Open Access Article. Published on 18 July 2024. Downloaded on 2/6/2026 8:32:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,

5, 6864 Catherine Butler,

@ Timothy J. Mays,

Hydrogen storage capacity of freeze cast
microporous monolithic composites

© Vijay Sahadevan,® Rachel O'Malley,©

Daniel P. Graham® and Christopher R. Bowen (2 *@

Low carbon hydrogen is a highly effective clean energy carrier due to its high gravimetric energy density
(higher heating value of 142 MJ kg™ and, when it is oxidised to yield power and heat, the only product
is water. However, the low volumetric energy density of hydrogen (<14 MJ L™ under any condition)
requires heavy and complex storage tanks when stored as a high pressure gas (70 MPa) or a low
pressure liquid (<0.16 MPa, 20 K). Highly adsorbent porous materials show potential to improve tank
capacity by increasing the volumetric density, or decreasing the operating pressure, for a given amount

of fuel, thereby making it beneficial for use in transport applications. Here, we demonstrate the use of

freeze casting to manufacture highly adsorbent 3D structures that consist of a matrix of polymer of
intrinsic microporosity 1 (PIM-1) filled with high surface area activated carbons (MSC-30 and MSC-30SS).
We present the first reported hydrogen adsorption data for freeze cast monoliths and show that they
generally follow a rule of mixtures in terms of hydrogen storage capacities of the matrix and filler,
providing a route for the design of these materials. The addition of water into the freeze casting solution
is also explored for the first time, which lead to an increased surface area and mass of hydrogen stored
above that of PIM-1 powder. The experimental adsorpion data for the monoliths fit well to the Toéth

isotherm, which allows their maximum storage capacity to be predicted. It is demonstrated that the
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monoliths formed are able to store more hydrogen than compression at 77 K for pressures below
0.4 MPa. The composites show potential for use in the ullage region of a liquid hydrogen tank, to
reduce boil-off, increasing safety and reliability of storage tanks. Our work provides the first reported

data for hydrogen storage capability of adsorptive composites, which show potential to be incorporated

rsc.li/materials-advances

Introduction

The world’s increasing population, industrialisation, and
wealth is leading to a rapidly increasing energy demand.
According to Ziittel," energy consumption has increased by a factor
of eighty during the twentieth century, although the population of
human beings has increased by only six times. Currently, 85% of
the world’s energy originates from non-renewable sources such as
oil, coal, and gas. This resource is finite and depleting rapidly,
leading to increased prices' and atmospheric emissions of carbon
dioxide as a result of burning these fuels is a major contributor to
global heating and climate change.

Hydrogen has been identified as a clean fuel source due to
its high energy density per unit mass (142 MJ kg™ '?) and only
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as three-dimensional inserts into liquid hydrogen storage tanks.

producing water as the material product when oxidised.
However, hydrogen has an extremely low energy density per
unit volume as a gas in ambient conditions (c. 0.08 MJ L™1),
which makes it extremely difficult to store without the use of
either highly pressurised gas tanks (c. 70 MPa) or cryogenic
liquid tanks (c. 20 K). Both storage options are complex and
heavy, thereby making them expensive, energy intensive, mate-
rials intensive and unsuitable for specific applications. The use
of highly porous solid material as adsorbent tank inserts, or
liners (see Fig. 1), could allow the storage capacity to be
increased, or the pressure decreased for the same mass of
fuel.® A potential application is storing hydrogen in the ullage
region of a liquid storage tank at lower pressure, to reduce over
pressurisation and boil-off.

This increase in storage performance is due to hydrogen
being attached as a dense layer to the surface of the material by
physisorption, which is reversible and requires minimal energy
input to desorb the hydrogen. High surface area materials such
as metal organic frameworks (MOFSs), activated carbons, porous
aromatic frameworks (PAFs), and zeolites have been previously

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of tank and adsorbent monolithic composite insert.
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investigated.*” In addition to a high surface area, the pore size of
these materials has been shown to affect the hydrogen storage
capacity, where pores of width 0.6-0.7 nm are optimal.® As a result,
microporous materials (pore widths <2 nm) are the most appro-
priate for storing hydrogen and demonstrate uptakes that are
sufficient to meet the system guidelines set by US Department of
Energy (DoE) for light duty fuel cell vehicles (5.5 wt%?). However,
this level of storage includes the mass of the storage system as a
whole, and not only the material itself. Work published to date has
primarily focused on the hydrogen uptake of a range of highly
microporous materials;*” however, the incorporation of powders
into storage tanks can lead to fouling, as well as complex handling
and safety issues. Little work to date has been published on
forming such storage materials into usable geometries with suffi-
cient hydrogen storage, mechanical, and thermal properties to
withstand tank conditions. A potential material to form into a
usable geometry is the polymer of intrinsic microporosity 1 (PIM-
1), which has demonstrated good processability as well as reason-
able hydrogen storage capacity due to its constrained spirocentre
that prevents polymer chains packing efficiently and creates pores
of up to 2 nm in width between them.'® The surface area of the
material is, however, relatively low at approximately 700 m* g~ *°
compared to materials such as activated carbons, which can store
up to four times as much hydrogen.'! Since activated carbons are
typically used in the form of powders or grains they are more
difficult to process and handle. The potential to combine the
processability of PIM-1 with the high storage capacity of activated
carbon provides a route to exploit the advantages of each material.

