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1. Introduction

Gravimetric tank method to evaluate material-
enhanced hydrogen storage by physisorbing
materialsT

Artem lakunkov,? Alexey Klechikov,? Jinhua Sun,® Timothy Steenhaut,”
Sophie Hermans, (2° Yaroslav Filinchuk® and Alexandr Talyzin €2 *?

The most common methods to evaluate hydrogen sorption (volumetric and gravimetric) require
significant experience and expensive equipment for providing reproducible results. Both methods allow
one to measure excess uptake values which are used to calculate the total amount of hydrogen stored
inside of a tank as required for applications. Here we propose an easy to use and inexpensive alternative
approach which allows one to evaluate directly the weight of hydrogen inside a material-filled test
tank. The weight of the same tank filled with compressed hydrogen in the absence of loaded material is
used as a reference. We argue that the only parameter which is of importance for hydrogen storage
applications is by how much the material improves the total weight of hydrogen inside of the given
volume compared to compressed gas. This parameter which we propose to name Gain includes both
volumetric and gravimetric characterization of the material; it can be determined directly without
knowing the skeletal volume of the material or excess sorption. The feasibility of the Gravimetric Tank
(GT) method was tested using several common carbon and Metal Organic Framework (MOF) materials.
The best Gain value of ~12% was found for the Cu-BTC MOF which means that the tank completely
filled with this material stores a 12% higher amount of hydrogen compared to H, gas at the same P-T
conditions. The advantages of the GT method are its inexpensive design, extremely simple procedures
and direct results in terms of tank capacity as required for industrial applications. The GT method could
be proposed as a standard check for verification of the high hydrogen storage capacity of new materials.
The GT method is expected to provide even better accuracy for evaluation of a material's performance
for storage of denser gases like e.g. CO, and CHg.

ambient temperatures is an attractive method to improve
hydrogen storage.® However, the progress in this field has been

Hydrogen storage remains one of the main obstacles for broad
implementation of hydrogen technology.” The low density of
hydrogen gas at a standard commercial interval of pressures
(<200 bar) and near ambient temperatures does not allow
one to use simple compression to accommodate the required
4-5 kg of hydrogen inside of a tank reasonably sized for mobile
applications. The only available industrial solution for hydro-
gen storage in fuel cell driven cars at the moment (e.g. as in
the Toyota Mirai) is to use a very high pressure of 700 bar.
Using materials which could reversibly adsorb hydrogen at near
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plagued by controversies in evaluation of hydrogen storage
capacity, e.g. by carbon nanomaterials,"® Metal Organic Frame-
works (MOFs) and more recently graphene related materials.” >
Numerous reports of exceptionally high sorption of hydrogen
have been reported over past years for graphene related materials
either in the pristine state or after decoration with various
nanoparticles."*'*** Careful examination of hydrogen sorption
by reduced graphene oxide (rGO), activated rGO and pillared
graphene oxides performed in our group has not confirmed these
claims.””° Hydrogen sorption (excess wt%) has been found to
correlate with Specific Surface Area (SSA) for all studied graphene
materials following the trend standard for other nanostructured
carbon materials.>' However, reports on extremely high hydrogen
sorption by rGO and other graphene-related materials continue
to appear. The reproducibility of hydrogen sorption measure-
ments has become a major issue which hinders progress in
materials based hydrogen storage.
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Controversies have also continued over about 15 years for
hydrogen storage by the “spillover” mechanism. Dissociation
of molecular hydrogen on metal nanoparticles and migration of
atomic hydrogen on the support material was reported typically
as an explanation for nanoparticle-enhanced hydrogen storage
by several materials. Some groups consistently reported the
“spillover” effect for several materials>*>® while other groups
could not reproduce these results.””*° More recently multiple
reports on nanoparticle induced enhancement of hydrogen
storage were published for various graphene-related materials
decorated with e.g. Pt, Pd, and TiO, providing an increase of
hydrogen sorption by 10-500%.°"'? For example, a number as
high as 8.67 wt% already at 60 bar H, pressure was reported
recently for Pd decorated rGO.*" Detailed discussion of the
“spillover” effect and related controversies is outside of the
scope of our paper and can be found elsewhere. Some artifacts
in measurements of hydrogen sorption can easily be inter-
preted as “spillover.”"® However, these artifacts cannot explain
all the observed variety of previous reports.

