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Abstract

Current state-of-the-art methods consist of containing high-pressure compressed hydrogen in
composite cylinders, with solid-state hydrogen storage materials an alternative that could improve
on storage performance by enhancing volumetric densities. A new strategy that uses cryogenic
temperatures to load hydrogen (cryocharging) is proposed and analysed in this work, comparing
densities and final storage pressures for empty cylinders and containers with the high-surface area
materials MIL-101 (Cr) and AX-21. Results show cryocharging as a viable option, as it can
substantially lower the charging (at 77 K) and final pressures (at 298 K) for the majority of the
cases considered. Kinetics are an equally important requirement for hydrogen storage systems, so
the effective diffusivities at these conditions for both materials were calculated, and showed values
comparable to the ones estimated in metal-organic frameworks and zeolites from quasielastic
neutron scattering and molecular simulations. High-surface area materials tailored for hydrogen
storage are a promising route for storage in mobile applications and results show that cryocharging
is a promising strategy for hydrogen storage systems, since it increases volumetric densities and

avoids energy penalties of operating at high pressures and/or low temperatures.



Introduction

The environmental impacts of our current use of energy are becoming alarming, as combustion of
fossil fuels creates a number of issues, the most important of which is global anthropogenic climate
change. Climate scientists have pointed out that we are reaching dangerous levels of greenhouse
gases in the atmosphere, which could mean an increase in the global temperature by more than 2
°C, causing irreversible damage to life on Earth [1]. Added to this, fossil fuels are unequally
distributed on Earth, so there are geopolitical drivers for governments to increase their energy

security and be less reliant on external sources of energy.

In this context, hydrogen energy is a promising sustainable energy technology, as it can help solve
some of these issues. Hydrogen energy is currently considered for a number of uses, including as
a means of energy storage for the electric grid, but its main appeal is as an alternative fuel for the
transport sector. The transport sector is heavily reliant on oil and needs to be decarbonised, as it
currently accounts for about 13 % of all greenhouse gas emissions, so alternative fuels with a lower
carbon footprint are much need [1]. Hydrogen puts forward an interesting case to serve as an
alternative fuel, as it is the chemical fuel with the highest energy density on a gravimetric basis,
with a lower heating value of 120 MJ kg™* (compared with 40-50 MJ kg? for most hydrocarbon
fuels, including petrol and diesel) [2]; it produces energy cleanly, as oxidation of pure hydrogen
with oxygen only yields water [3]; it can be used electrochemically in a fuel cell, which is
considered a superior technology to internal combustion engines, due to its inherent higher
efficiency [4]; and is abundant on the Earth, being the third most common element on its crust, in
chemical compounds, including water, biomass and hydrocarbons [5, 6]. Molecular hydrogen (Hz)
does not exist freely in nature, which means that energy will always have to be used to produce it
but its abundance means that there is a multitude of production pathways [7]. This means that H:
is an energy vector, not a primary source of energy, as it can only yield as much energy as was
used to produce it in the first place [2]. In addition to this, there are technological difficulties in
hydrogen energy (including in efficiencies in production and use) as well as social and economic
shortcomings, ranging from acceptance of the technology to cost [8, 9]. One decisive technological
barrier is hydrogen storage — how to store hydrogen in an efficient, safe and affordable way. The
difficulty is due to the intrinsic low density of (H2) which is a very weakly interacting molecule,
as reflected in its density at standard pressure and temperature (0.089885 kg m) and its extremely



low normal boiling and melting temperatures of 20.28 and 14.01 K, respectively [2, 10]. As a
liquid, hydrogen’s density ranges from 33 to 77 kg m= [10] (compared to liquid water’s density at
298 K and 0.1 MPa of 997.09 kg m=[11]) and even as a solid, it only has a density of 87 kg m™
(at 4 K and 0 MPa) [12], which is less than 10 % of the density of ice (917 kg m™3).

