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Abstract

Due to their very high porosity and superior textural properties, metal organic frameworks
(MOFs) are promising nanoporous materials for hydrogen storage by cryo-compression. Herein,
we investigated hydrogen adsorption on four commercial MOFs, namely MIL53-Al, MOF-5,
HKUST-1, and MOF-177, over a temperature range of 77 to 273 K and pressures up to 14 MPa.
The Modified Dubinin-Astakhov (MDA) equation was used to fit the experimental adsorption
data, and six parameters (m, Nmax, @, B, Po and V,) were obtained. We concluded that the
parameters Npax and V, are related to the micropore volume while a, #, m and Py are related to the
average micropore size. Compared to hydrogen compression in an empty tank, the introduction of
MOF-5 enhanced the volumetric hydrogen storage at 77 K and 10 MPa from 31 to 42 kg m™. The
release H, capacities of MOFs from a loading pressure of 10 MPa to a discharge pressure of 0.5
MPa were determined for either isothermal discharge at 77 K or after temperature increase to 160
K. For MOF-5, the amount of usable hydrogen increased up to 10.6 wt.% (40.8 mg cm™) by

pressure drop (from 10 to 0.5 MPa) and temperature increase (from 77 to 160 K).

Keywords: hydrogen storage; metal-organic-framework; adsorption modelling; high-pressure

adsorption; release capacity; adsorption entropy.



List of symbols and abbreviation

Ahags Isosteric enthalpy of adsorption
Anyp 751K 1 H, release capacity from 10 MPa and 77 K to 0.5 MPa and 160 K
Anpy” 777K | H, release capacity from 10 to 0.5 MPa at 77 K
2D-NLDFT-HS | 2D non-local density functional theory for heterogeneous surface
Aget BET area
ABET Ar BET area calculated from the Ar adsorption data
ABET N2 BET area calculated from the N, adsorption data
dr Average pore diameter
d; Average micropore diameter
DA Dubinin-Astakhov
Ky Henry’s law constant
m Exponent related to the heterogeneity of the material
MDA Modified Dubinin-Astakhov
Nabs Absolute hydrogen uptake
Nexc Excess hydrogen uptake
e Ads_,orbed hydrogen uptake, _equivalent to the saturation of the entire
available pore volume according the MDA Model
Niot Total hydrogen uptake
N 2K P (T)%t?\l/l Bydrogen uptake at the back pressure (usually fuel cell pressure,
: a)
g™ P Total hydrogen uptake at the maximum tank pressure (10 MPa in this
study)
P Equilibrium pressure
P/P° Relative pressure
Po Pseudo-saturation pressure
Pe Saturation pressure (0.1 MPa)
PSD Pore size distribution
QyVPA Isosteric heat of adsorption from the MDA equation
R Universal gas constant

S<0.7nm,NLDFT

Specific surface area in the ultramicropore range

So.7-20m, NLDFT

Specific surface area in the supermicropore range

SNLDFT

surface area determined by applying the NLDFT model

T

Equilibrium temperature




V<0.70m, NLDFT

Ultramicropore volume determined by applying the NLDFT model

V0.7-2nm,NLDFT

Supermicropore volume determined by applying the NLDFT model

Va Volume of the adsorbed phase
Micropore volume determined by applying the DA model to the Ar
Vba, Ar adsorption isotherm
Vineso Mesopore volume determined by applying the NLDFT model
Vmicro Micropore volume determined by applying the NLDFT model
Vs Total pore _volume reported in the literature and determined from Ar or
N, adsorption at P/P° = 0.97-0.99.
V1 ar Total pore volumes determined from Ar adsorption at P/P° = 0.97
V1 N2 Total pore volumes determined from N, adsorption at P/P° = 0.97
VT NLDFT NLDFT total pore volumes from the
Vy Void volume
a Enthalpy factor in the MDA equation
S Entropy factor in the MDA equation
% Surface coverage
Da Adsorbed phase density
Pery Single-crystal density
Py Gas density
Ppack Packing density
Psk Skeletal density