Overestimations in hydrogen storage for carbon materials at
the end of the 1990s contributed to implementation of rather
high target values set by the US DOE program (9 wt% by 2015).
The targets were revised to lower values (4.5 wt% and 0.03 kg 17"
by 2020) several years ago but even the lower values remain far
away from the reliably verified levels of physisorption in high
surface area materials.

The controversies mentioned above emphasize the need for a
simple, reliable, inexpensive and undisputed method to evaluate
hydrogen storage parameters of new materials.

It can be assumed that the reasons behind most of the
controversies in hydrogen storage measurements originate
from experimental errors of currently used gravimetric and
volumetric methods. The gravimetric method uses accurate
measurements of sample weight inside of a sealed cell filled
with compressed hydrogen with main errors related to taking
into account the buoyancy effect and evaluation of the sample
skeletal volume.’*** The volumetric method is based on
measurements of pressure drop over the adsorbing material
and proved to be especially sensitive to the range of possible
errors: e.g. leaks, poor temperature control, inaccurate calibra-
tion of dosing volume, cumulative errors associated with the gas
dosing procedure etc. Since the main principle of the method
is rather simple, very often some homemade systems are
assembled for hydrogen sorption measurements without taking
into account all important details and error sources. A detailed
analysis behind the irreproducibility issues was presented
recently by D. Broom and M. Hirscher.** A lot of work was
recently done to analyze all sources of errors and to improve
the reproducibility of hydrogen sorption measurements using
gravimetric and especially volumetric methods.***® However,
these measurements will remain rather delicate, requiring a lot
of experience.

It is important to emphasize that the quantities measured
using both gravimetric and volumetric methods do not directly
provide the value of the hydrogen storage capacity. The measured
parameter in both cases is surface excess sorption which needs
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to be re-calculated into total sorption for practical applications.
The calculation is also not that trivial as it requires exact
knowledge of the sample skeletal density and the volume of
free space not occupied by material. Additional characteriza-
tion of the sample is required to quantify these parameters and
additional errors are introduced once the excess sorption is
recalculated into total sorption.

The problem of reproducibility in hydrogen storage measure-
ments has been especially explicitly demonstrated by a blind
test performed in 2009 in 14 different European laboratories.
Hydrogen sorption isotherms measured from the same sample
in different laboratories showed surprisingly strong differences,
especially for high pressures (~0.02 wt% to ~0.6 wt% at
~30 bar)* Note that much higher pressures above 100 bar
are typically used for practical applications. The results of the
blind test emphasize the strong need for development of a
simple and reliable test method which could be used for
evaluation of hydrogen storage at high pressures. It would be
rather beneficial to develop some method capable of evaluating
directly the amount of hydrogen stored inside of a tank with a
known volume which is, in fact, the only parameter which is of
interest for industrial applications.

One of the earlier attempts to measure the hydrogen amount
stored inside of a material-filled tank was performed up to
200 bar using a tank connected to a flowmeter.*® However, this
method was demonstrated only for large tanks with several
kilograms of material and has not received broad attention.

We argue here that the most direct method for evaluation of
gas storage is based on a weight measurement of a whole test
tank disconnected from the gas supply. Here we suggest to
name it as the Gravimetric Tank (GT) method. To the best of
our knowledge this method was proposed first by Zielinski et al.
in 2007 but has not received broad attention.*" Very few attempts
to use this method were presented over past years and only as a
feasibility test for storage of methane using activated carbons.*?
The paper by Zielinski et al*' remains the only one where
hydrogen storage evaluation was tested using weighing the
whole test “capsule” with material and hydrogen inside. We
believe that the reasons for the lack of attention to the GT
method are the following:

- Previous publications®! mostly targeted evaluation of excess
sorption isotherms. The excess uptakes are better evaluated
by standard gravimetric and volumetric methods. The main
advantage of the GT method is direct evaluation of total
hydrogen storage for industry-related applications at high
pressures (> 100 bar).