Fuel cell electric vehicles that run on hydrogen are one of the most promising technologies in
energy efficient transport, with merits including zero emissions at point-of-use and a multitude of
hydrogen-producing pathways, with a zero-emission fuel across its life cycle possible if
sustainable sources are used in production. Arguably the most difficult technical challenge in
hydrogen-fuel cell vehicles is the design of safe and efficient strategies for onboard storage of
hydrogen. For mobile applications, space is at a premium, so the emphasis is on increasing
hydrogen’s volumetric density. Current state-of-the-art for hydrogen storage in mobile
applications is compression in high-pressure cylinders. This currently consists of storage at room
temperature at 70 MPa in a type IV cylinder. Type IV cylinders are composite cylinders with a
polymer liner, which is usually high density poly(ethylene), HDPE. This storage method is used
in the forthcoming Toyota Mirai hydrogen fuel cell vehicle [13]. One option to improve on the
current state-of-the-art is to incorporate solid-state storage materials for hydrogen storage to
improve on volumetric densities, so lowering the occupied volume or diminishing the operating
pressure for equal amounts stored. Adsorbent materials, with high-surface areas and uptakes for
hydrogen could be incorporated in high-pressure cylinders, and one design alternative is to use
adsorbent materials as liners in high-pressure tanks. Using adsorbent materials as liners could offer
promising features, including improved thermal and mechanical properties in addition to an
improvement on volumetric densities, as hydrogen is adsorbed into the solid-state materials.
Additional complementary benefits are in safety, as empty cylinders that discharge high-pressure
cylinders can have a long range flame (due to large flowrates from high pressures of hydrogen

within the cylinder), in case of ignition upon catastrophic failure.

Designing hybrid high-pressure hydrogen cylinders which combine adsorbent materials as liners
is heavily reliant on the properties of the materials. Solid-state hydrogen storage material
requirements have been highlighted in recent reports [14] and by the US Department of Energy,

as exemplified in their Annual Merit Review [15]. The DOE has enumerated a number of



requirements, which range from volumetric and gravimetric densities, minimum and maximum
delivery temperature to a fuel cell, minimum and maximum pressure, onboard efficiency, cycle
life, loss of hydrogen, purity of hydrogen required and fill times, among others. So far, none of the
materials, adsorbents or others, have completely fulfilled the requirements, so work on developing

and testing new materials is ongoing.

There are limitations for hybrid storage systems with adsorbent materials within them. Operating
conditions are important, as adsorptive storage of hydrogen is only significant at cryogenic
temperatures and the standard is to use liquid nitrogen temperature (77 K), which is affordable and
easily accessible. The adsorbents considered for hydrogen storage are highly porous, but they still
have an inaccessible solid volume that will displace storage volume in the container. It has been
shown that there is an optimum pressure range to incorporate adsorbent materials in tanks, which
is independent of how much adsorbent is incorporated [16, 17]. The gains in adsorption are more
pronounced in the low pressure region, and eventually a pressure is reached (the “break-even
pressure” ([16, 17])) at which there is more hydrogen stored in an empty cylinder of equivalent
size. If adsorbents are used in hybrid storage systems, the likely operating conditions are cryogenic

temperatures and moderate pressures, certainly lower than 70 MPa.

Compression at room temperature incurs a high energy penalty (compression of hydrogen to 70
MPa requires approximately 18 MJ per kg Hz, which is 15 % of its lower heating value) [18].
Cryocharging the hydrogen cylinders could be a potential solution to reduce the energy penalty,
as the pressures involved are much lower. Cryocharging is the charging of compressed hydrogen
cylinders at cryogenic temperatures, hence lowering the loading pressures needed to obtain high
volumetric densities. As cylinders are then returned to ambient temperatures, there is no need to
maintain cryogenic temperatures, so no insulation is required. In this work, cryocharging was
assessed by determining the pressures needed to fill hydrogen tanks at 77 K and comparing the
same conditions using hybrid systems, with both an activated carbon (AX-21) and a metal-organic
framework (MIL-101 (Cr)). Three different scenarios were used - charging at 0.1 MPa and 77 K
and calculating densities at 298 K, charging to obtain an equal density to a 35 MPa storage cylinder
(23.3 kg m®) and to obtain a density equal to gas in a 70 MPa cylinder (39.2 kg m). The working
volumetric capacity, which is calculated based at a charging pressure of 6.5 and 3.5 MPa and a



delivery pressure of 0.5 MPa was determined at a range of temperatures. As fast charging and
discharging are needed for practical applications, the kinetics for both adsorbents at these operating
conditions — high-pressures and cryogenic temperatures - were modelled using the linear-driving
force model to estimate mass transfer coefficients and effective intraparticle (or transport)

diffusivities.