PTAP

Tapped density




1. Introduction

Hydrogen is a promising green energy carrier, as it has the highest gravimetric energy density
of all non-nuclear fuels (i.e., 120 MJ kg* compared to 47 MJ kg* for petroleum) . It can be
used to power fuel cell vehicles (FCVs) and produces no CO, emissions because its only
combustion product is H,O. However, one of the main technical obstacles limiting the large-scale
use of FCVs is the huge volume of H; needed to achieve a driving autonomy of 500 km when the
gas is at standard conditions (e.g. 61 m® at 298 K and 0.1 MPa) "% Therefore, the current
objective is to design hydrogen storage systems that are rapidly rechargeable, compact,
lightweight and cost-effective 3. To increase the volumetric energy density of hydrogen,
different approaches have been studied: (i) compression in gas cylinders *; (ii) liquefaction in
cryogenic tanks *, (iii) cryo-compression 2 and; (iv) absorption by - or adsorption on - solids (i.e.,
metal hydrides °, nanostructured carbons®, hyper-crosslinked polymers  and metallic organic

frameworks 5°).

Pressure in cryogenic hydrogen storage can be significantly reduced by introducing a
microporous material (pore diameter < 2 nm) to enhance hydrogen adsorption ®°. This approach
has several advantages over H; storage by compression or liquefaction. For instance, it requires
lower strength materials compared to those needed at 70 MPa and 298 K 2. As a result, cryogenic
pressure vessels are lighter, more compact and more cost-effective than gas compression storage
systems. The cost of cryogenic tanks is currently estimated at $390 kg™ “. In addition, cryo-
compression overcomes the gas losses associated with boiling in H. liquefaction systems %%,
which are very energy-intensive, accounting for at least one-third of the energy contained in

hydrogen **.

Indeed, unlike cryogenic tanks of liquefied H,, cryogenic pressure tanks
significantly extend the period of dormancy, as the vehicle is powered by an additional 48 watt-

5



days % Finally, the higher temperatures and lower pressures employed in cryogenic pressure
vessels offer potential safety advantages over compressed gas vessels and cryogenic tanks.
Recently, the Hydrogen Storage Engineering Centre of Excellence (HSECOE) has proposed the
design of cryogenic adsorption pressure tanks to charge hydrogen to 77 K and 10 MPa and
discharge it at 160 K and 0.5 MPa *2. Indeed, the use of these operating conditions could be
advantageous for several reasons. For example, 10 MPa is the highest refueling pressure for Type
| all-metal cryogenic pressure vessels ®, which are the least expensive pressure vessels available.
In addition, 0.5 MPa is chosen as the discharging pressure because it is approximately the

pressure at which there is no longer a gradient driving hydrogen flow to the engine®.

Due to their very high porosity and unique textural properties, nanoporous metal organic
frameworks (MOFs) have been investigated over the past two decades as suitable materials for
hydrogen storage ®*3*°. In addition to their developed textural properties, the perfectly ordered
open channels present in MOFs allow efficient access of hydrogen molecules to the inner space
13 “thus reducing diffusion problems at cryogenic temperatures. Modelling hydrogen isotherms
of MOFs is essential for the efficient design of hydrogen storage systems based on adsorption-
desorption 281, Indeed, the analytical representation of the experimental data over the whole
operating pressure and temperature is necessary to calculate the complete mass and energy
conservation equations *°. The Sips *°, Toth ' and the Modified Dubinin-Astakhov (MDA)
610.16.18-21 aquations have been used to fit the hydrogen uptake as a function of temperature and
pressure in MOFs. The MDA equation was found to fit well the H, adsorption isotherms on

MOF-5 %22 and MOF-177 ° over a wide range of temperatures (50-300 K) and pressures (0.1-70

MPa) '°%° In the latter studies, the relationship between MDA parameters and textural



characteristics was not established, however, but we have seen that this relationship exists as

revealed in a recent study dealing with hydrogen storage in activated carbons.