- The standard balances available in 2007 did not provide
the required accuracy for total weights of over 200-300 g. As a
result, the design of light weight tanks for high pressures was
one of the main problems. Recent technology advances provide a
possibility to use a standard and relatively inexpensive desktop
balance with 0.1 mg precision for total weights over 500 g.
Therefore, the test tank can be assembled using a standard
Swagelok valve and stainless steel connection parts.

- A relatively large amount of material was tested in the first
report from 2007 (~1.5-2 g). Smaller amounts of materials
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(~100 mg) are often cited as a need for laboratory scale testing
of hydrogen storage. However, many of the materials which were
claimed to store 5-10 wt% of hydrogen at ambient temperature
and pressures around 100 bar can be easily produced in gram
amounts (e.g. decorated rGO, MOF-5 etc.)

One of the strongest motivations for the implementation of
the GT method into standard hydrogen storage evaluation
practice is recent advances in the automotive industry. The
first mass produced hydrogen fuel cell car (Toyota Mirai) is
supplied with tanks which store hydrogen at 700 bar pressure.
The new definition of targets should be then to store the same
amount of hydrogen as at 700 bar in the same volume but at
lower pressures, ideally decreasing the pressure down to the
standard ~150-200 bar by using materials which physisorb or
chemisorb hydrogen. We argue here that the best and most
direct method to estimate the advantages of given material
for hydrogen storage relative to compressed gas is to use the
GT method. The final results obtained by the GT method do not
require knowledge of the material skeletal density and do not
include any errors connected to helium sorption. Note that
helium sorption is not accounted for in standard volumetric
and gravimetric methods while the errors associated with this
problem are not negligible at high pressures.

As it is demonstrated in our study, the GT method provides
reasonable precision and accuracy by using a standard commer-
cially available balance at pressures above 100 bar and gram
amounts of material. Feasibility tests were performed for the GT
method using several common high surface area materials with
known physisorption of hydrogen: carbon nanotubes (CNTs),
activated carbon (AC), reduced graphene oxide (rGO), and KOH
activated rGO (a-rGO) and several kinds of MOFs. The GT
method provided satisfactory reproducibility for all studied
materials. The method is simple, relatively inexpensive and
free from obvious overestimation issues assuming that several
possible sources of errors are taken into account. Therefore, we
believe that the GT method can efficiently end twenty years of
controversies in hydrogen storage measurements.

2. Experimental
2.1 Gravimetric tank method

The prototype of the hydrogen tank was prepared using a stainless
steel container and standard Swagelok valve (Fig. 1). The GT
method provides a simple and direct estimation of the hydrogen
amount inside of the small test tank. The stainless steel hydrogen
tank can be closed using the valve under vacuum conditions or
after filling with gas (Fig. 1). The closed tank can be disconnected
from the dosing system and weighted. The amount of stored
hydrogen can be then evaluated by comparing the weight of the
tank loaded with hydrogen and the weight of the tank closed with
vacuum inside (), see Fig. 1a and b.

The sample cell provided as a standard part of the Hiden
Isochema IMI system (immersion reactor) was connected to
a Swagelok stainless steel integral bonnet needle valve and a
Swagelok VCR face seal fitting was used as a connection
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Fig. 1 (a) Scheme of the gravimetric tank method. The test tank can be
filled with H; gas at certain P-T conditions, closed and disconnected from
the system. The whole tank is then weighted using a standard balance.
(b) Test tank closed with vacuum inside and weighted; (c) the same tank closed
at ambient temperature with 120 bar of hydrogen inside. The hydrogen
storage capacity of the tank (M) is evaluated by taking the weight
difference between (b and c) values (95 mg).

between the valve and the reactor. The inner volume of this
assembly measured by pycnometry was 10.31 ml with a useful
volume (excluding the volume of the connection parts) of
~7.2 ml. Note that the volume of the container can be
determined also without pycnometry by filling the tank with
helium (which is a heavier gas compared to hydrogen) and
weighing it (see the ESIT file). The volume of our test tank is
sufficient for experiments with gram amounts of common
materials. Any gas dosing system which provides a precise
pressure of hydrogen can be used to fill the test tank.