Neville et al."*> developed a method for freeze casting PIM-1
with an activated carbon filler. Freeze casting is a well-
established method that typically uses a suspension of solid
particles, with water as the solvent. Porosity is developed in
freeze cast materials as a result of the expulsion of solid
particles from the solvent freeze front. The solvent is then
removed by sublimation, using freeze drying, which leaves
the structure of the frozen material intact.® However, for
PIM-1 to be freeze cast, it must be dissolved in a solvent, such
as chloroform, to form a solution which is subsequently frozen
and is different to the established method of freezing a suspen-
sion, where particles are expelled from the freezing front.

In this paper we expand on the freeze casting method of
Neville et al.'® to produce highly adsorbent 3D structures, that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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will be termed monoliths; these include monolithic structures
of PIM-1, and composite monoliths of PIM-1 doped with
activated carbons of MSC-30, and MSC-30SS. Both MSC-30
and MSC-30SS carbons are derived from petroleum coke, where
MSC-30SS has a small particle size (5 um) compared to the
larger sized MSC-30 (60-150 pm). In this study, 20 wt% of
activated carbon and 80 wt% PIM-1 were used and chloroform
was used as a solvent during freeze casting to form monoliths.
Neville et al."? carried out structural and surface characterisa-
tion analysis for their monoliths to demonstrate the capability
of producing tank inserts using a freeze casting method. Here,
we create monoliths using higher surface area activated carbon
(MSC-30 and MSC-30SS) materials and incorporate water into
the freeze-casting solution to tailor the freezing characteristics
and reduce the burden of chemical solvents. We also provide,
for the first time, characterisation data of the hydrogen storage
properties of these monoliths at low pressures, and fit the
experimental data to the T6th equation to predict the maximum
capacity of the powders and monoliths, and the pressures
required to achieve them. We also provide the first demonstration
that the freeze casting method allows tank inserts or liners to
retain, or improve, their hydrogen storage capacity and that the
monolithic composites follow the rule of mixtures in terms of
hydrogen storage. A comparison of the mass of hydrogen that can
be stored by a typical activated carbon and the monoliths with
compression is also presented. This work therefore leads to the
realisation of a practical use for highly adsorbent materials within
storage tank environments.

Experimental (methods, techniques &
materials)
Materials

Tetrafluoroterephthalonitrile (2,3,5,6-tetrafluoro-1,4-dicyanoben-
zene) (Alfa Aesar, purity 98%), potassium carbonate (Alfa Aesar,
purity 98%), N,N-dimethylformamide (DMF) (Acroseal, purity
99.8%), and methanol (Alfa Aesar, 99%) were used as received
from Fischer Scientific. 3,3,3’,3'-tetramethyl-1,1’-spirobisindane-
5,5',6,6'-tetraol (96%) was used as received from Merck Life
Science UK Limited. These chemicals are used for the synthesis
of PIM-1.

Activated carbons, MSC-30 (large particle size, 60-150 pm)
and MSC-30SS (small particle size, 5 pm) were used in as
received condition from Kansai Coke and Chemicals Co. Ltd,
Japan. MSC-30 and MSC-30SS are the materials that have super-
seded AX21 and are both alkali-activated (potassium hydroxide
KOH) carbon manufactured from petroleum coke. However
AX21 has a lower specific surface area of c. 2000 m® g '
compared to >3000 m* g~ for MSC-30 and MSC-30SS.

Synthesis of polymer of intrinsic microporosity (PIM-1)

PIM-1 was prepared following a procedure published by Rochat
et al.* where anhydrous potassium carbonate (K,COj3) (16.59 g,
120 mmol), 3,3,3',3’-tetramethyl - 1,1’-spirobisindane-5,5',6,6’
- tetraol (5.11 g, 14.6 mmol), and tetrafluoroterephthalonitrile

Mater. Adv., 2024, 5, 6864-6872 | 6865
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(3.0 g, 14.7 mmol) were stirred in dry dimethylformamide
(DMF, 100 ml) in a round bottomed flask, under 1 bar nitrogen
at 65 °C for 72 h. Once cooled, the mixture was poured into a
beaker of water (300 ml) and filtered to collect the yellow solid.
This was repeated two more times with water and then a third
time using acetone. The powder was dried under vacuum
before the solid was dissolved in 100 ml chloroform and
pipetted into 900 ml of methanol. The powder was collected
by filtration and dried. This was repeated two more times
before the PIM-1 powder was finally collected and dried under
vacuum (1 x 10~° MPa) at 80 °C for 6 h.

