowing through various pore geometries using a molecular
dynamics approach, showing the gas permeance and adsorption
layer were heavily influenced by pore geometry.

However, due to the challenges associated with experimentally
probing the behaviour of light gases such as hydrogen within
porous solids and challenges in using classical simulations to
accurately describe quantum effects (especially at high densities
and low temperature), there has been little systematic investiga-
tion into how different pore geometries affect hydrogen adsorption
and densification at supercritical conditions. In the present work,
we employed in situ neutron scattering approaches in parallel with
high-pressure gas adsorption measurements further com-
plemented by theoretical adsorption modelling and classical mo-
lecular simulations to evaluate the behaviour of adsorbed H2 gas in
selected pore geometries at 77 K (a temperature that is practically
relevant for adsorptive H2 storage applications).

Three carbon-based materials with different pore geometries
were investigated using this compelling combination of experi-
mental and computational techniques. The in-depth studies pre-
sented here provide us with insight into how differences in
molecular packing of the H2 confined in slit-shaped and cylindrical
pores influences the efficiency of hydrogen densification.

2. Methods

TE7 carbon beads (sourced from MAST Carbon International)
were produced from a carbonised phenolic resin-based material
activated at high temperature (1173 K) in a carbon dioxide atmo-
sphere. The TiC-CDC-800 sample was synthesised by chlorination
of a TiC precursor at 1073 K, followed by annealing in hydrogen at
873 K. Single-walled carbon nanotubes (90% purity, 0.7e1.1 nm
diameter) were purchased from Sigma Aldrich (Product no. is
704,121). This sample was manufactured by SouthWest Nano
Technologies Inc. using patented CoMoCAT™ synthesis technology.
The as-sourced SWCNTs were treated at 673 K for 40 min within
100 mL min�1 CO2 gas flow for the removal of end-caps before use.

N2 isotherms were measured at 77 K with a Micromeritics 3Flex
surface area and porosity analyser (Micromeritics Instrument Cor-
poration). The samples were outgassed at 473 K for 8 h under dy-
namic high vacuum (~10�4 Pa) prior to measurement. The BET
surface areas were calculated in pressure ranges determined based
on the consistency criteria recommended by Rouquerol et al. [30]
The pore size distribution was calculated from the full N2 isotherm
based on the non-local density functional theory (2D-NLDFT)
method [64].

The carbon powder samples for TEM observationweremanually
ground under ethanol in an agate mortar and then dispersed in an
ultrasonic bath for 10 min. A drop of the suspension was deposited
on a carbon-coated copper grid. The TEM images were collected



Table 1
Raman analysis of TiC-CDC-800, TE7 and SWCNT samples.

Sample D-peak FWHM (cm�1)a G-peak FWHM (cm�1)a ID/IGb

TiC-CDC-800 265 97 0.87
TE7 205 95 0.97
SWCNTs 53 72 0.05

a D-peak FWHM and G-peak FWHM is the full width at half maximum of the D-
peak and G-peak.

b ID/IG is the ratio of D- and G-peak intensities.
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using a JEOL-2010 microscope with an accelerating voltage at
200 kV.

Ti content in TiC-CDC-800 was determined by thermogravi-
metric analysis (TGA), using a Setaram TGA analyser. About 15 mg
of sample material was loaded into an alumina crucible and then
heated from 293 to 1023 K at a rate of 5 K min�1 under air at
0.15 MPa.

The Raman spectra were recorded using a Renishaw spectrom-
eter with Ar laser excitation (514 nm) equipped with a CCD de-
tector. All measurements were performed at room temperature.

High-pressure hydrogen adsorption/desorption measurements
were measured on a Hiden Isochema HTP-1 Sieverts-type volu-
metric gas sorption analyser with ultra-high purity hydrogen pro-
vided by Air Products BIP-Plus (99.99996%) at 77 K using a liquid
nitrogen bath for temperature control. Prior to each isothermal
measurement, the ~100 mg samples were degassed ex-situ at 473 K
for 10 h under dynamic high vacuum (~10�4 Pa) to removemoisture
and any impurities absorbed to the surface. All isotherms were fully
reversible, and repeat isotherms for different samples were
reproducible to within 0.3% of measured amounts absorbed.

The inelastic neutron scattering (INS) spectra of hydrogen
adsorption on the TE7, TiC-CDC-800 and SWCNTs were collected on
the TOSCA beamline at the Rutherford Appleton Laboratory in the
UK. TOSCA is an indirect geometry spectrometer with only one
value of Q (Å�1) for each energy transfer ET (cm�1) (Q2 ~ ET/16), has
an energy window from �3 meV to þ 500 meV and an excellent
energy resolution in the accessible energy transfer range (DE/E0 ~
1.5%) [31,32].