Materials and Methodology

The materials used in this work were metal-organic framework MIL-101 (Cr) and activated carbon
AX-21. These material are chosen as representatives of high-surface area sorbents. AX-21 is a
very high-surface area material and one of the most studied activated carbons to date [19]. It is
produced from coconut shell precursors treated with KOH [19] and is commercially available,
having been acquired from Anderson Development Company. MIL-101 (Cr) is a high-surface area
metal-organic framework, with high hydrogen capacity and good stability [20]. It is predominantly
mesoporous, with the crystal structure showing a tri-modal pore size distribution, with sizes of 0.7,
2.9 and 3.4 nm [21]. The MIL-101 (Cr) was synthesised following the procedure from Sharpe et
al. [22]. Both these materials have been fully characterised in our laboratory [23]. The hydrogen
isotherms were collected from temperatures ranging from 77 to 298 K and for pressures up to 18
MPa and were previously published [24]. Modelling of the isotherms was carried out using the
non-linear fitting tool available in Origin Pro 9.1 (OriginLab Corporation, Northampton, MA,
USA). The bulk density of hydrogen was modelled using the data available from the NIST
Webbook of Chemistry [25], which is based on the Leachman equation of state, the best available
equation of state for hydrogen [10]. For computational ease, the bulk density obtained from NIST
was fitted with a rational function. The isotherms were fitted using a methodology that
distinguishes between excess (eq 1), absolute (eq 2) and total adsorption (eq 3) and assumes a
constant density of adsorbate [22, 24, 26-28].
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where me. is excess adsorption, m, is absolute adsorption (which refers to the adsorbate), m; is total
adsorption (which refers to the total amount in the pore space), pa is the density of the adsorbed
phase, py is the density of the bulk phase, 0 is the fractional filling of the micropore, and V}, is the
pore volume. The units for me, ma and m; are wt. %, which is mass of hydrogen over mass of
degassed sample, the units for p, and py are kg m™, the filling function 0 is dimensionless and ¥,

is in units of cm® g!.

Excess hydrogen isotherms for the AX-21 from 90 to 298 K and up to 18 MPa and for the MIL-
101 (Cr) from 77 to 292 K and up to 12 MPa were analysed and modelled, with the fractional
filling 6 modelled using the Toth equation (eq. 4) [29-34],

bpP

[1+(bP)c] /e

In eq. 4, b is the Téth affinity parameter, P is absolute pressure and c is the Téth heterogeneity
parameter. All the parameters are assumed to be constant with temperature, except for the Téth
affinity parameter b, which was assumed to follow a van’t Hoff dependency (eq. 5).

b = boe(%)

(%)

In eq.5, bo is the pre-exponential or entropic parameter (b and bo are in units of inverse pressure,
say MPal), Qs is the energy or enthalpic parameter (in units of kJ mol™?), R is the molar gas
constant (0.008314 kJ mol™) and T is absolute temperature in K.

The isotherm data were acquired using a volumetric sorption equipment Hiden HTP-1 (Hiden
Isochema, Warrington, UK), which also records the real-time uptake, temperature and pressure of
the sample. This kinetic data (uptake as a function of time) were modelled using the linear-driving
force (LDF) equation. The LDF equation was introduced by Gleuckauf and Coates [35, 36] and is

shown in eq. 6.

(5), = k(nz =n(®) ©)



where n is amount adsorbed, ¢ is time, n> is the equilibrium amount (for ¢t — o), n(¢) is amount
adsorbed at time ¢ and £ is the mass transfer coefficient (MTC) for the LDF model. Integration of

eq. 6 using the boundary condition n = n; at t = #o yields eq. 7.

n(t) =n, — e(_k(t_t‘)))(nz —ny) (7)

For a volumetric sorption experiment, a pressure step is introduced in the sample and the amount
adsorbed changes as a function of time. Mass transfer into the sample will be driven by this
pressure step. Since the sample holder is a known volume and the sample has a known skeletal
density, the gas that is adsorbed by the sample can be calculated from a mass balance to yield the
excess uptake. Because of the changing concentration at the surface of the adsorbent particle, a
correction has to be done to the eq. 7 in volumetric experiments [37, 38], where the fraction present
in the adsorptive that is ultimately adsorbed is taken into account. The correction in the LDF model

is shown in eq. 8.

n(t) = ny — e(AE0) () —n)) (8)

where A is the fraction of sorbate present that is ultimately adsorbed, calculated from the initial
and final amounts of moles in the bulk adsorptive, as shown in eq. 9, n, is the amount of moles in

the adsorptive at instant =0 and 7« is the number of moles in the adsorptive at equilibrium (¢ —

).
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The fitting of the kinetic data was done using the non-linear fitting tool in Origin Pro 9.1, with no
and 7 fixed to the initial amount and the initial time, respectively. This was done for every pressure

step in the isotherm. All the kinetic data for the AX-21 at 90 K and from the MIL-101 (Cr) at 77
and 90 K were analysed with this method.