Weight measurements were performed using a Radwag AS
510.3Y balance with a maximum load of 510 g and readability
of 0.1 mg. All weight measurements were repeated 9-10 times
and averaged to improve repeatability (see ESIt for examples).
The reactor was typically weighed first in empty state, then
weighed filled with material (~0.5-2.0 g). The reactor with
the sample inside was then connected to turbopump providing
107" bar pressure and degassed using external heater at 150 °C
under dynamic vacuum for 10-20 hours, cooled down to
ambient temperature, disconnected and weighted again with
vacuum inside. Gas dosing was performed using a Hiden
Isochema IMI volumetric system with a typical pressure of
120 bar and temperature of 23 °C. The sample was covered by
a layer of silica wool in order to prevent outflow of material in
the process of gas compression and release. A circulation liquid
thermostat was used to maintain a stable temperature at the
conditions of gas loading. The pressure and temperature inside
of the reactor were stabilized for about 10-15 minutes, and the
tank was then closed, disconnected and weighted with hydrogen
inside. The weight of hydrogen stored in the tank (m,) was
calculated as a difference between the weight of the material
filled tank under vacuum and with hydrogen inside (Fig. 1b). The
weight of the test tank was also verified after hydrogen release to
ensure the absence of material loss.

The following materials were tested for hydrogen storage
performance in this study:

- graphite powder, flake (—325 mesh) purchased from
Alfa Aesar;

- commercial reduced graphene oxide (rGO) provided by
Graphenea;

Phys. Chem. Chem. Phys., 2018, 20, 27983-27991 | 27985
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- highly purified carboxylic single-walled carbon nanotubes
(CNT) by ACS Materials (USA);

- iron(m) carboxylate (MIL-100), see details in the ESIT file;

- 1,4-Benzodicarboxylate (MOF-5), see details in the ESIT file;

- copper benzene-1,3,5-tricarboxylate Basolite® C 300
(Cu-BTC MOF) purchased from Sigma-Aldrich;

- porous carbon (AC) provided by ACS Materials;

- high surface area ‘“graphene scaffolds” prepared using
KOH activation of thermally exfoliated rGO (a-rGO). Details of
the synthesis are provided in the ESIF file.

The Specific Surface Area (SSA) of these materials was
verified using analysis of nitrogen sorption isotherms recorded
(Quantachrome Nova 1200e surface area analyzer) before
and after hydrogen storage tests to detect a possible effect
of pore structure collapse related to degassing procedures or
pressure driven effects. The SSA remained unchanged or
slightly decreased (< 5% change) after H, testing for all studied
materials.

The excess hydrogen sorption of studied materials was
verified using standard gravimetric and volumetric methods
routinely used in our laboratory over the past decade.*®***
Rubotherm GmbH gravimetric sorption analyzer and Hiden
Isochema IMI volumetric systems were used; details of measure-
ment procedures were reported elsewhere.>**** FLUIDCAL
software was used for calculation of the fluid density of hydrogen
and helium. The skeletal density of materials was in both
methods determined using helium dosing and not corrected to
the sorption of helium.

2.2 Definitions of parameters used to characterize hydrogen
storage in the gravimetric tank method

Below we introduce some parameters for characterization of
the hydrogen storage properties of materials in the GT method.

The Total Storage Density (TSD) specific for the test tank is
defined as the amount of stored hydrogen divided by the total
volume of the tank:

TSDtank = mtotaI/Vtank (1)

where My is the total mass of stored hydrogen and Vi, is the
total inner volume of the test tank. Note that this definition is
general and can be in principle used not only for physisorbing
but also for chemisorbing materials.

The material related Tank Storage Density (TSDp,,) is defined
as a density of H, gas within the volume occupied by the sample
(useful volume Vygerul, see Fig. 1). The total weight of hydrogen
in the material filled volume (TSD,,,) can be calculated by
subtracting the amount of hydrogen stored as gas in the dead
volume Vgeaq from the total storage myggar.

TSDmat = (mtotal - Vdead X pHZ(PyT))/Vuseful (2)

pu,(P,T) - density of hydrogen at given P-T conditions.