For the INS experiments, the carbon samples were degassed via
heating ex-situ at 473 K for over 10 h under high vacuum and were
then loaded in an Ar glove box into a high-pressure stainless-steel
sample can. The temperature was controlled by a standard cry-
ofurnace ancillary. The background scans of the degassed samples
under dynamic vacuum at 77 K were collected (for approximately
4 h each) before the hydrogen dosing. The background scans were
later subtracted from the INS spectra to correct for the presence of
terminal H atoms in the sample.

Comparative INS spectra of the SWCNTs were also collected on
the IN4 high-flux time-of-flight spectrometer at the Institute Laue-
Langevin (ILL) in France, which has an energy window up to
~30 meV with a good resolution of 200 meV and high flux. The
SWCNTs were degassed in a vacuum oven at 473 K over 10 h, then
immediately loaded into a high-pressure sample vessel. The sample
vessel was attached to a Hiden HTP-1 for H2 pressure control. The
temperature was controlled by a cryostat in-situ. The background
scans of the degassed SWCNTs under dynamic vacuum at 77 Kwere
collected before the hydrogen dosing. The background scans were
later subtracted from the INS spectra to correct for the presence of
terminal H atoms in the sample. The INS datawere collected at 77 K
with H2 dosing pressure at 0.1 MPa, 0.3 MPa, and 2 MPa.

The entire inelastic region (from 2 meV to 500 meV), the elastic
peak (from�2 meV to 2 meV), and the rotor peak at 14.7 meV were
fitted using a Gaussian function to calculate the integrated intensity
and the full-width at half-maximum (FWHM).

Grand Canonical and NVT Monte Carlo (MC) simulations of H2
adsorption at 77 K and pressures ranging from 0.1 Pa to 26 MPa
were carried out using the MuSiC software package [33]. Input
fugacities were calculated using the Leachman equation of state for
normal H2 [34]. Simulations were run for at least 107 MC steps, and
care was taken to ensure simulations had reached equilibrium
before sampling average properties. Periodic model carbon-based
pore systems were generated for cylindrical geometries (SWCNTs
in zigzag configuration arranged in a cubic packing that did not
allow for interstitial adsorption) and slit pore geometries with
explicit carbon atoms. These systems had set pore sizes, as outlined
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in Table 2, Supporting Information, Figure S11-S12. The pore size
measured in simulation was the separation between carbon atoms
on directly opposing pore walls, excluding the van der Waals radii
of the carbon atoms. Due to constraints imposed by fixed bond
lengths and curvature of the SWCNTs, the pore sizes (0.6 nm,
1.0 mm, 1.2 nm) investigated via modelling differed slightly from
the experimental values measured for the SWCNTs (0.7 nm, 1.0 nm,
1.2 nm). Both the carbon frameworks and hydrogenmolecules were
assumed to be rigid (i.e., bond lengths and angles were kept fixed)
and the carbon material was assumed to be defect-free. The system
was described using Lennard-Jones potentials only, with standard
parameters used for carbon [35] and hydrogen described as a two-
site Lennard-Jones model using the parameters of Yang and Zhong
[36].

The molecular dynamics simulations were carried out using the
DLPOLY 4 [37] code. Initially, each simulation cell was equilibrated
in the NVT ensemble, using the Berendsen thermostat, at 77 K. A
timestep of 0.5 fs was used over a simulation period of 100 ps.
Following this, a 100 ps simulation was undertaken in the NVE
ensemble to ensure stability in the NVE ensemble. Each simulation
cell was then simulated for 900 ps in the NVE ensemble at 77 K. The
mean squared displacement (MSD) of each hydrogen atom, over
the first 50 ps, wasmeasured to calculate the diffusion coefficient of
hydrogen. The reason for the short time sample was because two
different regimes are present. Initially a diffusive regime, over the
first 50 ps, and then non-diffusive due to confinement. Additionally,
a radial distribution function (RDF) between C and H and between
H and H was calculated across the full simulation.
3. Results and discussion

3.1. Structural characterisation

Three carbon materials were selected, representing three
different pore geometries whilst retaining chemically homoge-
neous adsorption surfaces and comparable pore diameters. The
selected samples were a TE7 activated carbon consisting of
randomly-ordered graphitic layers (used as a sorption reference
material [38]), a titanium carbide-derived carbon (TiC-CDC-800)
with slit pore geometry and a sample of single-walled carbon
nanotubes (SWCNTs) with cylindrical pore geometry. The SWCNTs
were thermally treated to remove the end caps and to allow gas to
access the internal porosity. The heating conditions were selected
to tune the open porosity and BET surface area of SWCNTs to a level
comparable with the other two carbon samples, while also cleaning
the surface and removing impurities. All three samples were
characterised as follows: Transmission electron microscopy (TEM)
was used to demonstrate the differences in pore geometries for
these materials, showing the randomly ordered graphitic layers of
TE7, the cylindrical pores of SWCNTs and the graphitic layers of TiC-
CDC-800, in Fig. 1aec.