Freeze casting to create PIM-1 and composite monoliths

Four monoliths were manufactured following a freeze casting
method by Neville et al,'"> where powdered PIM-1 material was
dissolved in chloroform to form a solution. An additively manu-
factured pre-prepared resin cylindrical mould, 20 mm diameter,
45 mm length with 10 mm radius hemispherical bottom (Fig. 2)
was frozen using liquid nitrogen. The chloroform solution was
poured into the frozen mould (77 K) and left for 20 min. It was
then transferred to a freeze drier and left for 24 h (—55 °C and 2 x
10~° MPa). The chloroform was removed by sublimation, leaving
the solid monolithic structure behind.

The four monoliths comprised:

(i) A mass of 2 g of PIM-1 in 10 ml chloroform; this is termed
the PIM-1 monolith.

(ii) A mass of 2 g of PIM-1 in 9 ml chloroform and 1 ml water
(10 vol%); this is termed the PIM-1 water monolith, where the
water increases the freezing point of chloroform (210 K) and
changes the solvent templating.

(iii) A mass of 1.6 g of PIM-1 and 0.4 g (20 wt%) MSC-30 in
10 ml chloroform; this is termed the PIM-1 MSC-30 monolith.

(iv) A mass of 1.6 g PIM-1 and 0.4 g (20 wt%) MSC-30SS in
10 ml chloroform; this is termed the PIM-1 MSC-30SS monolith.

Surface characterisation of PIM-1 and activated carbons

Nitrogen adsorption analysis was carried out for the region
pIpo = 0.05-0.3"% on a 3Flex Instrument from Micrometrics
at 77 K to determine the Brunauer-Emmett-Teller (BET) sur-
face area of the materials; where p is absolute pressure and p is
saturation pressure. The temperature was maintained at 77 K
throughout the experiment using a dewar of liquid nitrogen
and an isothermal jacket. Oxygen free nitrogen (UN1066) was
used, and an equilibration time of 10 s was allowed for each
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pressure change. The British Standard (BS ISO 9277:2010) was
used to estimate the BET Surface area in m”> g . Prior to
analysis, a degas process was carried out at 200 °C under vacuum
(6.7 x 10~® MPa) for 12 h for PIM-1 and the composite mono-
liths. For MSC-30 and MSC-30SS powders the degas was carried
out at 350 °C for 8 h under vacuum (6.7 x 10~ ® MPa), to remove
moisture and solvents from the pores of the powder samples.

Hydrogen isotherm data of powders and monoliths

Hydrogen adsorption experiments at low pressure (up to
0.1 MPa) were carried out on a 3Flex sieverts type instrument
from Micrometrics at 77 K. The temperature was maintained
using a dewar of liquid nitrogen and an isothermal jacket. High
purity hydrogen (BIP Plus UN1049) was used, and an equili-
bration time of 45 s was allowed for each pressure change.

Samples with a mass of 100 mg were used in the analysis.
Prior to analysis, a degas procedure was carried out at 200 °C
under vacuum (6.7 x 10°° MPa) for 12 h for PIM-1 and
composite monoliths. When testing the MSC-30 and MSC-
30SS powders the degas was carried out at 350 °C for 8 h under
vacuum (6.7 x 10~° MPa), to remove moisture and solvents
from the pores of the sample.

The experimental data was plotted and fitted to the To6th
isotherm (eqn (1)),"* using a Levenburg-Marquadt'® non-linear
curve fit in OriginPro software to predict the isotherm at higher
pressure; this was used to identify the maximum hydrogen
storage capacity, and determine the pressure at which this would
occur. The Toth isotherm is known to be a good model for many
simple (type I) isotherms.® This isotherm is given by eqn (1)

go = Gmaxk P | (1)
(1 + (kP)"]n

where g. is the excess uptake of hydrogen at equilibrium
(mmol g ') obtained from experimental sorption data, gmax is
the maximum excess uptake of hydrogen or capacity in mmol g~*
(determined from the fitting), k is the affinity parameter in kPa~*
(determined from the fitting), P is the pressure in kPa obtained
from experimental sorption data, and n is a parameter that
describes the surface heterogeneity of the sample (determined
from the fitting).

Structural characterisation of monoliths

X-ray computed tomography (CT) was used as a non-destructive
evaluation technique to examine the internal structure of the
monoliths. The four freeze cast monoliths, outlined above,
were examined using a Nikon H 225 ST 3D CT scanner, with
data processed using Avizo Fire 9.0 software.