The dead volume (Vgeaq) is the part of the tank which is not
filled with material due to e.g. sample size limitations (incompletely
filled volume) and includes also the volume of connection
pipes and the inside of the valve. See the ESIt file for details
of calculation of Vygera and Vgeaq-
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TSDpat can be higher or lower compared to the density of
compressed hydrogen at the same P-T conditions. Therefore,
the hydrogen storage (or storage of any gas) performance of the
given material in a tank can be then estimated using a simple
parameter which we name as hydrogen (or any other gas)
storage Gain (or simply Gain in the following discussions).

Gain(P,T) = 100% x (TSD x pu (P,T))/pu,(P,T)  (3)

By definition, the Gain value shows the change in the
density of hydrogen inside of the test tank due to addition of
material relative to the density of hydrogen gas and is expressed
in percent. A positive value of Gain will be found for materials
which store hydrogen better compared to compressed gas and
negative for materials which store hydrogen less well. For
example, the material with a Gain value of 10% added into
the tank will provide a 10% increase in the weight of hydrogen
compared to material-free tank filled with hydrogen gas the
same P-T conditions.

The Gain (Gepi) calculated using the total volume of the
tank (TSDyani), eqn (3), is specific only for a certain construction
of the test tank and dead volume. The material-related Gain
(Gmat) can be calculated by eqn (3) using TSDy,a, the known
bulk density of the material and the mass of material (see ESIT
for details).

The G, parameter includes both volumetric and gravimetric
characterization of the material’s hydrogen storage properties as
it depends on the bulk density of the material. In principle,
TSDpae and Gain are the only important parameters which are of
interest for hydrogen storage applications.

Note that evaluation of the Gy, value using the GT method
does not require evaluation of the skeletal volume of the
material and includes only the bulk density of the material
which is easy to find.

Once again, evaluation of excess sorption is NOT the target
of the GT method but it can be calculated in order to compare
results with the data obtained by standard gravimetric and
volumetric methods. The material’s wt% of hydrogen storage
can be calculated using the GT method by subtracting the
weight of hydrogen stored as a gas in pores and free volume
from mya. The exact skeletal volume of the material can be
found e.g. using pycnometry or the known real density of the
material or using the GT method with helium dosing (see
details and example in ESIf). The latter method suggests
dosing the material-filled test tank with helium, measuring
the weight of helium and comparing with the weight of helium
in the material-free tank. The volume not occupied by material
multiplied by the density of hydrogen gas will provide the part
of hydrogen storage not included in the excess sorption.

Note that GT method provides the experimental total storage
of hydrogen which is then used for calculation of wt%. This
procedure is opposite to the standard volumetric and gravi-
metric methods which provide excess wt% and the total storage
is then calculated using the known skeletal volume of the
material.

Since most of the literature data provide only excess wt%
storage we also derived an equation which allows us to

This journal is © the Owner Societies 2018
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calculate Gain (Gp,,) starting from the data obtained by stan-
dard methods (see details of the derivation in ESIT):

Gain = Vskeletal/Vtank (Wto/o X Psample — 1OOPH2(P,T))/PH2(P,T)

(4)

Eqn (4) allows us to estimate the value of wt% excess
sorption required to exceed the hydrogen storage of the com-
pressed gas. See also earlier reports for calculation of excess
isotherms into absolute uptake for methane sorption in ref. 45.
For example, if we take a material with a real density of 2.23 g cm >
(typical for graphitic carbon materials) and hydrogen density at
120 bar and 23 °C (0.009157 g cm ™) a positive sign of the Gain
will be found if the excess sorption is higher than 0.41 wt%.

The GT method proposed here is simple and inexpensive,
but not error free. We learned about several types of errors
affecting the measurements, most importantly contamination
of the tank surface (e.g moisture condensation), mechanical
damage in the process of connecting/disconnecting (rubber pro-
tected tools must be used to prevent scratching), poor thermal
stabilization etc. These errors need to be taken into account and
minimized; see more details in the ESI¥ file. Our experience shows
that the errors associated with using GT methods are relatively
easy to take into account if some simple routines are followed.
Moreover, eventual errors are easy to detect. For example, leaks
are directly detected during repeated weighing of the tank, and
mechanical wear of connection parts can be easily detected by
taking a reference weight measurement of the empty tank after
the end of the experiment with the material.