Herein, H, adsorption on four commercial MOFs (i.e., MIL-53 Al, HKUST-1, MOF-5 and
MOF-177) was performed between 77 and 213 K and up to 14 MPa. The six parameters of the
MDA equation (i.e., m, Nmax, @, S, Po and V,) were obtained by fitting adsorption data from eleven
isotherms with eleven adsorption points for each MOF. As volumetric hydrogen adsorption
capacity is important to ensure non-bulky final systems, gravimetric and volumetric uptakes of

H, were determined together with the deliverable capacity.

2. Experimental

2.1 MOFs

Four metal organic frameworks (MOFs) were studied, namely: (i) MIL-53 Al (CgHsAIOs)
from Sigma-Aldrich; (ii) HKUST-1 (Ci8HsCu3O1,) from Sigma-Aldrich; (iii) MOF-5
(C24H12013Zn4) from Nanoshel®; and (iv) MOF-177 (Cs4H30013Zn4) from Sigma-Aldrich. Table
1 shows the formula, structure, secondary building units (SBUs), linker and single-crystal

density, pcry, Of the selected MOFs.



Table 1. Characteristics of the MOFs selected for this study.

MOF Formula Structure® sSBU Linker® Pey
(cm®g)
-s."&\ —s". 0 COO\"
Py e *x Al
o CsHsAIOs e 0.978 %
=' o~ : o~ \_\OOC
2 —¥ AlO,(OHY), BDC

Hooc COOH
C1sHsCu30, 0.879

Hooc
BTC

HKUST-1

cooH

C24H12013ZN, 0.590 24%

Ho0C

MOF-5

BDC

Coo-

Cs4H30013ZN, O 0.430 %%

Coo-

MOF-177

Zn,0(CO;)s

BTB

% The structure of MIL-53AL was reprinted with permission from *%. Copyright © 2021 American Chemical Society.
The structure of MOF-177 was reproduced from *° with permission from the Wiley online Library. The structures
of MOF-5 and HKUST-1 were reproduced from ** with permission from the Wiley online Library.

® The secondary building units of the MIL-53Al was adapted with permission from *'. Copyright © 2021 American
Chemical Society; whereas, the ones of the HKUST-1, MOF-5 and MOF-177 were adapted from ** with
permission from the Wiley online Library.

¢ The linker abbreviation corresponds to: 1,4-benzene-dicarboxylic acid (BDC); 1,3,5-benzene-tricarboxylic acid
(BTC); and 4,4',4"-benzene-,3,5-triyltribenzoate (BTB)

4 Single-crystal density and corresponding reference(s).



2.2 Textural characterization

Textural characterization of MOFs was performed by physisorption of N,, CO,, H, and Ar at
77, 273, 77 and 87 K, respectively, in a Micromeritics® 3-flex manometric device. Prior to the
gas adsorption experiments, the MOFs were outgassed under vacuum (< 10 Pa) at 383 K for
more than 48h. The BET area (Ager) was determined from the N, and Ar isotherms using
Micromeritics® Microactive software and applying the Rouquerol criteria *2. To assess the pore
size distribution (PSD) of MOFs, the 2D non-local density functional theory (2D-NLDFT-HS)
for cylindrical pores (Me-type zeolite) was applied to the Ar isotherms using SAIEUS® software
(Micromeritics) in agreement with previous studies **2*. From their PSDs, we found the specific
surface areas (Sniprr), ultramicropore surface areas (S<o.znmNLDET), SUpermicropore surface areas
(So0.7-2nmNLDFT), Ultramicropore volumes (V<o.7nm, NLDFT), SUpermicropore volumes (Vo.7-2nm NLDFT),
mesopore volumes (Vines), total pore volumes (Vr niprr), average pore diameters (dr) and average
micropore diameters (&u)- Additionally, the total pore volumes Vr, N2 and Vr, ar were determined
from N, and Ar adsorption isotherms, respectively, at relative pressures p/p°® = 0.97. For
comparison, the micropore volumes were also determined using the Dubinin-Astakhov (DA)

equation® applied to the Ar adsorption data, and they were referred to as Vpa, ar.