Sample imaging was done using a JEOL 6480 LV scanning electron microscope, after dispersing
the sample on a highly ordered pyrolytic graphite background. The resulting images were treated
with Image J [39] to obtain particle sizes, first by converting to a black and white image and
identifying the dispersed particles and their average area with the software. The black and white

figures and the results of the image treatment are shown in Supplementary Information.

Results and Discussion

The hydrogen isotherms were modelled using a methodology developed at Bath, and including
recent developments that distinguish between total, absolute and excess and assume a constant
density of adsorbate [16, 22, 24, 26, 27]. Recently, the same methodology was applied to high-
pressure methane isotherms to determine total amounts and it was found that methane can have
very high adsorbed densities and energy densities comparable to methanol [23]. The H. excess
isotherms for both materials were fitted to eqg. 1 and the results are shown in Figure 1.
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Figure 1 - Hydrogen excess isotherms on MIL-101 (Cr) and AX-21. The solid lines are the excess fits to the experimental
points.

The parameters in eq.1 were determined using the non-linear fitting tool in Origin Pro 9.1, apart
from the pore volume, which was fixed to the values obtained experimentally [23] using the

Dubinin-Radushkevich (DR) method [40] on nitrogen isotherms at 77 K.



The parameters obtained from the fitting of eq. 1 to the excess hydrogen isotherms are shown in

Table 1.

Table 1 — Fitting parameters for the hydrogen isotherms on MIL-101 (Cr) and the AX-21. The *+ uncertainly refers to the
standard error from the nonlinear fitting.

MIL-101 (Cr) AX-21
Adsorbate density, pa

/ 88.0+£2.0 71712

kg m?

Micropore volume,
Vpi 0.81 1.97
cmé gt
Téth energy

parameter, Qst/ 549+0.10 6.36 £ 0.09

kJ mol*?

Téth entropy
parameter, b / 3.28x10°%+3.9x 10* 6.21 x 103+ 7.2x 10*
MPa?

Toth dimensionless
heterogeneity 0.47 £0.02 0.26 £ 0.01

parameter, c

The determined parameters show a very high adsorbed density for the hydrogen in both materials,
which for the MIL-101 (Cr) is even higher than density of solid hydrogen at 4 K and 0 MPa (87
kg m™) [12]. For the AX-21, the adsorbed density is within the liquid hydrogen range (33 to
77 kg m?). Recently and applying the same methodology, the same materials showed adsorbed
densities for methane that were also very close to liquid methane [23]. It should also be noted that,
in this case, the pore volume used in the fitting is the one determined from the DR method on a
nitrogen isotherm at 77 K. Hydrogen is a smaller molecule than nitrogen and there is some
evidence that it might result in a larger available pore volume than nitrogen, which would influence
the value obtained for the adsorbed density [41]. The heterogeneity parameter in the T6th equation

refers to the structural or chemical heterogeneity of the surface. It varies between 0 and 1, in which
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1 is a completely homogeneous surface, hence reducing the Toth equation to the Langmuir

equation.

Cryocharging capacities

The quantities stored using cryocharging for the two materials and the empty cylinder were
compared. For the hybrid systems, the total adsorption determined from eq.3 was used to calculate
the total amount of hydrogen present in the cylinder. The first scenario involved the calculation of
the quantity of hydrogen present at 77 K and 0.1 MPa and the final pressure at 298 K, assuming
the cylinder is empty, half full (50 % of volume occupied) of adsorbent or completely full of

adsorbent. The results are shown in Figure 2.

25- MIL-101 (Cr) 25- AX-21

Il Density of H,, kg m®
i

204 | Density of Hp, kg m3 204

I MPa

15

10

Empty 50 % Full Empty 50 % Full

Figure 2 - Cryocharging at 77 K and 0.1 MPa, with volumetric densities and final pressures at 298 K for an empty
container, half full and completely full of adsorbent. The adsorbents are the MIL-101 (Cr) and the AX-21.

As it can be seen in Figure 2, cryocharging with a cylinder completely full of adsorbent yields a
volumetric density of 16.3 kg m for the MIL-101 (Cr) and 13.1 kg m™ for the AX-21, with a
calculated final pressure in the cylinder of 20.2 and 14.3 MPa, respectively. The volumetric
densities refer only to the internal volume of the cylinder, considering the total amount of hydrogen
and the volume occupied by the adsorbent. This shows better performance than the empty cylinder,
in which only 0.3 kg m™ of hydrogen can stored at the same conditions, with a final pressure at
298 K of 0.4 MPa.
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The next comparison was to emulate the densities of hydrogen in 35 and 70 MPa cylinders for
hybrid systems and comparing the cryocharging performance. The densities of hydrogen at 298 K
in 35 and 70 MPa cylinders are 23.3 kg m™ and 39.2 kg m=, respectively. In Figure 3, the initial
and final pressures needed to charge with a density equal to a 35 and 70 MPa cylinder for systems

that are completely full of adsorbent, have 50 % of their volume in solid adsorbent and empty.