Raman spectra of the three samples in Fig. 2 demonstrate two
peaks: the so-called G-peak at ~1590 cm�1 and the D-peak at
~1350 cm�1. The G-peak is the characteristic feature of the graphitic



Table 2
Surface area and porosity analysis of TiC-CDC-800, SWCNTs and TE7 carbons.

Pore geometry BET (m2 g�1) Total pore volume (cm3 g�1)a Micropore volume (cm3 g�1) Pore size distribution maxima (nm)

TiC-CDC-800 Slit 1107 ± 5 0.46 0.39 0.7
SWCNTs Cylindrical 945 ± 5 0.89 0.38 0.7, 1.0, 1.2
TE7 Disordered 1234 ± 7 1.33 0.42 0.7, 1.2

a Total pore volume is measured at P/P0 ¼ 0.95.

Fig. 1. TEM images of (a) TE7 (disordered), (b) SWCNTs (cylindrical pores), with insets highlighting individual SWCNTs, (c) TiC-CDC-800 carbon (slit-shaped pores). (A colour version
of this figure can be viewed online.)

Fig. 2. Raman spectra of TiC-CDC-800, TE7, and SWCNTs excited with 514 nm laser
radiation. The inset plot shows radial breathing modes (RBMs) of the SWCNTs. (A
colour version of this figure can be viewed online.)
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layers and corresponds to the tangential vibration of carbon atoms.
The D-peak is representative of defective graphitic structures. A
comparison of the intensity ratios of these two peaks gives a
measure of the quality of the bulk samples. The intensity ratio of D-
peak to G-peak (ID/IG) in Table 1 are indicative of a highly-ordered
structure for the SWCNTs and the defective graphitic structure for
TE7 and TiC-CDC-800 [39]. The TEM image and Raman results
demonstrate that TiC-CDC has a pore structure comprised of
defective graphitic sheets.

The Raman spectra of the SWCNTs showed the presence of
radial breathing mode (RBM) peaks in the low-frequency range
(Fig. 2 inset). In the case of MWCNTs, the signal from radial modes
of multiple tubes would be so weak that the RBM peaks would be
undetectable by Raman [40,41]; thus, the presence of suchmodes is
971
evidence of SWCNT or double-walled/few-layer nanotubes. This is
consistent with the TEM, in which the presence of SWCNT can be
clearly identified (inset Fig. 1b).

The diameter of the nanotubes calculated from the RBM peaks
using Equation (1) reported previously [42] varies between 0.6 and
1.2 nm.

uRMB ¼
A
d
þ B (1)

where u is the vibration frequency, d is the nanotube diameter, and
A and B are parameters that have different values for individual
tubes and tube bundles.

Nitrogen gas sorption measurements were carried out at 77 K to
determine the BET surface area and porosity of the three carbons
(Fig. 3), as there is a direct correlation between hydrogen adsorp-
tion capacity and surface area [43]. The BET surface areas were
1107 m2 g�1 for TiC-CDC-800, 945 m2 g�1 for SWCNTs and
1234m2 g�1 for TE7. The pore size distributions (PSDs) based on the
2D-NLDFT method are displayed in Fig. 3b, confirming narrowly
distributed pore sizes of roughly 0.7 nm diameter for all three
materials, and a small proportion of pores with size 1.2 nm for TE7,
and 1.0 nm and 1.2 nm for SWCNTs. The pore sizes and pore vol-
umes of these carbons were calculated from N2 gas sorption anal-
ysis and are detailed in Table 2.

All samples were tested for purity via thermogravimetric anal-
ysis and were confirmed to be > 97 wt% carbon. The TiC-CDC-800
sample exhibited 2.6 wt% remaining after carbon oxidation, cor-
responding to 0.84 mol% of the precursor (TiC), as shown in Fig. 4. It
has been shown previously that the phenolic resin-derived TE7 has
very limited surface oxygen groups [44]. The decomposition tem-
perature of TiC-CDC-800 in air was lower than that of SWCNTs and
TE7, as reported previously[20].