The main limitation of the GT method is given by the
balance precision (+0.2 mg in our tests) relative to the total
amount of hydrogen inside of the tank at given P-T conditions
(see Fig. 2). The GT method with our specific tank design
provides a reliable estimation of hydrogen storage at high
pressures (~100 bar), but not for low pressures of a few bars
due to higher errors. Note that the repeatability of weight
measurements is the most important parameter in our method,
not the accuracy for the measurements of the total weight of the
test tank (~ 330 g). The weight difference between the hydrogen
free and hydrogen filled tank could be reproducibly measured
with error £0.2 mg.

3. Results and discussion

The GT method was tested in this study using several materials
with a broad variation of Specific Surface Area (SSA) (up to
~2800 m” g~ !): CNTs, graphene-related materials and several
MOFs. The results are summarized in Fig. 2 and Table 1. Fig. 2a
shows TSD values calculated using the procedure described
above. Once again, TSD is simply the weight of hydrogen
divided by the total volume of the tank (TSD,y,) or normalized
to the useful volume of the tank (volume filled by material) thus
providing material specific TSD .

The dashed line in Fig. 2a represents the density of hydrogen
gas at a given temperature and pressure. Materials which fall
below this line do not provide an advantage compared to

This journal is © the Owner Societies 2018
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Fig. 2 (a) Amount of hydrogen per unit of useful tank volume (TSDpat)

experimentally evaluated using the GT method for several common
physisorbing materials at 120 bar and 23 °C. Blue arrows show the
difference compared to the density of hydrogen. (b) Material specific gain
Gmat for the same materials.

compressed gas. Materials which help to improve hydrogen
storage exhibit TSD values above the density of hydrogen gas.

The position of points on the graph depends on the bulk
density of the material. For poorly sorbing materials most of
the hydrogen is stored as compressed H, gas in the voids
between powder grains. Therefore, the more material we add
to the tank, the smaller will be the total amount of hydrogen
which we can store in the tank. The trend is opposite for
materials with a positive sign of the Gain: the higher the bulk
density of the material, the higher the amount of material we
can insert into the tank and the better will be the hydrogen
storage. The Gain values experimentally obtained at 120 bar
and 23 °C are summarized in Table 1.

Gmat provides direct information about the advantage or
disadvantage of the material compared to storage of hydrogen
as compressed gas at given P-T conditions and includes both
volumetric and gravimetric characterization. For example the
value Gpae = 7.3% means that the mass of hydrogen stored in
the tank filled with AC material is 7.3% higher compared to the
mass of hydrogen in the same tank filled with compressed gas
at the same P-T conditions.

Note that the material with higher surface area and better
excess sorption of hydrogen (a-rGO) shows almost exactly twice
smaller Gy, compared to AC due to twice smaller bulk density
of material. It is clear that the same material can possibly be
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Table 1 Characterization of sorption properties for several common physisorption materials at 120 bar and 23 °C. From left to right: Gmax — material
related Gain; Giank — Gain specific for the whole tank (includes the volume not occupied by material); TSDpat — material specific tank storage density,
TSDiank — tank storage density, BET SSA determined using analysis of nitrogen sorption isotherms, excess wt% of hydrogen sorption and bulk density of
the material. The hydrogen storage data are averaged over 3—6 tests for each material, see expanded table with all data in ESI

3

Name (mass of sample, g) Grmat (Giank), % TSDmat (TSDgank), mg cm > BET SSA, m”* g™ ! Wt% Dhulkmat, € €M
Graphite —10.47 = 0.05 8.17 0 0.00 & 0.02 0.36
(m = 0.9812) (~2.818 + 0.008) (8.87)

rGO —10.82 £+ 0.07 8.14 445 0.14 + 0.01 0.33
(m = 1.9654) (—6.24 + 0.02) (8.56)

MIL-100 —3.27 + 0.02 8.85 1467 0.35 + 0.02 0.19
(m = 0.9043) (~1.500 + 0.004) (9.01)

MOF-5 1.94 + 0.01 9.32 2604 0.53 4+ 0.02 0.37
(m = 1.2095) (0.620 + 0.002) (9.20)

a-rGO (2) 2.7+ 0.9 9.39 2263 0.9 + 0.1 0.10
(m = 0.5800) (1.6 + 0.5) (9.29)

a-rGO (1) 34+1 9.5 2750 0.8 + 0.1 0.10
(m = 0.5952) (2.3 £ 0.7) (9.38)