Charging pressure at 77 K Final pressure at 298 K
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Figure 3 - Cryocharging at 77 K to obtain a density equal to a 35 or 70 MPa high-pressure cylinder. On the left-hand side,
the charging pressures at 77 K, on the right-hand side the final pressures at 298 K. The MIL-101 (Cr) is on top and the
AX-21 is below.

Figure 3 shows a more complex picture for cryocharging in hybrid systems. For containers full of
adsorbents, in both cases, the required charging pressures are much lower in comparison with an
empty tank, as the container full of MIL-101 (Cr) only needs 0.3 MPa and the container full of
AX-21 only needs 0.7 MPa, both at 77 K, to obtain a density of 23.3 kg m™. The final pressure at
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298 K for the MIL-101 (Cr) hybrid cylinder is 34.0 MPa and for the AX-21 is 32.6 MPa, which is
below the pressure in an empty tank for equal hydrogen densities, which is 35 MPa. This is possible
because the break-even pressure is below 35 MPa for both adsorbents [16, 17], meaning that
cryocharging is an interesting strategy, as the pressure needed for charging at 77 K is lower by a
factor of 27 and 10 for the MIL-101 (Cr) and AX-21, respectively, and the final pressure is below
the final pressure of an empty tank at 298 K, which is 35 MPa.

For densities equal to 70 MPa cylinders (39.2 kg m=), the adsorbents still represent an advantage
in charging pressures, as the tank full of MIL-101 (Cr) only needs 2.1 MPa and the AX-21 only
needs 5.2 MPa, compared to 13.5 MPa needed for the empty cylinder. However, the final
pressures, as 70 MPa is above the break-even pressures for both adsorbents, are higher than the
final pressure of the empty cylinder (70 MPa). For the MIL-101 (Cr), the final pressure at 298 K
is 115 MPa and for the AX-21 is 81.6 MPa, which could represent increased costs in cylinder

design (as they have to withstand higher pressures) and an additional safety concern.

Calculating working capacities

Designing hybrid systems that deliver hydrogen at vacuum represents an energy loss, as there is
an energy penalty involved in sub-atmospheric pressures. Taking this into account, the working
capacities for hydrogen storage in both systems (AX-21 and MIL-101 (Cr)) were investigated,
from 77 K to room temperature. The working capacities were calculated by determining the total
uptake at the charging pressure (two charging pressures were used, 6.5 and 3.5 MPa) and

subtracting the total uptake at the delivery pressure (0.5 MPa). The results are in Figure 4.
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Figure 4 - Working volumetric capacities for the MIL-101 (Cr) and the AX-21, from 77 K to room temperature, calculated
assuming a delivery pressure of 0.5 MPa and a charging pressure of both 3.5 and 6.5 MPa.

The results in Figure 4 show that, when considering the working volumetric capacities for these
charging and delivery pressures, there is little advantage in using hybrid systems with adsorbents.
The working capacity at 77 K for the MIL-101 (Cr) with a charging pressure of 3.5 MPa yields
~14 kg m™ of stored hydrogen, which compares with ~10 kg m= for an empty cylinder. When
considering 6.5 MPa as the charging pressure at 77 K, the MIL-101 (Cr) displays ~17.5 kg m= of
volumetric working capacity, which is slightly less than the working volumetric capacity at the
same conditions for an empty cylinder (~20 kg m=). The AX-21 shows the same working
capacities at 3.5 MPa at 77 K, with ~14 kg m-3 with adsorbent and ~10 kg m™3 without adsorbent.
At the same temperature and using a charging pressure of 6.5 MPa, the AX-21 shows roughly the
same working volumetric capacity as the empty cylinder, with both having a value of ~20 kg m™,
The working volumetric capacities are based on the difference of amount at 3.5 or 6.5 MPa and
0.5 MPa, so they are very dependent on the shape of the isotherm and a large uptake at lower
pressures (below 0.5 MPa) will not influence the deliverable amounts. In Figure 4, the MIL-101
(Cr) shows a growing working capacity up to 100 K, for both the 6.5 and 3.5 MPa charging
pressures, with diminishing capacities afterwards. The AX-21 shows working capacities at 77 and
90 K that are close and then diminish with increasing temperature. It should be noted that the
compressive working capacities, which are calculated for empty cylinders, are the same in both
graphs. The overall conclusion from Figure 4 is that, considering these loading and delivery
pressures, hybrid systems do not represent significant gains in uptake over empty cylinders at these

conditions and they are adding additional weight to the system.
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Adsorption kinetics