We used inelastic neutron scattering (INS) with in situ gas
dosing to experimentally probe the effects of confinement on the
behaviour of the very light hydrogen molecules inside the pores of
the carbon materials under pressure at cryogenic temperatures



Fig. 3. (a) N2 sorption isotherms at 77 K of TiC-CDC-800, TE7, and SWCNTs. The solid symbols represent adsorption, and the open symbols represent desorption. (b) The normalised
pore size distribution (PSD) calculated from N2 isotherms using the 2D-NLDFT model. (A colour version of this figure can be viewed online.)

Fig. 4. Thermogravimetric analysis (TGA) of the samples measured in flowing air at 5 K min�1 ramping rate. (A colour version of this figure can be viewed online.)
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[45e47]. Neutrons are highly penetrating, allow the use of high
pressure and cryogenic sample environments and, in the case of
physisorption of hydrogen, can be used to observe the rotational
transitions of adsorbed molecular hydrogen to give information on
the state (gaseous, liquid or solid) of the hydrogen inside the pores
[23,48,49].

3.2. Inelastic neutron scattering and hydrogen adsorption

Normal H2 (i.e., a ratio of 3:1 for ortho:para hydrogen spin iso-
mers at room temperature) was used for the in situ H2 dosing at
77 K on the three carbons for the INS experiments (Fig. 5 and Fig. 6).
972
Fig. 5a shows the background-subtracted INS spectra of the
hydrogen in TiC-CDC-800 up to pressures of 0.3 MPa (i.e., after
subtraction of the spectrum contributed by the relevant carbon
material under vacuum), demonstrating clear peaks at 0 meV,
attributed to the elastic and quasi-elastic scattering of immobile
(solid-like) and partially mobile (liquid-like) hydrogen. The spec-
trum, viewed with a logarithmic energy axis in the inset of Fig. 5a,
shows the rotational peaks at 14.7 meV for H2 adsorbed on the TiC-
CDC-800 at 77 K and the different pressure loadings. The presence
of a rotor peak at 14.7 meV was reported in our previous work on
the TE7 reference carbon [22] and corresponds to the J ¼ 0 / 1
(where J is the rotational quantum number) para-to-ortho



Fig. 5. a) INS spectra for H2 adsorbed on TiC-CDC-800 carbon at 77 K in order of increasing H2 pressure from 0.016 MPa to 0.3 MPa. The inserted figure is the magnified low energy
region showing the rotor line at 14.7 meV, plotted on a logarithmic scale on the x-axis. (b) INS spectra collected with thermal neutrons on liquid para-H2 (black line) at 14.3 K and
solid para-H2 (red line) at 12.2 K, obtained from the ISIS neutron database[54]. The data were collected on TOSCA with the relevant carbon background subtracted. (A colour version
of this figure can be viewed online.)

Fig. 6. INS spectra of H2 adsorption on TiC-CDC-800 and TE7 at 77 K and 0.016 MPa
dosing pressure and at 0.1 MPa hydrogen pressure for SWCNTs, collected on TOSCA.
The background for all the INS spectra has been subtracted so the INS spectra show
only the scattering from hydrogen. The orange line shows the rotor line at 14.7 meV. (A
colour version of this figure can be viewed online.)
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rotational transition in solid hydrogen [45,50], observed by both
TOSCA and IN4 neutron spectrometers. The presence of 14.7 meV
peak suggests that the H2 molecules are in a state where they are
fixed in three dimensions and behaving as a free rotor, and thus
approximating a solid (hence, ‘solid-like’). This significant and
sharp rotor peak is characteristic of H2 molecules that are transla-
tionally immobilised in all three dimensions, such as with bulk
solid hydrogen (Fig. 5b) [22,47]. The “rotor line” contribution at
14.7 meV was also clearly present for H2 on the three carbon ma-
terials on all three carbon materials studied on the TOSCA neutron
spectrometer (Fig. 6), and was also observed using other neutron
spectrometers, for example, the IN4 at the ILL (Supporting Infor-
mation, Figure S1).