Modelling of adsorption and compression

Modelling to compare mass of hydrogen stored by adsorption
and compression was carried out using Matlab and Excel, where
the NIST Chemistry webbook was used to calculate the mass of
hydrogen stored by compression. Experimental isotherm data
for activated carbon and the monoliths created are used to
calculate the mass of hydrogen stored by adsorption at 77 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Freeze cast forming of PIM-1 and composite monoliths

Four monoliths, two consisting of PIM-1 and two with 20 wt%
activated carbon doped onto PIM-1 (80 wt%) were successfully
formed using the freeze casting method described; these are
shown in Fig. 3. The monolithic structures formed are of suffi-
cient mechanical strength that they can be readily handled and,
although they do not emerge in the exact shape of the mould, they
show reasonable correlation to one another. The lines from the
mould, which are formed during three-dimensional printing of
the mould, are indented onto the surface of the monoliths. The
PIM-1 monolith has two distinct colour regions, a darker orange
colour and a bright yellow (Fig. 3(a)), which indicates two distinct
phases are being formed. However, the PIM-1-water monolith had
a more homogeneous yellow colour throughout. The PIM-1 MSC-
30 composite monolith and PIM-1 MSC-30SS composite monolith
were both relatively homogeneous in appearance (including in
colour) but it is more difficult to observe differences due to the
dark nature of their colour as a result of the carbon filler. The
PIM-1 MSC-30SS composite monolith exhibits more defects on its
surface than the other monoliths. The diameter of each of the
monoliths was approximately 12 mm, but they varied in length
from 25 mm to 30 mm (Fig. 3).

X-ray computed tomography images of the four monoliths
were obtained to analyse their internal structure, which are
shown in Fig. 4.

The CT scan of the PIM-1 monolith exhibited a thick wall at
the hemispherical base of mould (see top of monolith in Fig. 4)
and large voids within the structure. This could be due to the
PIM-1 settling during the freezing process and the external wall
structure is created from material freezing directly onto the
walls of the mould. The voids inside the monolith have some
similarity to those obtained by Neville et al.'> which may be due
to a phenomenon observed in hemispherical convection models
where a central void is created as the warm solution rises.'” The
PIM-1 water monolith in Fig. 4(b) has a more solid internal
structure compared to the other monoliths, with some hexago-
nal shaped voids. These characteristics could be due to the
presence of the water in the solution which would increase the
freezing point of the chloroform solution allowing it to freeze
more quickly.'” These microstructural differences could be due
to different templating from the freeze front of water, as chloro-
form and water are immiscible.'” The PIM-1 MSC-30 monolith in
Fig. 4(c) is almost fully hollow, with an agglomeration of carbon
particles visible at the top of the monolith; this was the hemi-
spherical shape located at the bottom of the mould (Fig. 2). This

Fig. 3 PIM-1 and composite monoliths formed from freeze casting
(a) PIM-1, (b) PIM-1 water, (c) PIM-1 MSC-30, (d) PIM-1 MSC-30SS.
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Fig. 4 Computer tomography (CT) scans of monoliths formed from
freeze casting (a) PIM-1, (b) PIM-1 water, (c) PIM-1 MSC-30, (d) PIM-1
MSC-30SS.

indicates that the carbon has settled due to gravity prior to the
solution being frozen. This is not desirable as a networked
homogeneous structure is expected to be optimal for both
storage and strength. The PIM-1 MSC-30SS monolith (Fig. 4(d))
is similar in structure to the PIM-1 monolith but has defects on
its surface. The carbon particles are not visible, implying that
they are more evenly spread throughout the structure than for
the PIM-1 MSC-30 monolith which uses a larger carbon particle
size. Therefore, the smaller particle sized MSC-30SS activated
carbon is more desirable for freeze casting the monoliths than
the MSC-30 since the smaller particles remain more homoge-
neously distributed throughout the structure during the freeze
casting process.

Surface characteristics of monoliths

Nitrogen isotherms at 77 K were analysed for both the powdered
materials and the monoliths formed using the method set out in
the experimental methods section. The linear form of the BET
equation (for p/p, = 0.05-0.3"%) for each of the powdered materi-
als and monoliths are presented in Fig. 5, where hollow symbols
represent the initial powdered materials and the filled symbols
represent the freeze cast monoliths. The ratio p/p, (y axis) is
relative pressure and na is the amount of gas adsorbed.