2.3 Hydrogen adsorption at high pressure

Hydrogen isotherms were performed up to 14 MPa at 77, 93, 113, 133, 153, 173, 193, 213,
233, 253 and 273 K in a Micromeritics® HPVAII automatic adsorption equipment coupled to a
single-stage closed cycle cryogenic refrigerator; more details have been reported elsewhere .
Briefly, approximately 1.2 g of the selected MOF was loaded into a 10 cm® cell and outgassed

under vacuum (6 x 10 Pa) at 383 K for 48h. The isotherms were performed with precise



temperature control to + 0.005 K. Adsorption pressures steps were measured at 0.1, 0.5, 0.8, 1, 2,
3,5, 75,10, 12.5 and 14 MPa, whereas desorption data were obtained at 11.5, 8, 4.5, 1.5 and 0.5

MPa.

2.4 Skeletal and tapped density determination

Prior to measurement of skeletal and tapped density, the samples were degassed at 383 K
under primary vacuum overnight. The skeletal density of the samples was measured by He
pycnometry in a Micromeritics® AccuPyc Il 1340 instrument at room temperature. Tapped
densities of the samples were obtained in a Quantachrome® Autotap apparatus. Briefly,
approximately 4 mL of MOF powder was poured into a 10 mL-measuring cylinder and
mechanically tapped 1500 times in at least two cycles. If a variation of more than 5% was
observed between the volumes obtained in the first two cycles, a third determination was
performed. Then, the tapped density of the MOF was calculated as the mass of the sample

divided by the final volume.

3. Modeling

3.1 Experimental determination of the adsorbed phase density

When hydrogen is adsorbed onto a porous material, a density profile is formed in the pores.
Near the pore walls, the adsorbed hydrogen has a higher density that is generally considered to be
close to that of liquid hydrogen ***’. However, some authors have considered that the density of
supercritical hydrogen adsorbed in nanoporous solids may be higher than that of the liquid phase
and closer to that of solid hydrogen®*. The density of molecules inside the pores decreases with

distance from the surface, to a minimum that is equal to the density of the free gas at system
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pressure “°. Therefore, naps [mol kg™] is defined as the absolute amount of gas confined in a
volume, V,, which is the volume of adsorbed gas **. Furthermore, ne,. [mol kg™] is defined as the
difference between n,,s at a specific pressure and temperature, and the amount that would be
present under the same conditions in V,, and in the absence of adsorption. naps and neyc are related
by Eq. (1), where pq [mol m™] in the hydrogen density in the gas phase at the same conditions of

pressure and temperature:

Naps = Nexe T PgVa 1)
Assuming that V. varies according to V, = ngps/p,, Where pa [mol m?] is the hydrogen

density in the adsorbed phase, Eg. (1) can be expressed as follows:

p 2
Nexc = Naps (1 - _g) ( )

a

Generally speaking, Nexc and naps are almost identical up to 0.1 MPa because pg << pa. When
the gas is compressed, the term pg/pa becomes non-negligible and consequently, ney exhibits a
maximum, which occurs when p, monotonically approaches a constant value while pq continues
to increase as the pressure *’. After the maximum, ne decreases significantly and eventually
reaches the so-called saturation regime at pg/pa >> 1 where, considering that the adsorbed phase
has a non-compressible fluid behavior and that there is no phase change in the saturation regime,

192043 Eq.. (2) can be approximated by Eq. (3):

anexc ~_ V (3)
dpg ~ °

Therefore, V, can be calculated as the absolute value of the slope when plotting ney as a function

of pg, as in Eq. (4), for pressures higher than those needed for reaching the maximum Neyc:
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Nexc = Nabs — nga 4)

At the intercept with the x-axis (ne = 0), the gas and the adsorbed phase have the same density
(g = pa), and hence it is possible to estimate the density of the adsorbed phase as a function of

temperature 2374,

3.2 Application of the Modified Dubinin-Astakhov (MDA) equation

Nexc Can be suitably represented by the modified Dubinin-Astakhov (MDA) equation %92,

which reads as follows:

RT \™ (P, ®)
Nexc = Mmax €XP _(0(+T[)’> In (F) — PgVa

where npax [mol kg™] is the limiting hydrogen uptake corresponding to the maximum filling of
the entire volume of adsorption space, R [8.314 J mol™ K] is the molar gas constant, a [J mol™]
is the “enthalpy” factor, 8 [mol J* K] is the “entropy” factor *°, T [K] is the temperature of the
isotherm, P [MPa] is the equilibrium pressure, Py [MPa] is the pseudo-saturation pressure
according to Dubinin’s definition **, and m is an exponent related to the heterogeneity of the
material. p; was obtained from REFPROP-7 software and the ne. data set, experimentally
determined for each MOF at the eleven temperatures selected in this study, was fitted
simultaneously to obtain the six MDA parameters (m, Nmax, @, f, Po and V,) using the Levenberg-

Marquardt algorithm **.
3.3 Determination of the isosteric heats of adsorption from the MDA equation

According to the Clausius-Clapeyron equation %, the isosteric heat of adsorption, QMP4 [J

mol™], or isosteric enthalpy of adsorption, -Ahags [J mol™], can be calculated as follows:

12



dInP 6
Ahads = —RTZ [ 2 ] v ( )
n

oT

From the MDA equation Eq. (5), In (P) can be expressed as follows:

() =~ (22 (~n (Z2))") 4 1n 2 0

max

dlnP
aT

and from Eq. (7), [ ] . can be determined as follows:
n

ar

dlnP s Nabs = (8)
5], = @ (m(Res))

Therefore, QP4 can be determined by merging Eq. (6) and Eq. (8) and replacing Naps/Nmax by
6, which is the surface coverage at the surface of the MOFs, leading to. Eq. (9). This equation is
in good agreement with that reported by Richard et al. ?* for activated carbons when m is equal to

2.

hags = QU7 = e(—(O))" ©

3.4 Total usable capacity

The total hydrogen uptake is defined as all the hydrogen present in the material, regardless of
whether it is adsorbed or compressed. The total hydrogen uptake, ny, can be calculated from Eq.
(10) where ne [mol kg™ is the excess uptake, ppack [kg M™] is the packing density of the
(granular or powdered) porous adsorbent material, ps [kg m™] is the skeleton density of the latter,
and pq [mol m™] is the gas phase density. ne, uptakes were calculated using the parameters found
from the MDA equation, and the py data were obtained from the REFPROP-7 software. In
addition, either the tapped density (porap) Or the single-crystal density (pcry) Were used as values

for packing densities (ppqc) to calculate the total hydrogen uptakes. Although the use of the

13



tapped density would lead to more realistic estimates **, most studies in the open literature used

the single-crystal density of the materials &9>4>4°

, Which can be determined by XRD analysis.
Yet, it is clear that if one makes the crude approximation that ppack = pery, this means that one

neglects the void volume of the granular adsorbent packing, which significantly reduces the

1

Ppack  Pskel

estimated contribution of the H, compression <( )pgas> in Eqg. (10). We therefore

considered it more realistic to assume the bed of granular material as a regular, close-packing of
spherical grains when the single-crystal density is employed in the calculations. The compactness
of such a packing is 74%"*', and therefore, the packing density is assumed to be 74% of the

single-crystal density, i.e., ppack = 0.74 pery.

(10)

N ( 1 1 )
n =n — P
ot exe .Dpack Pskel gas

Furthermore, in practical applications, the cryogenic compression adsorption system should
be able to adsorb and also release as much hydrogen as possible under the operating conditions

45,48

81545 Therefore, the usable amount of stored H, “*, or release capacity®®*, Any, [mol kg™,

can be calculated as follows:

(11)

max P back P
ot

Anyy = Neot —ng

where n,,™** P [mol kg™] is the total hydrogen uptake at the charging, maximum, tank pressure,
and n,,.2%* P [mol kg] is the total hydrogen uptake at the discharge pressure, i.e., the
minimum back pressure for a fuel cell. The deliverable capacity, Any,, was calculated
considering a discharge pressure (back pressure) of 0.5 MPa, which is usually considered as the

lower limit for having hydrogen flow from a tank to an engine ****. The charging pressure was