From the structure characterisation demonstrated earlier in this
work and by other groups, all samples are pure carbon without
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containing significant amounts of either metal catalysts or surface
functional groups [22,51]; therefore, this extreme densification of
H2 molecules is solely caused by the confinement in nanopores. The
presence of the rotor peak in the INS indicated that the dominant
mechanism for sorption was physical adsorption of the HeH
molecule, rather than any chemisorption-mediated spillover from
defects or edges (which would not present a rotor peak [52]). In
addition, over the duration of the INS data collection of 3e6 h, the
integrated intensity over the entire INS spectrumwas consistent at
77 K at each pressure, indicating that the ratio of ortho to para-
hydrogenwas kept at the original 3: 1 ratio [53], further confirming
that any defects or terminal carbons were not acting as catalytic
sites for para-ortho conversion over the timeframe of the experi-
ment. Taken together with the full reversibility of the sorption
isotherms (as confirmed via volumetric gas sorption), it was thus
safe to assume that the predominantmechanismwas physisorption
in all three cases, and that any defects in the TE7 and the Ti CDC-
800 did not result in any significant chemisorption in the samples.

The elastic scattering and the rotational peaks have been ana-
lysed to quantify the proportions of the different H2 phases in the
pores. The total neutron scattering intensity in each spectrum was
normalised to the number of neutron counts. Hence, the integrated
intensity of the INS spectrum is proportional to the total amount of
H2 in the sample, including immobile (solid-like), partially mobile
(liquid-like) and gas phase. The ‘liquid-like’ hydrogen is that the
hydrogen molecules are in a state where they are have only limited
mobility. Gaseous H2 molecules do not scatter elastically but
contribute to the total spectral background across thewhole energy
range. As mentioned, the rotor line is indicative of immobile (solid-
like) H2. Integration of this peak, therefore, provides information on
the amount of solid-like H2. The integrated intensity of the rotor
peak was shown to increase with increasing H2 pressure (up to
pressures of 0.3 MPa) for all three samples, indicating an accumu-
lation of immobilised H2 in the pores.

To further determine relative amounts of H2 in different states,
we systematically evaluated the integrated intensities over
different regions of the INS spectra as a function of pressure (Fig. 7:
TiC-CDC-800, Fig. 8: SWCNTs). Detailed information for TE7 can be
found in our previous work [22]. The total amount of H2 in and
around the TiC-CDC-800 sample was evaluated from the integrated



Fig. 7. Integrated peak intensities from numerical integration of INS data from TOSCA for TiC-CDC-800 as a function of H2 dosing pressure at 77 K (a) the integrated intensity from
2 meV to 500 meV, (b) integrated intensity under the elastic peak from �2 meV to þ2 meV, (c) integrated intensity under the 14.7 meV rotor line from 11 meV to 18 meV, (d) the
evolution of the FWHM of the elastic line (0 meV) as a function of H2 dosing pressure at 77 K. (A colour version of this figure can be viewed online.)
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intensity over the entire inelastic range from 2meV to 500meV and
showed a Type I isotherm with increasing H2 pressure (Fig. 7a),
demonstrating the total accumulation of solid-like, liquid-like and
gaseous hydrogen. The integrated intensity of the rotor line rep-
resents the solid-like H2, while the integrated intensity of the
elastic peak indicates the amount of the strongly densified H2
(solid-like and liquid-like phases), shown in Fig. 7b and c. Both
figures showed a rapid increase in intensity at lower pressure
before approaching saturation, typical for a Type 1 isotherm [55].
Saturation is achieved when the micropores are fully filled with the
densified H2 at a pressure exceeding 1 MPa as indicated by high-
pressure H2 adsorption isotherms (Fig. 9a). The full-width at half-
maximum (FWHM) of the elastic peak at the lowest H2 adsorp-
tion pressure of 0.016 MPa was 0.330 ± 0.003 meV (Fig. 7d). This
value is very close to TOSCA’s instrumental resolution of 0.32 meV,
and the lack of significant peak broadening indicates the limited
mobility of the adsorbed H2. The INS spectra of H2 dosed into slit-
shaped pores of TiC-CDC-800 between 0.016 MPa, and 0.3 MPa
demonstrated that the quantity of contained, solid-like and liquid-
like H2 increased with pressure before its maximum excess
adsorption.