The MSC-30 and MSC-30SS carbon powders exhibit the
shallowest gradient in Fig. 5, indicating a higher surface area,
while the PIM-1 powder has the steepest gradient indicating a
lower surface area. The addition of 1 ml of water into the
solution to form the PIM-1 water monolith reduced the gradient
compared to the PIM-1 powder. The BET surface areas calculated
are presented in Table 1. The PIM-1 powder has the lowest BET
surface area of 737.5 m® g~ ', which is similar to that reported in
the literature.'® The MSC-30 activated carbon powder has the
highest BET surface area of 3571 m” g~ " and the smaller particle
size MSC-308S is slightly lower at 3068 m” g~ . The surface areas
for these materials have not been reported in the literature, but
the values calculated here are higher than some other activated
carbons; for example, AX21 2513 m® g~ "."* The BET surface areas
for the PIM-1 MSC-30 monolith (1404 m® ¢”') and PIM-1 MSC-
30SS monolith (961 m”> g~ ") follow the rule of mixtures (eqn (2))

Ne = (W%, X 1) + (Wt%qe X Mac) ()

where 7. is the surface area of the composite monolith (m”> g™ "),
wt%,, is percentage weight of polymer in composite monolith,
n, is surface area of polymer powder (m> g '), wt%,. is

Mater. Adv., 2024, 5, 6864-6872 | 6867
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Fig. 5 Nitrogen isotherm linear form of BET equation for PIM-1 Powder,

MSC-30, MSC-30SS powder and monoliths. Hollow symbols represent

powders and filled symbols represent monoliths.

Table 1 BET Surface areas for PIM-1, MSC-30 and MSC-30SS powders

and monoliths

Material BET surface area (m® g )
PIM-1 powder 737.5

MSC-30 powder 3571.4

MSC-30SS powder 3068.4

PIM-1 water monolith 1013.1

PIM-1 MSC-30 monolith 1404.2

PIM-1 MSC-30SS monolith 961.8

percentage weight of activated carbon in composite monolith
and n,. is surface area of activated carbon powder (m* g™ ).

The addition of water into the freeze-casting solution increased
the BET surface area of the PIM-1 water monolith above that of
the original PIM-1 powder (1013 m? g~ %). This could be due to an
increase in the number of micropores due to the freeze casting, or
an improvement in the overall pore network, thereby allowing
easier access to micropores that already exist. The addition of
activated carbon into the freeze casting solution did not increase
the BET surface area above that predicted by the rule of mixtures
which indicates that the freeze casting process only increases
the surface area of materials if water is included in the solution.
The addition of carbon particles appeared to have disrupted the
skin that is formed by the PIM-1 monolith.

Hydrogen adsorption isotherms

Hydrogen isotherms were analysed for both the powdered
PIM-1 polymer and carbon materials, and the freeze cast
monoliths formed. The resulting isotherms are presented in
Fig. 6. The hollow symbols represent adsorption, while the
filled symbols represent desorption. The symbols represent
experimental data and the lines represent fitting to the Toth
isotherm, see eqn (1).

The MSC-30 and MSC-30SS carbon powders adsorbed the most
hydrogen (14.69 mmol g~ " and 13.72 mmol g~ respectively, both
at p = 100 kPa) since they have the largest surface areas. However,

6868 | Mater. Adv, 2024, 5, 6864-6872
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while the larger particle size MSC-30 has the higher surface area, it
adsorbs slightly less hydrogen. This could be due to presence of
more pores less than 1 nm in width for the smaller sized MSC-
30SS particles.> Both of these carbons exhibit reversible type I
isotherms. The PIM-1 powder adsorbs the smallest amount of
hydrogen (5.19 mmol g~ " at p = 100 kPa) since it has the smallest
surface area (737.5 m> g~ ). PIM-1 also shows hysteresis, which
indicates that some of the hydrogen remains in the pores after
desorption has occurred. It was not possible to obtain results for
the PIM-1 monolith, and this implies that the pores are blocked
by the freeze casting method for the darker, glassier region
(see Fig. 3). When water was added to the freeze-casting solution
this affect was reduced and hydrogen isotherms were obtained,
where the amount of hydrogen adsorbed was greater than that
for the PIM-1 powder (7 mmol g ). This is likely due to the
introduction of water to the freezing process increasing the
freezing temperature of the chloroform and allowing it to freeze
more rapidly. The microstructure of the monolith has also been
changed, which is likely due to the presence of water which would
change the solvent templating, as chloroform and water are
immiscible.'” More pores have therefore been created, which is
corroborated by the BET surface area calculation which shows
that the PIM-1 water monolith has a higher surface area than the
powdered material (1013 m* g~ ). There is also the possibility of
the manufacturing process creating a networked porous structure
that has allowed easier access to the pores of the material. The
amount of hydrogen adsorbed by the PIM-1 MSC-30 monolith and
PIM-1 MSC-30SS monolith (6.15 mmol g~ ' and 9.4 mmol g )
agree well with the values predicted by the rule of mixtures
(eqn (2)) where n. is the amount of hydrogen adsorbed by the
composite monolith (mmol g %), wt%,, is percentage weight of
polymer in composite monolith, 7, is amount of hydrogen
adsorbed by the polymer powder (mmol g~ '), wt%,. is percentage
weight of activated carbon in the composite monolith and n,. is