Another important requirement for solid-state storage materials are the charging times of
hydrogen, so the mass transfer in these materials was investigated at the same conditions
considered in this work — high-pressures and cryogenic temperatures. Kinetic data, which consists
of uptakes as a function of time for all the isotherm points is available from the Hiden HTP-1
volumetric gas sorption analyser. Along with the gas uptake as a function of time, sample pressures
and temperatures are also tracked in real-time, and Figure 5 shows the molar uptake, sample
pressure and sample temperature for the MIL-101 (Cr) at 77 K for the first two pressure steps
(~0.06 and ~0.15 MPa).

Excess uptake

Pressure P, MPa T, K
3507 | —— Temperature r 020 77.30
300 -
= 2504 - 015 | 77.29
£
=
3‘200—
© r 010 17708
5 150-
2 100 - i
(0] - &
£ 005 | 4727
50 -
i - 0.00
0 T T T g T T T g T T T T T WL T77.26
0 5 10 15 20 25 30 35
Time, min

Figure 5 - Pressure, uptake and temperature as a function of time on MIL-101 (Cr) at 77 K on the first two pressure steps
(0.06 and 0.15 MPa). The black y-axis on the left-hand side is uptake in pmol and the two y-axis on the right-hand side are
the pressure (in red, MPa) and the temperature (blue, K).

Figure 5 shows the first two pressure steps for hydrogen isotherm in MIL-101 (Cr) at 77 K,
showing the hydrogen uptake (in pmol), the pressure (in MPa) and the sample temperature in K as

a function of time (in minutes). Adsorption is an exothermic process, so heat will be released into
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the system immediately as the uptake increases and this can be seen in the figure, with an increase
in sample temperature upon adsorption at 2 mins and again at 16 mins. This variation in
temperature is minimal, as in the Hiden HTP-1, the 77 K isotherm is measured in an immersion
reactor full of liquid nitrogen, resulting in excellent temperature control with an almost
unnoticeable temperature variation for each pressure step, as seen in the figure. Another conclusion
to draw is that, at least for the first two pressure steps, the kinetics seem to be extremely rapid, as

the uptake quickly increases upon the pressure step and reaches equilibrium in under 2 minutes.

Diffusion processes are usually described using Fick’s law of diffusion, which states that the rate
of transfer of a substance through a cross-sectional area is proportional to the concentration
gradient along the normal vector of that area [37]. Fickian diffusion has been widely used to
describe adsorption kinetics, but modelling adsorption processes using strict Fickian models can
result in complex mathematical formulations [42]. The Linear Driving Force model (LDF), which
was introduced by Glueckauf and Coates [35, 36], has been used extensively in the literature to
measure macroscopic, non-equilibrium diffusion and extract effective intraparticle (also known as
transport) diffusivities [43]. The LDF model has the distinct advantage of being simple and
physically consistent, and has been applied to analyse adsorption kinetics in a variety of materials
[38], including in non-isothermal adsorption kinetics [38]. The integration of the LDF model
shown in eq.7 can be applied to the analysis of the kinetic data for each pressure step, to extract
the mass transfer coefficients and determine the effective intraparticle diffusion of hydrogen in
AX-21 and MIL-101 (Cr) at cryogenic temperatures and up to 18 MPa.

Figure 6 shows the hydrogen uptake in pumol as a function of time fitted using the integrated form

of the linear driving force model in eq. 7. The sample temperature is shown in the right-hand side

axis, in blue and in K.
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Figure 6 - Kinetic data (black dots) for the AX-21 at 90 K (A), MIL-101 (Cr) at 77 (B) and 90 K (C) for the 4" pressure
step (0.66, 1.11 and 1.62 MPa, respectively). The data was fitted using a linear driving force model (red line). The sample
temperature is shown in K (blue line).