The INS spectra of H2 in the SWCNTs at 77 K (Supporting In-
formation, Figure S1-S2) presented an elastic line at 0 meV and a
rotor peak at 14.7 meV, indicating the presence of both liquid- and
solid-like hydrogen in the cylindrical pores at 77 K. It should also be
noted that in cases where nanotubes are tightly bundled, strongly
binding interstitial sites between adjacent nanotubes can be an
important contributing factor [52]. However, the rotor peak in Fig. 6
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shows a single peak, rather than the clear bimodal distribution at
low pressures that would be indicative of having substantial con-
tributions from two distinct sorption environments (for example,
one inside and one at the interstices of neighboring tubes [56]). In
addition, the TEM in Fig. 1b indicates the nanotubes are not
comprised of well-ordered bundles. Hence, it was assumed that the
majority of the densified hydrogen is occupying a single adsorption
environment inside the open tubes. The FWHM of the H2 elastic
peak of the SWCNTs was 0.44 meV at 0.3 MPa (Fig. 8d). This is
broader than was observed for TiC-CDC-800 (0.34 meV at 0.3 MPa,
Fig. 7d) as well as the peak width for TE7 (Supporting Information,
Figure S3), indicating the increased dynamics of H2 in the cylin-
drical pores. The broader FWHM of the H2 elastic peak results from
the increased mobility of H2 molecules in SWCNTs, highlighting
that H2 in the SWCNTs is more mobile than H2 confined in slit-
shaped pores at 77 K. This result indicates that the packing of H2
in the SWCNTs is less well-ordered than in slit pores, and thus, the
density of H2 in the SWCNTs may be lower than in slit pores. After
the initial rise of the FWHMof the elastic peak the SWCNTs over the
pressure range 0.01e0.3 MPa in Fig. 8b, the FWHM decreases at
2 MPa, suggesting an increase in the proportion of liquid-like H2 at
higher pressure.

It was also noted that the integrated intensity across the in-
elastic range (Fig. 8a) showed a rapid increase at high pressure,
resulting from the accumulation of gaseous hydrogen [34]. This
notable accumulation of gaseous H2 for the cylindrical pores indi-
cated that there was a substantial amount of hydrogen in the
sample that was outside the nanotubes, and therefore not confined.



Fig. 8. Integrated peak intensities from numerical integration of INS data for SWCNTs as a function of H2 dosing pressure at 77 K (a) the integrated intensity from 2 meV to 500 meV,
(b) integrated intensity under the elastic peak from �2 meV to þ2 meV, (c) integrated intensity under the 14.7 meV rotor line from 11 meV to 18 meV; (d) the evolution of the
FWHM of the elastic line (0 meV) as a function of H2 dosing pressure at 77 K. The data were collected on TOSCA. (A colour version of this figure can be viewed online.)
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The densities of the bulk hydrogen not confined within the nano-
tubes (equal to the bulk hydrogen density) were 0.32 kg m�3 and
0.95 kg m�3 at 0.1 MPa and 0.3 MPa, respectively [57]. Conse-
quently, the average density of H2 in the SWCNTs is the average of
this liquid-like, solid-like and gaseous hydrogen, which results in
lower overall densities when compared to the average density in
the slit-shaped pores. The ratio of the integrated intensity under
the rotor peak to the entire inelastic area indicates the ratio of solid-
like H2 to total H2 in and around the sample (Supporting Informa-
tion, Figure S4). The ratio of solid-like H2 to the total H2 for TiC-CDC-
800 is five times higher than for the SWCNTs, suggesting higher
overall H2 density in TiC-CDC-800.

Hydrogen storage capacities of the samples were evaluated
through high-pressure H2 adsorption isotherms of TiC-CDC-800,
SWCNTs, and TE7 measured at 77 K (Fig. 9a). Subsequently, the
experimental Gibbs excess isotherms for H2 adsorbed at 77 K were
modelled using a semi-empirical methodology [51], and then
converted to absolute H2 uptake (Fig. 9bed). During the H2
isotherm fitting, the average density of the adsorbed H2 in the pores
was obtained. The fitting equations are detailed in the supporting
information and illustrated in Supporting Information, Figure S5-S7.

The estimated average density atmaximum adsorption refers, in
particular, to the total adsorbate mass divided by pore volume,
which covers all of the H2 in the pores including highly densified H2
on the pore wall as well as less strongly adsorbed H2. The estimate
of the adsorbed H2 density on TE7 from fitting the experimental
isotherm to the Toth equation was 101 kg m�3, which is signifi-
cantly higher than the maximum density of liquid H2 of 70 kg m�3

(at 14 K and 7.36 kPa [34]) and is above the density of bulk solid H2
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of 87 kg m�3 (at 12 K) [58,59]. The high density of the adsorbed H2
in the pores was expected from the dense packing of hydrogen
molecules due to pore confinement. The average H2 densities on
TiC-CDC-800 and SWCNTs were calculated as 70 kg m�3 and
50 kg m�3, respectively, corresponding to average densities at
maximum adsorption similar to liquid hydrogen; these values are
consistent with our investigation from INS and the findings of
Gogotsi et al.[2], confirming the presence of densified H2 phase in
pores alongside less densely packed H2.