14



estimated to be 10 MPa, as this is the highest refueling pressure for all-metal Type | tanks . Two
scenarios were considered: an isothermal charge-discharge process *° (Anu,"***™°) at 77 K, and a

temperature change from a loading at 77 K to a discharge at 160 K (Any,"" %K),

15



4. Results and discussion

4.1 Textural characterization

Figure 1, Figure S1 and Table S1 show the results of textural characterization of the studied
MOFs. According to the IUPAC classification *°, MOF-5, HKUST-1 exhibit Type la isotherms
for Ar and N, adsorption at 77 and 87 K, respectively (Figure 1la and Figure S1). This type is
characteristic of purely microporous materials with narrow pore diameters, less than 0.7 nm. The
Ar and N3 isotherms of MOF-177 and MIL-53Al show a combination of Types la and IV, which
is typical of micro-mesoporous materials. These observations concerning the porosity are in good
agreement with the PSDs obtained by application of the 2D-NLDFT-HS model. PSD results are
displayed in Table S1 and Figure 1b. For instance, the fraction of microporosity, calculated as
Vnicro NLDFT / V1, NLDFT, OF MOF-5 and HKUST-1 was 100%, while MOF-177 and MIL-53 Al
presented 7.2 and 34.7 % of mesoporosity, respectively. The total volume of pores, Vr nipFT,
decreased in the order MOF-177 > MOF-5 > HKUST-1 > MIL-53 Al (1.66, 1.06, 0.78 and 0.43

cm® g, respectively).

Figure S2a and Table S1 show the values of Vr N2 and Vr 4 Obtained by the N, and Ar
isotherms at p/p°® = 0.97, and those of V1 nLper for the four MOFs. Minor differences are observed
between Vr ar and V1 niprr (< 1 % for MIL-53 Al, MOF-5 and MOF-177; and 7% for HKUST-1).
In general, larger total pore volumes were obtained when N, adsorption was used (Figure S2a),
which can be attributed to the specific interactions of N, with the metal ions due to its significant

34

quadrupole moment **. Having no quadrupole moment, Ar is a more reliable probe to

characterize the texture of MOFs 344

. In addition, Ar is more suitable for characterizing
microporous materials since at this temperature, Ar fills narrow pores at significantly higher
relative pressures than N, at 77 K *°.
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Figure 1. Textural characteristics of the MOFs studied here: (a) Ar adsorption—desorption
isotherms at 87 K; (b) Ager obtained from N, and Ar adsorption, Sniprr, and pore
volumes in the ultramicropore (< 0.7 nm), supermicropore (0.7—2 nm) and mesopore
(2—50 nm) ranges; (c) pore size distributions; and (d) cumulative pore volumes from the
2D-NLDFT fits to the Ar isotherms.

The values of Ager from the N, and Ar adsorption data were in the ranges of 727-4557 and

681-4215 m* g, respectively (Table S1). As for the total pore volume, in general, the values of

Ager N2 Were higher than those of the corresponding Ager ar due to the specific interactions

between nitrogen and the metal ions. Larger differences were observed when comparing Ager ar

17



and Sniprr due to the limitations of the BET theory that overestimates or underestimates the
surface area *°. Overestimation occurs when there is a developed texture with large micropores (1
< d < 2 nm) and mesopores, since N, uptake proceeds by pore filling and not by monolayer
adsorption °***, The underestimation is related to the existence of ultramicropores in the material

(< 0.7 nm) where only a monolayer of nitrogen is taken into account *.