For each pressure step, the linear driving force model was modelled on the kinetic data, using no
and to as the initial points at which a change was observed on the molar uptake upon the pressure
change. The parameters determined from the individual fits were n, (the equilibrium molar uptake)
and k, the mass transfer coefficient (MTC) in the LDF model. The dispersion of values and the
corresponding fits to the kinetic data varied, but they were consistently better in data that did not
display great temperature variation. All the fits of the LDF model to each pressure step for the
MIL-101 (Cr) at 77 and 90 K and for the AX-21 at 90 K are shown in Supporting Information. To
assess the quality of fits to the kinetic data, the adjusted coefficient of correlation (adjusted R?)

was calculated for the individual fits and a graph with its values as a function of the pressure step

17



is shown in Supporting Information for the AX-21 at 90 K and for the MIL-101 (Cr) at 77 and 90
K. The MTCs in the LDF model are shown in Figure 7.
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Figure 7 - Mass transfer coefficients for all pressure steps from AX-21 at 90 K and MIL-101 (Cr) at 77 and 90 K
calculated using eq.7 (error bars correspond to the standard error from the nonlinear fitting).

There is a greater variability at 90 K for both materials, which is indicative of the influence of
temperature on the mass transfer. Transient uptake rate measurements are subject to heat transfer
limitations, as noted before and illustrated in this data [44]. In the MIL-101 (Cr) at 77 K, where
the sample temperature is much more carefully controlled, the variation is minimal, with MTC
varying between 4 and 7 min. For the same material at 90 K, the values for the MTC range
between 1 and 19 min. If outliers are excluded, most of the values will fall between 7 and
14 mint. The MTC for the AX-21 at 90 K range between 3 and 21 min but again, if outliers are

excluded, most values will fall between 5 and 9 mint.

The correction for volumetric systems, which is built into eq.8 and accounts of the fraction of gas
in the adsorptive which is adsorbed at each pressure step, was also calculated. The difficulty in
this approach is that, with increasing pressures, this fraction will diminish and should only be

accounted when it is very significant. The initial and final pressures were used to calculate the
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fraction of gas in the adsorptive which is taken up by the adsorbate. The calculated A values are
all very low, as at very high pressures, the fraction of gas in the adsorptive that is adsorbed in the
pore is residual, as saturation is reached and only small quantities are adsorbed. Our calculations
show that A is less than 0.30 in all materials after only 5 MPa. At higher pressures, calculated A
is even smaller, with a value of around 0.10 at 11 MPa for the MIL-101 (Cr) and a value of 0.04
for the AX-21 at 16 MPa. As the MTC is calculated by factoring the A, and this is very low at high
pressures, the results are significantly affected. A figure with the corrected MTC is shown in the
Supplementary Information.

As shown by Glueckauf and others [35, 36], the MTC in the LDF model can be related to the
effective intraparticle diffusivities, assuming a spherical particle and using a particle radius Rp.
The equation that relates the MTC in the LDF model and the diffusivities is shown in eq. 9.

D
'

k=15 - (9)

where D is the effective intraparticle (or transport) diffusivity. The average particle diameter for
both the AX-21 and MIL-101 (Cr) was taken from SEM imaging (Fig. 8). The SEM micrographs
shown in Figure 8 were treated with Image J [39] to determine an average particle diameter. The
treated image and the determination of the particle radius from SEM are shown in Supplementary

Information.

Figure 8 - SEM micrographs of MIL-101 (Cr) (left) and AX-21 (right).
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The diffusivities were calculated using eq. 9 assuming a spherical particle and calculating the
particle radius from the particle area of Image J. The mean particle radius were determined at 3.55
pm for the AX-21 and 5.57 pum for the MIL-101 (Cr). The MTC were averaged for each
temperature and across the pressure range. In Table 2, the mean MTC across all pressures for each

temperature, where the uncertainty is the standard deviation and the calculated diffusivities.

Table 2 — Fitting parameters for the hydrogen isotherms on MIL-101 (Cr) and the AX-21. The error+ uncertainty refers
to the standard error from the nonlinear fitting.

Mean MTC Particle radius Effective diffusivity
min! pm m? s
AX-21,90 K 8.23 +3.36 5.57 3.24x 108
MIL-101 (Cr), 77K 5.47 £ 0.87 3.55 2.15x 108
MIL-101 (Cr), 90 K 10.09 +4.37 3.55 6.24 x 108

Effective diffusivities (or transport diffusivities) can be estimated from macroscopic methods and
also from molecular simulations. Molecular simulations usually calculate the self- (or tracer)
diffusivity, which can then be related to the transport diffusivity using the corrected diffusivity
[45]. Hydrogen transport diffusivities in metal-organic framework [Zn(bdc)(ted)os] at 77 K
calculated using the correction to the self-diffusivity obtained from molecular simulations showed
values that ranged between ~1 x 108 and 1 x 107 m? s [46]. High values for hydrogen self-
diffusivities were observed experimentally using quasielastic neutron scattering for metal-organic
frameworks, in which a value of 2 x 10 is extrapolated for the self-diffusivity at 77 K for the
MIL-47 (V) [47]. The values from Table 2 are comparable to diffusivities of deuterium in zeolite
NaX, which showed a value of ~3.5 x 10 m? s for the calculated transport diffusivity at 100 K
from quasielastic neutron scattering measurements [45]. High sorption diffusivities are needed, as
one of the hydrogen storage system requirements is the charging time, which in the US DOE
hydrogen storage materials’ targets should be kept under 3.3 min (2020 target) and 2.5 min
(ultimate target) for a complete system fill of 5 kg of hydrogen [48].