-
o

PIM-1 powder
MSC-30 powder
MSC-30SS powder
PIM-1 MSC-30 monolith
PIM-1 MSC30SS monolith
PIM-1 Water monolith

IS
1
>oD>oDO

-
N
1

-
o
1

Excess amount adsrobed (mmol g™')
oo
1

0 20 40 60 80
Absolute pressure (kPa)

T
100
Fig. 6 Hydrogen isotherms at 77 K for PIM-1, MSC-30 and MSC-30SS
powders and monoliths. Hollow symbols represent adsorption, while filled

symbols represent desorption. Symbols represent experimental data; lines
represent fitting to Toth isotherm.
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amount of hydrogen adsorbed by the activated carbon powder
(mmol g™ "). The graph shows that the addition of the filler
material into the composite monoliths, removes the hysteresis
displayed by the PIM-1 powder. This is important for the practical
application of storing hydrogen within these monoliths.

The experimental hydrogen adsorption data were fitted to
the To6th isotherm (eqn (1)). Best fit parameters are presented in
Table 2, along with the pressure that would be required to
achieve 99% of the adsorption capacity gmax. The PIM-1 powder
has the lowest level of hydrogen storage (1.75 wt% at 478 kPa),
with MSC-30SS exhibiting the highest (12.70 wt% at a pressure
of 2.56 MPa). The MSC-30 has a predicted capacity of 10.7 wt%
at a pressure of 2.3 MPa; although it should be noted that this
pressure is approximately four times that used in the experi-
ment and only provides a guideline on the achievable level of
hydrogen storage. The predicted capacity of the monoliths
follows the same trend as the hydrogen storage at low pressure,
namely that the largest capacity is for the MSC-30SS powder,
and the lowest capacity is for the PIM-1 powder. These materials
show promise to meet the Department of Energy (DoE) guide-
lines for light duty fuel cell vehicles as the wt.% of hydrogen
stored is significantly larger than that required.’ These results
have not been verified experimentally but have been compared
to literature values. Ref. 3 shows that at 0.1 MPa the hydrogen
uptake of AX21 is 2.5 wt% and at 10 MPa it is 9.24 wt%. For MSC-
30 the amount of hydrogen adsorbed is 13.67 mmol g™, which
is equivalent to 2.75 wt%. The fitting to the To6th isotherm
predicted that the capacity would be 12.2% at 2.5 MPa, this is
similar to ref. 3 and therefore assumed to be a suitable
prediction.

Other porous materials such as carbon nanotubes have
shown hydrogen storage capacities of 10.36 wt%'® at 77 K
which are comparable to that of the activated carbon. Zeolites
show capacities of 1-1.82 wt%"® which is more comparable to
the lower storage capacity of the PIM-1 powder.

The enthalpy of adsorption of both the monoliths and
powders was calculated from the Van’t Hoff plot of adsorption
isotherms at three different temperatures of 77 K, 195 K, and
273 K; these are presented in Table 3.

From the slope of the van’t Hoff plots it is determined that
the enthalpy of adsorption for PIM-1 is 7.69 k] mol *, for MSC-
30 is 6.74 k] mol™' and MSC-30SS is 6.71 k] mol '. The
literature has reported the enthalpy of adsorption for PIM-1
as 7-7.5 k] mol*2° and as 6.4 k] mol " for the activated carbon
AX21.”" These data therefore corroborate the literature values.

Table 2 Estimated Toth isotherm parameters (see eqn (1)) for hydrogen
adsorption at 77 K on powders and monoliths
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For the monoliths, the enthalpies of adsorption are the following
(i) the PIM-1 water monolith is 8.03 k] mol *, (ii) the PIM-1 MSC-
30 monolith is 7.22 k] mol ' and (iii) the PIM-1 MSC-30SS
monolith is 8.5 k] mol . The results show that the adsorption
enthalpies have increased slightly from their powdered form,
however, they remain in the range expected for nanoporous
adsorbents (<10 kJ mol '). These adsorption enthalpies are
relatively low and highlight a weak adsorption strength when
compared to kinetic energy of molecules at ambient tempera-
ture. Since adsorption is an exothermic reaction a lower enthalpy
of adsorption produces a smaller amount of heat when adsorp-
tion occurs; this is beneficial for applications where the tem-
perature needs to remain constant or low. Other microporous
materials such as zeolites exhibit adsorption enthalpies of
6-10 kJ mol *,**** and carbon nanotubes are 4-8 kJ mol *,*%*
which are in the same range as for the PIM-1 and activated
carbon powders, and the resulting monoliths.