The values of Syiper, in the range of 1666-4061 m® g™, were always higher than those
obtained for Ager ar (Figure 1b and Table S1). The difference varied from 5 to 26% for MOF-
177 and MOF-5, respectively, but was considerably higher for HKUST-1 and MIL-53Al, where
Sniprr was at least two times higher than Ager ar. We have to take into account that, having
different metals in their composition (Zn for MOF-177 and MOF-5, and Cu and Al for HKUST-1
and MIL-53Al, respectively), the interactions between the hydrogen molecules and the metallic
ions are not equivalent for all materials. In addition, we took a kernel developed for metal-
exchanged zeolites because a kernel for MOFs has not yet been developed. We are aware of the
limitations of this approach; nevertheless, we show below that the application of this 2D-
NLDFT-HS model allows us to obtain relationships between parameters related to hydrogen
storage and textural characterization. Figure S2b shows the micropore volumes obtained by the
DA and NLDFT models using Ar adsorption. Minor differences, up to 10%, were observed

between Vpa ar and Viicro nLDFT Values.

All the MOFs present a quite narrow PSD with a main peak in the range of 1.25-2.3, 1.05-
1.81, 0.37-1.15 and 0.51-0.95 nm for MOF-177, MOF-5, HKUST-1 and MIL-53Al, respectively
(Figure 1c). Furthermore, the sample MIL-53Al exhibits a small peak at 16.8-30.6 nm, which
corresponds to the presence of mesopores. In good agreement with Figure 1c, most of the pore

volume of the samples is microporous (Figure 1d). d,, varies from 0.73 to 1.65 nm and increases

18



in the order MIL-53Al < HKUST-1 < MOF-5 < MOF-177, while d varies from 0.81 to 6.23 nm
and increases in the order HKUST-1 < MOF-5 < MOF-177 < MIL-53Al (Table S1). MIL-53Al
thus has the narrowest &ﬂ and the widest dr, due to the considerable relative amount of wide

mesopores (see again Figure 1d).
4.2 CO, and H; adsorption at atmospheric pressure

The CO; and H; isotherms at 273 and 77 K obtained up to 0.1 MPa are shown in Figure S2a-
b. To date, most studies performed on gas storage have focused on gravimetric uptake of

materials "1%°2-6

, although knowledge of volumetric uptakes is essential for the assessment of
storage systems ®%!°. Therefore, CO, and H., volumetric uptakes at 0.1 MPa were calculated
using the tapped density of the MOFs and were reported in Table S2 together with the
correspondent gravimetric uptakes. Gravimetric and volumetric gas uptakes linearly increased
with V<o 7 neper (Figure 2c and Table S2), which is related to the fact that gas adsorption under
atmospheric pressure mainly depends on the narrowest pores, i.e., those where adsorption forces

are enhanced due to overlapping adsorption potentials of the two pore walls ",

At low pressures, in the Henry’s law region, the gas concentration is low enough to consider
that all adsorbed molecules are isolated from their nearest neighbors and that their intermolecular
interactions can be neglected *°. In this region, the excess uptaked, e [Wt.%], increases linearly
with pressure, and the proportionality constant is known as Henry’s law constant Ky [wt.% kPa’
Y. Figure 2d-e shows the CO, and H, isotherms up to 10 kPa where the uptake increases linearly
with pressure (R?> > 0.98). Up to 10 kPa (Figure 2d-e), the gas uptake increases in the order
MOF-177 < MOF-5 < MIL-53Al < HKUST-1, in relation to their values of V< 7npFT, Whereas at

0.1 MPa MOF-5 and MOF-177 have similar uptakes. The Henry’s constants of H, (Ky 1) and
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CO, (Kycop) at 77 and 273 K (Table S3) were estimated as the slopes of the solid lines plotted in
Figure 2d-e. The pressure region taken in the linear fit and the R® of the experimental data are
reported in Table S3. Since Van der Waals interactions are stronger in MOFs with narrower

49,57,58

pores , Henry’s constants Ky coz and Ky w2 linearly increase with V<ozniprr. In good

agreement, Ky co2 and Ky p2 increase when reducing the average micropore size, Ju (Figure S3a-

b). The good agreement of the results with the expected behavior of the adsorption phenomena

corroborates that the PSDs obtained are representative of the MOFs texture.
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Figure 2. a) CO, isotherms at 273 K up to 100 kPa; b) H, isotherms at 77 K up to 100 kPa; c¢) H,
and CO, excess uptakes at 0.1 MPa plotted as a function of V<q7; d) CO, isotherms at
273 K up to 10 kPa; and e) H; isotherms at 77 K up to 10 kPa. In (c)-(e), the symbols
have the same meaning as in (a)-(b).
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4.3 Hydrogen adsorption at high pressure