These densities of highly confined hydrogen at 77 K indicate an
effectively liquid fraction of hydrogen at temperatures (i.e., 77 K) far
above the critical temperature (33 K) and under conditions where
liquefaction should not be possible in bulk. Carbon nanomaterials
are known to have low isosteric enthalpies of adsorption (typically
5e10 kJ mol�1) [60,61] indicating that the binding strength of
hydrogen on carbon alone is not likely a major contributing factor
for the extremely high levels of densification. In the absence of
tightly packed nanotube bundles which could afford very specific
adsorption sites at the intersections of the tubes [62] or surface
functional groups, the densification of H2 inside the porous carbons
at 77 K is expected to be purely due to confinement in the optimally
sized pores.
3.3. Monte Carlo and molecular dynamics simulations

To clarify the differences in density of adsorbate, the adsorption
of H2 molecules inside micropores with pore sizes and geometries
consistent with experiment was explored viaMonte Carlo (MC) and
molecular dynamics simulations (MD). The MC simulated the



Fig. 9. (a) Experimental excess H2 sorption isotherm at 77 K for TiC-CDC-800, SWCNTs, and TE7 carbons. Experimental excess H2 uptake as a function of pressure and modelling at
77 K for (b) TE7, (c) TiC-CDC-800, and (d) SWCNTs. The red triangles, the black squares, and the blue circles represent the experimentally measured excess adsorption isotherms of
TE7, TiC-CDC-800, and SWCNTs, respectively; the solid red lines are the fitted isotherms, and the blue dashed lines represent the calculated absolute uptake. (A colour version of this
figure can be viewed online.)

Fig. 10. Favourable packing and orientations obtained from MC simulations of H2

confined in (a) slit-shaped pores at a pore size of 0.66 nm and in cylindrical pores at
pore sizes of 0.60 nm (b), 0.99 nm (c), and 1.16 nm (d). Hydrogen molecules are rep-
resented by single golden spheres, and carbon atoms are shown as grey sticks. (A
colour version of this figure can be viewed online.)
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density of H2 and degree of confinement at saturationwas found to
be comparable in both types of pore geometry for 0.7 nm pores
(~82 kg m3 for both cylindrical and slit pores). The predicted H2
density (denser than liquid H2) is consistent with the INS experi-
ments, which showed solid-like H2 adsorbed within the pores of
TiC-CDC-800 (slit pores) and SWCNTs (cylindrical pores).

Both the Monte-Carlo (MC) simulations and molecular dynamic
(MD) simulation revealed hydrogen molecules form two highly
ordered and well-defined layers within slit-shaped pores at pore
size < 1 nm (Fig. 10). This is consistent with the recent work by
Olsen et al. [63] who observed a H2 phase transition in the slit-
shaped pore with a width of 0.5e0.65 nm at 75 K. They demon-
strated the formation of a commensurate solid of orientationally
ordered ortho-H2 with a bilayer structure through INS experiment
and hydrogen adsorption [63].

Both MC and MD simulations of hydrogen molecules in the
0.66 nm diameter nanotubes showed a similarly well-defined
packing arrangement along the length of the nanotube (Fig. 10).
The packing of H2 molecules within cylindrical pores was found to
be strongly influenced by small changes in the pore diameter.
Increasing the pore diameter to 0.99 nm and 1.16 nm (i.e., corre-
sponding to the additional peaks present in the experimental PSD,
Fig. 3b) resulted in the formation of a less well-defined secondary
H2 layer in the pores, as well as in the increase in disorder of the
monolayer near the pore wall (Fig. 10).
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In the MC calculations, the larger pores were found to be of
particular relevance above a H2 partial pressure of ~1 MPa (Sup-
porting Information, Figure S8). At this point, the smallest pore was
nearly fully saturated, while the larger diameter pores were only
~75% filled (i.e., any H2 being adsorbed at higher dosing pressures is
likely to enter into the larger pores and therefore be less strongly
confined). This is consistent with the plateau in rotor peak intensity
and continued broadening of the elastic peak observed in INS ex-
periments (Figs. 7b and 8b).

However, we noted that the hydrogen density in the cylindrical
pores with a pore size of 0.7 nm obtained from the MC simulation
(82 kg m3) was higher than that calculated from the experimental
data fitting (50 kg m3). This can be explained by differences in the
sample between simulations and the experiment. In the simulation,
a simplified finite geometry of the cylindrical pore shape and
square-packed SWCNT arrays with the circumference of each pore
in contact with its neighbour were employed (Supporting Infor-
mation, Figure S11). This cylindrical unit cell was rigid and assumed
a close packed array which did not consider the random orientation
of the nanotubes. Experimentally, the SWCNTs were flexible and
randomly oriented, resulting in increased void space outside the
carbon nanotubes. Therefore, the experimental density was calcu-
lated to be significantly lower than the molecular simulation result.