Modelling of hydrogen storage (adsorption and compression)

Modelling of the mass of hydrogen stored in a tank was carried
out to estimate the difference between the mass of hydrogen
that could be stored in a 1.4 1 tank using either compression or
adsorption at the same temperature and pressure. This identi-
fies the range of potential conditions at which the composite
monoliths formed could store more hydrogen by adsorption
than by simple compression at the same temperature and
pressure, which allows identification of suitable applications.
Fig. 7 shows the mass of hydrogen predicted to be stored by
different conditions of compression (green lines) and adsorp-
tion (blue lines) and is calculated based on a 1.4 1 tank.

The unfilled green compression lines assume that the tank
contains no adsorbent and highlights how much hydrogen can
be simply stored by compression at 77 K and 298 K respectively
(data available in the literature™), over a range of pressures and
calculated using the NIST Chemistry Webbook. The solid blue
line shows the mass of hydrogen stored, assuming the density
of hydrogen in the pores of the activated carbon is 100 kg m>;
this value represents a maximum density of adsorbed hydrogen
that has been observed experimentally® and is used simply as
an upper limit of what could be achievable. The blue diamond
and square filled symbols show the mass of hydrogen that can
be stored by adsorption at 77 K and 298 K respectively, over a
range of pressures. Both lines are calculated using experi-
mental isotherm data for an activated carbon, AX21.'" Fig. 7
shows that the upper limit of adsorption (solid blue line) is
beneficial over compression at 77 K at pressures up to

Table 3 Enthalpy of adsorption of powders and monoliths

n gmax  Pressure to reach
Material K(kPa™") (=) (Wt%) 99% Gmax (kPa) Material Enthalpy of adsorption (kJ mol )
PIM-1 powder 0.207 0.447 1.75 477.96 PIM-1 powder 7.69
MSC-30 powder 0.040 0.333 12.80 2467.60 MSC-30 powder 6.74
MSC-30SS powder 0.039 0.331 12.20 2557.48 MSC-30SS powder 6.71
PIM-1 water monolith 0.442 0.220 2.36  450.53 PIM-1 water monolith 8.03
PIM-1 MSC-30 monolith ~ 0.390 0.117 2.56  294.51 PIM-1 MSC-30 monolith 7.22
PIM-1 MSC-30SS monolith 0.172 0.075 4.30 1842.20 PIM-1 MSC-30SS monolith 8.50

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Mass of hydrogen stored by compression at 77 K and 298 K vs.
mass of hydrogen stored by adsorption on AX21 at 77 K, 298 K and an
upper limit.

approximately 60 MPa and compressed gas at 298 K at pres-
sures higher than 100 MPa. The experimental data shows that
adsorption at 77 K (blue diamond) is beneficial over com-
pressed gas at 77 K at pressures up to approximately 8 MPa
and at 298 K at pressures up to approximately 40 MPa. How-
ever, experimental adsorption at 298 K (blue square) is not
beneficial over any of the other conditions at any pressures.

The modelling demonstrates that there are some conditions
where using adsorptive material in a hydrogen storage tank can
provide a benefit over the amount of hydrogen that can be stored
by compression alone, at the same temperature and pressure.
The analysis shows that the largest gain for a typical activated
carbon would be for an adsorptive material at 77 K and low
pressure <8 MPa. However, assuming the upper limit of experi-
mental hydrogen storage in adsorptive material (density of
100 kg m~?) would mean that adsorption could be beneficial
over compression up to a pressure of 60 MPa at a temperature of
77 K. Outside of these conditions, compression would be able to
store more hydrogen than adsorption.

The next step is to determine how the mass of hydrogen
stored varies with the volume of adsorbent in the tank at
pressures from 0-10 MPa. In Fig. 8 the lower straight diagonal
black line represents compression as a storage mechanism for
comparison. Each consecutive line represents an increase
in volume of adsorbent in the tank, ranging from 100 cm? to
1300 cm®. The mass of hydrogen in the volume of the tank,
where there is no adsorbent present, is calculated using the
ideal gas law, as it is at low pressure (<10 MPa) where the law is
still obeyed. The mass of hydrogen adsorbed is calculated from
the experimental isotherm data for AX21'! and the total mass
of hydrogen is the sum of the hydrogen adsorbed and the
hydrogen compressed. It is assumed that there is no com-
pressed gas present in the pores.