CNT 3.14 + 0.02 9.45 1093 0.47 4+ 0.02 0.04
(m = 0.9088) (1.940 + 0.005) (9.34)

AC—const 5.04 £+ 0.04 9.62 2007 0.67 + 0.02 0.17
(m = 1.0958) (3.14 £ 0.01) (9.44)

AC 7.35 £ 0.05 9.81 2007 0.68 4+ 0.02 0.17
(m = 1.4230) (4.16 + 0.01) (9.51)

Cu-BTC-MOF 12.15 £ 0.07 10.26 1593 0.64 4+ 0.02 0.44
(m = 1.0706) (2.91 % 0.01) (9.41)

compacted better (e.g. using compression and binders)
providing higher bulk density and improving the Gain. However,
the change in the bulk density of material will never change the
sign of the Gain. It is obvious also that the Gain is a function
of temperature and pressure. Both hydrogen gas density and
sorption of hydrogen improve upon cooling and at higher
pressure but not at the same rate.

The data presented in Fig. 2 and Table 1 provide full
characterization of materials for hydrogen storage applications.
Once again, the value of the Gain is found directly without the
need to evaluate excess wt%. Note that a similar idea to use
compressed hydrogen as a reference was earlier proposed
in ref. 46 but the ‘“net adsorption” parameter introduced in
this study is less trivial for understanding and refers to some
kind of “adsorption” rather than to the total hydrogen amount
stored within a given volume. The main purpose of the GT
method is not to evaluate the sorption of gas by a material, but
to find the true gas storage capacity of a material-filled tank.
Therefore, we believe that the “Gain” introduced in this study
is a more straightforward parameter.

Evaluation of excess wt% is not the primary target of the
GT method, but it can be used with satisfactory accuracy for
the high pressure part of isotherms, see Fig. 3. The isotherm
recorded for the AC sample (60-140 bar) using the GT method
shows slightly higher uptakes but in general it is in good
agreement with the data obtained using standard volumetric
and gravimetric methods. Note that the errors of the wt%

27988 | Phys. Chem. Chem. Phys., 2018, 20, 27983-27991

A W% by current method without thermal stabilization|
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Fig. 3 Hydrogen sorption isotherms obtained for AC using GT, and
standard gravimetric and volumetric methods.

measurement increase at higher pressures for volumetric and
standard gravimetric methods but decrease for the GT method.
The absolute value of error in weight measurements provided
by the precision of the balance (+0.2 mg) remains unchanged
at any pressure, but the smaller amount of hydrogen loaded at
lower pressures results in higher error.

Fig. 4 shows a summary for wt% data obtained using the GT
method for several test materials with a broad range of SSA and
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Fig. 4 Hydrogen uptake wt% vs. SSA measured by the GT method at 120
bar and 296 K for several common carbon materials A and MOFs A,
compared to our earlier measurements'’#” performed for rGO and a-rGO
materials using standard gravimetric (@) and volumetric (l) methods.

hydrogen sorption capacity (see also Table 1). It shows also the
trend reported in our earlier studies for SSA vs. wt% at 120 bar
H, pressure.'”'®*" This trend is in agreement with the so called
“Chahine rule”.*®** The trends estimated using standard gravi-
metric and volumetric methods for carbon materials (AC, rGO
and a-rGO) are in rather good agreement with data points
collected using the GT method.

Samples of MIL-100 and MOF-5 showed somewhat smaller
wt% uptakes compared to the “standard‘ trend. Therefore, we
re-measured the sorption for these specific samples. Standard
gravimetric measurement of the MOF-5 excess uptake provided
a 0.57 wt% value compared to 0.53 wt% found by the GT
method; for MIL-100 identical values of 0.35 wt% were recorded
by both methods. Sorption properties of Cu-BTC materials were
also verified providing good agreement between excess uptakes
measured using GT (0.57 wt%) and volumetric (0.59 wt%)
methods. Detailed understanding of the reasons for somewhat
lower sorption by these two MOF materials is out of the scope of
this study.