We also used MD simulations to investigate hydrogen dynamics
inside the pores. The mean square displacement (MSD) was
calculated, which characterises the movement and diffusion of
hydrogen molecules (Supporting Information, Figure S14). The H2

adsorption on slit-shaped and cylindrical pores fall into two
different groups with H2 in the SWCNTs showing slower diffusion,
as indicated by the gradient of the slope in the diffusive regime (the
first ~20 ps of the simulation), and H2 in the slit-shaped pores
showing faster diffusion. The plateaus indicate a confinement ef-
fect. Based on the MSD, the self-diffusion coefficients were calcu-
lated using the Einstein relation as shown in Supporting
Information, Table S2, giving a higher diffusion coefficient of H2 by a
factor of ~2 in the slit-shaped pores compared to the cylindrical
pores. This result is consistent with the transport properties of H2
confined in carbide-derived carbons with different pore shapes and
size, reported by Harmas et al. [10] Within the cylindrical pores,
hydrogen has significant directional constraints due to the geom-
etry of the space, whereas in the slit pores, hydrogen is able to
explore more of the space available without surface/molecule in-
teractions restricting the dimensionality of translational motion.
This restriction in movement results in the reduced diffusivity
within the CNTs (Supporting Information, Figure S9-S10). In a more
open system, this difference in mobility may be considered sig-
nificant in determining more macroscopic experimental observa-
tions. However, the magnitude and early on-set of the observed
confining effects in both systems appear to be the dominating
factors from our simulations.

The simulations suggest small differences in order and mobility
of hydrogen confined in the three perfect systems. Overall, both the
MC and MD simulations confirmed the formation of highly ordered
H2 structure in both pore shapes within the experimental pore size
range. MD suggests that the mobility of H2 molecules in the
SWCNTs at a pore size of 0.58 nm is lower than in the slit pore
systems due to geometric constraints, while the significant
confining effect on mobility is very clear in both systems and will
likely be the dominating factor in our more macroscopic observa-
tions. The differences in ordering of hydrogen molecules in the two
pore shapes are subtle and difficult to properly contrast, as shown
in the calculated radial distribution function (RDF) plot in Sup-
porting Information, Figure S13. Perfect, rigid, and defect-free sys-
tems were used in these simulations, resulting in the discrepancies
seen in H2 density between the simulations and experiment.
977
4. Conclusion

To summarise, our studies confirm that confinement in pores
can have a strong influence on gas/liquid and liquid/solid phase
transitions, even in the case of a weakly-interacting molecule such
as hydrogen. Through the combination of in-situ INS, high-pressure
gas sorption experiments and simulations, we have systematically
investigated the effects of pore geometry and pore size on the
density and mobility of H2 in the microporous carbon materials,
contrasting and comparing the slit-like pores found in TiC-CDC-800
with the cylindrical pores found in SWCNTs and the disordered
structure of TE7 carbon. For all pore geometries, spectral features
consistent with the accumulation of densified H2 were observed at
77 K and pressures as low as 0.016 MPa. The results were com-
plemented by the molecular dynamics simulation and Monte Carlo
simulations of H2 inside different pore geometries, where H2
behaviour was found to be strongly influenced by small pore size
(<1 nm).

The MD and MC simulations demonstrated that SWCNTs with a
pore size around 0.58 nm led to the highest degree of hydrogen
ordering among the geometries studied here. The simulations also
suggested that subtle differences in order and mobility exist be-
tween the two pore geometries. Therefore, a narrow pore size
distribution (<1 nm) remains the most crucial factor for max-
imising hydrogen density and capacity of porous materials. It is
suggested particularly during industrial manufacture, tuning pore
size of porous material to less than 1 nm should be the main
consideration for gas adsorption, rather than costly control of ho-
mogenous pore shape.

In conclusion, this study sheds new light on confined hydrogen
behaviour at supercritical conditions. The results demonstrate that
the pore size remains the key factor when optimising hydrogen
densities in pores for high capacity H2 storage applications. How-
ever, pore geometry may represent another consideration for high
density gas phase transition for other applications, e.g. controlling
hydrogen crystallisation.
Supporting Information

Supporting Information includes modelling of high-pressure H2
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