The results demonstrate that at a pressure of approximately
8 MPa, the mass of hydrogen stored is equal for all volumes of
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Fig. 8 Mass of hydrogen stored in a 1.4 L tank for increasing amounts of
adsorbent.

adsorbent and compressed gas. At low pressures (0-4 MPa) the
amount of adsorbent has a significant effect on the mass of
hydrogen stored in the tank, but at higher pressures (>6 MPa)
the effect becomes less significant. Above approximately 8 MPa,
the lines intersect, and compression becomes beneficial com-
pared to adsorption. The maximum pressure at which adsorp-
tion is beneficial is not influenced by the volume of adsorbent
in the tank. The reason for this is that as pressure increases,
the mass of hydrogen stored by adsorption increases until the
capacity of the material is reached. Once this capacity is
reached, no more hydrogen can be stored in the material.
However, for compression, the mass of hydrogen stored will
increase with the increasing pressure.

The analysis provides a guide for when adsorption on a
representative activated carbon provides a benefit for the mass
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Fig. 9 Mass of hydrogen stored by compression at 77 K vs. mass of
hydrogen stored by adsorption on monoliths at 77 K.
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of hydrogen stored compared to compression at the same
temperature and pressure. Although this modelling approach
is based on a specific activated carbon (AX21), the method
developed can be used for any material combination or mono-
lith for which isotherm data is available. The model was there-
fore adapted to compare the mass of hydrogen stored by the
monoliths to that for compression at 77 K, where the results are
presented in Fig. 9.

The green line represents the mass of hydrogen stored in a
1.4 1 tank using compression at 77 K. The red line shows the
mass of hydrogen stored by adsorption on 1.4 1 of the PIM-1
MSC30 monolith at 77 K. The black line shows the mass of
hydrogen stored by adsorption on 1.4 1 of the PIM-1 water
monolith and the blue line shows the mass of hydrogen stored
by adsorption on 1.4 1 of the PIM-1 MSC-30SS monolith. The
results show that adsorption is favourable over compression up
to approximately 0.2 MPa for PIM-1 MSC-30 monolith, up to
approximately 0.3 MPa for the PIM-1 water monolith and
0.4 MPa for PIM-1 MSC-30SS monolith. This shows that adsorp-
tion on these monoliths is favourable over compression at low
pressures (< 0.4 MPa), which makes storing hydrogen using these
monoliths in a high pressure compression tank (~70 MPa)
unlikely. However, hydrogen stored in liquid form is required to
have an ullage region within the tank with a pressure requirement
of 0.145 MPa.>® At this pressure, the PIM-1 MSC-30SS monolith
can store 1.89 times as much hydrogen as could be stored by
compression at 77 K. Therefore, these monoliths show potential
for inclusion in the ullage region of a liquid hydrogen tank to
allow more hydrogen to be stored in gaseous form, reducing boil-
off, thereby resulting in increased efficiency and safety for use of
liquid hydrogen tanks.

Conclusions

This research demonstrates successful formation of monolithic
composite adsorbents consisting of a polymer matrix that
is filled with activated carbons by a freeze casting method.
The mass of hydrogen stored in composite monoliths follows
the rule of mixtures, providing a route for the design of these
materials. The composite monoliths comprise of a polymer of
intrinsic microporosity (PIM-1) and activated carbons (MSC-30
and MSC-30SS) as fillers to improve the storage. Freeze casting
of these high surface area activated carbon materials has not
been published before, nor has the addition of water into the
mixture. The addition of water increased the surface area of the
monoliths and the mass of hydrogen stored was above that of
the raw PIM-1 powder. Fitting of the experimental data to the
Toth isotherm predicted a maximum storage capacity of more
than 12 wt% at pressures of 5 MPa for MSC-30SS. We have
demonstrated that at low pressures, adsorption can store a
greater mass of hydrogen than using compression alone at the
same pressure and temperature. It has also been observed that
the forming method can potentially increase the amount of
hydrogen stored compared to the initial powdered material.
This is the first data presented for hydrogen storage capability

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of adsorptive materials which have the potential for incorporation
as three-dimensional inserts into liquid storage tanks to provide
reduced boil-off and increased safety and efficiency of tanks. The
hydrogen storage capacities have also been compared to other
porous materials such as zeolites and carbon nanotubes. The
materials exhibit comparable enthalpies of adsorption, and car-
bon nanotubes show comparable hydrogen storage capacities to
the activated carbons; however the zeolites are more comparable
to the PIM-1 powder. The freeze casting method has been devel-
oped such that other fillers can be added to the monoliths, should
higher surface area materials be available. The next stage of
development would be to assess the viability of scale up and
integration of the monolithic inserts. Freezing is a well-
established industrial method, for products such as food proces-
sing, however, reproducibility is one of the most important factors
to enable successful scale-up of this process. More in depth
knowledge of the parameters defining the process and how they
affect the structure and properties of the products is required.
Once scalability is established, a life-cycle and cost analysis
assessment can be performed to assess the viability of this process
for industrial scale.
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