It is interesting to estimate approximately the maximal
possible Gain value for carbon materials using a simple calcu-
lation. The real density of graphite is about 2.3 ¢ cm ™ and the
distance between graphene layers is about 3.3 A. To make the
space between graphene layers accessible to hydrogen we need
to expand the lattice approximately by two times which will
result in a twice lower real density of about 1 g cm . That is
roughly 6 times higher than the bulk density of AC in Table 1.
Assuming a maximal theoretical SSA of graphene 2650 m* g~ *
and using well established sorption vs. excess wt% trends'”*"
the maximal value of Gain can be estimated as ~35%. More-
over, theoretical studies predict at least a 30% increase of
hydrogen sorption in sub-nanometer size graphene pores.>
Including this enhancement factor, the maximal Gain value for
physisorbing carbon materials can be estimated as ~45% at
120 bar and ambient temperatures. Considering that the bulk
density of realistic materials will be always smaller than their

This journal is © the Owner Societies 2018

View Article Online

Paper

real density, the maximal Gain value which could possibly be
achieved for applications is about 30%. Once again, it means
that full loading of the tank with material will improve the
hydrogen storage capacity by 30% compared to the material
free tank with compressed hydrogen at 120 bar and 23 °C as in
our experiments. At the same time the tank will become heavier
due to the addition of material.

Summarizing our experience, the advantages of the GT
method are the following:

- Direct estimation of the hydrogen storage amount using an
industry-related tank of a given volume.

- The new parameter introduced for evaluation of a material’s
performance in gas storage (Gain) provides a very simple and
intuitively clear characteristic of the material related to real and
bulk densities. For example, we demonstrate that hydrogen
storage improvement due to physisorption by ideal carbon
materials is limited by Gy ~ 30% which mean that at most a
30% higher amount of hydrogen can be stored in the material
filled tank compared to a tank filled with compressed hydrogen
at the same P-T conditions.

- Reasonable accuracy of the GT method is demonstrated for
gram amounts of materials using a standard commercial balance.
It is obvious that the GT method can be used also for larger
industrial tanks capable of storing kg amounts of gases.

- The method is technically very simple, inexpensive and easy
to learn. The test system can easily be assembled using common
parts and does not require long experience to take into account
typical errors. Note that further improvements are certainly
possible. Using e.g. lighter tanks with larger volume and smaller
dead volume will improve the accuracy of the method.

- The GT method is especially reliable for evaluation of
hydrogen storage at high pressures (> 60 bar): the amount of
storage gas increases at higher pressures while errors become
smaller. With proper tank design the whole pressure range
up to commercially used 700 bar (as in the Toyota Mirai) can
be studied. That is in contrast with standard gravimetric
and volumetric methods. The volumetric method is especially
vulnerable for large magnitudes of errors at pressures above
100 bar.

- The GT method was tested here for the gas with smallest
density (H,). It will be even easier to use for estimation of the
tank storage capacity of other denser gases (e.g. CH, or CO,).

4. Conclusions

In summary, the hydrogen storage properties of several materials
were evaluated relative to the storage capacity of compressed
hydrogen gas using the gravimetric tank method. The best Gain
value of ~12% was found for the Cu-BTC MOF which means
that the tank completely filled with this material stores a 12%
higher amount of hydrogen compared to H, gas at the same P-T
conditions. The method is based on a weight measurement of a
gas filled test tank containing a gram amount of material using a
standard commercial balance. The GT method will not replace
accurate measurements of hydrogen sorption isotherms using
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e.g. standard gravimetric and volumetric methods due to
insufficient accuracy at low pressures of a few bars. However,
the method presents clear advantages for industry-related
measurements of the gas storage capacity of a tank at high
pressures (tens and hundreds of bars). Our experiments
demonstrate that currently available physisorbing materials
provide a maximal Gain (increase of hydrogen storage capacity
relative to compressed gas) of about 12% and unlikely to exceed
~30%. We propose to use the GT method as a simple and
reliable test to verify reports of exceptionally high hydrogen
storage for various novel materials. The GT method can also be
used for routine evaluation of a material’s performance in
storage of any gases like methane or carbon dioxide.
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