Micropore materials are the ones with the most affinity for hydrogen, with ultramicroporous
materials (with pore sizes of 0.6 - 0.7 nm) shown to be the most effective for hydrogen adsorption.
Diffusion of some gases in very small pores can be slow, which could turn problematic for

applications. For the operating storage conditions that are likely to be used for hydrogen storage
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in porous materials (cryogenic temperatures and high pressures), the calculated mass transfer
coefficients and effective diffusivities for these materials and the results shown indicate the
equilibrium in porous materials can be achieved at these conditions in minutes for most cases.
This, added to the reversibility offered by adsorbent materials, are important when comparing to
other hydrogen storage materials (for instance, metal hydrides), which suffer from reversibility
and kinetic issues and might help to build a stronger case for adsorbent-based hydrogen storage

materials in mobile applications.

Conclusions

The hydrogen and fuel cell combination is one of the most interesting alternatives for energy
efficient transport, as fuel cell systems are inherently more efficient than internal combustion
engines, and they present advantages that include no greenhouse gas emissions at point of use and
the possibility of producing the hydrogen from a variety of sustainable sources. Storing hydrogen
for mobile applications has consisted so far on using compressed systems, which typically operate
at 35 or 70 MPa. These conditions carry safety and efficiency concerns and alternative storage
technologies have been suggested. A number of different classes of hydrogen storage materials
have been proposed as alternatives to compressed storage, as these can increase the volumetric
density of hydrogen in mobile vehicles while diminishing the operating pressures.

Hybrid hydrogen storage cylinders with adsorbents have features that make them attractive
solutions to incorporate in mobile applications. Designing these systems can be a real challenge,
as in-depth knowledge of their structural, chemical and material properties is required. The
requirements for solid-state hydrogen materials are stringent, and range across needs from fast
kinetics, high volumetric and gravimetric densities, cyclability, and many others. Loading
hydrogen at cryogenic temperatures (cryocharging) can diminish the compression costs and it is
here suggested as a possible engineering alternative. The fact that cylinders are then returned to
ambient temperatures means that no special insulation is needed. This study shows that the use of
adsorbents can substantially lower the charging pressures needed, with only 0.3 and 0.7 MPa
needed for tanks full of MIL-101 (Cr) and the AX-21, respectively, to charge at 77 K and obtain a
volumetric density at 298 K equal to a 35 MPa high-pressure cylinder. This compares with 7.2
MPa needed in the empty cylinder case. For densities equal to 70 MPa, adsorbents are detrimental
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to performance, as they increase storage pressures at 298 K to 115 and 81.6 using MIL-101 (Cr)
and AX-21, respectively, creating a safety issue. The volumetric working capacities for both
materials were also investigated, with the results showing little advantage in using adsorbents for
loading pressures of 6.5 or 3.5 MPa and a delivery pressure of 0.5 MPa. The kinetics for high-
pressure and cryogenic temperatures were also investigated using the linear driving force model,
with the experimentally determined effective intraparticle (or transport) diffusivities calculated in
these materials at these conditions showing values of 3.24 x 10®m? s for the AX-21 at 90 K, and
2.15x 108 m? st and 6.24 x 108 m? s* for the MIL-101 (Cr) at 77 and 90 K, respectively.

Supplementary Information

The Supporting Information includes all the linear driving force fits for the kinetic data, the
statistical coefficients for the different materials and temperatures that were considered, the
corrected mass transfer coefficient and the treatment of the SEM images in ImageJ. All the data
used in this article is available and can be accessed at no charge from the University of Bath Data
Archive at http://dx.doi.org/10.15125/BATH-00099. The data includes the raw isotherm and
kinetic data in an Excel file, the OriginPro file with the analysis and the fittings and the SEM
imaging and Image J treatment. The kinetic data includes the molar uptake, the sample temperature
and the pressure as a function of time. Any queries relating the data should be addressed to the

corresponding author.
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