The adsorption of H, on the four MOFs was fully reversible over the ranges of temperature
(77-273 K) and pressure (0.1-15 MPa) studied. Figure 3 shows the H, adsorption-desorption
isotherms at the lowest temperature, 77 K (Figure 3a) and at the highest one, 273 K (Figure 3b),
for the four MOFs. In Figure 3a-b, no hysteresis loop is observed as the desorption points

(empty symbols) overlap with the adsorption points (filled symbols) over the entire pressure

range.
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Figure 3. Excess hydrogen isotherms: a) at 77 K; and b) at 273 K, for the four MOFs. Filled and
empty symbols correspond to adsorption and desorption data, respectively. c) Excess H,
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uptake expressed as a function of gas phase density at 77 K; and d) evolution of V, with
V1 NLDFT-

At 77 K and 2-3 MPa, the H; excess isotherm shows a maximum value of 6.1, 4.7, 3.8, 2.1
wt.% for MOF-177 (at 3 MPa), MOF-5 (3 MPa), HKUST-1 (2 MPa) and MIL-53Al (2 MPa),
respectively (Figure 3a and Table S4). The values of H, excess uptakes at 273 K and 14 MPa
were 1.1, 0.8, 1.0, 0.7 wt.% for MOF-177, MOF-5, HKUST-1 and MIL-53Al, respectively
(Figure 3b and Table S5). The maximum H; excess uptake observed in the 2-3 MPa range
(Figure 3a) corresponds to the point where the gas phase density, pq, increases while the
adsorbed phase density, pa, approaches monotonically a constant value *'. Indeed, when the gas is
compressed, pqy increases significantly and pg/pa, see Eq. (2), becomes non-negligible. After the
maximum, the excess H, decreases significantly with increasing py and finally reaches the

19,20,43

saturation regime where the excess uptake decreases linearly with pq as shown in Figure

3c.

The results of the linear regression of the curves in the saturation regime are reported in Table
S6. The R? of the linear regression were greater than 0.996, which means that p, does not vary
significantly with pressure in the saturation regime and that the adsorbed phase behaves as an
incompressible fluid ?°. Given the critical point of H, (T. = 33 K and P, = 0.13 MPa), we can

19,20,43

assume that there is no phase change beyond the measured region and extrapolate the

curves to their intercept with the x-axis where ne. = 0 (Figure 3c). At that point and according

to Eq. (2), the gas and the adsorbed phase have the same densities (pg = pa) 2*%"*3

, SO it is
possible to estimate the density of the adsorbed phase (Table S6). p, at 77 K and high pressure
was found to be around 81, 105, 99 and 65 kg m™ for MOF-177, MOF-5, HKUST-1 and MIL-

53Al, respectively (Table S6 and Figure 3c). For MIL-53 Al, p, approaches the density of
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hydrogen at the boiling point (about 70 kg m™) while p, in HKUST-1 approaches the density of
solid hydrogen (86 kg m™). p, for MOF-177 and MOF-5 are significantly higher than the

density of solid hydrogen, in good agreement with some authors ***

who reported the solid-
like behavior of the adsorbed hydrogen phase. These high values are not completely surprising
if we consider that the limiting adsorption corresponds to a point where the density of the
adsorbed phase is at its maximum, and where the latter becomes incompressible. Indeed,

Romanos et al. 4

reported that the density of the hydrogen adsorbed in nanopores can be higher
than that of the solid phase, up to 100 kg m™.The V, values obtained from the linear regression
of Eq. (4) are presented in Table S6. According to the results discussed in Section 4.1, p, is
higher in MOFs with narrower pores due to the strong Van der Waals interactions between the
pore walls (Figure S4).

Furthermore, V, was found to be directly proportional to Vt niprr (Figure 3d) and to Ager ar
(Figure S5) with R? of 0.96 and 0.90, respectively, when the data were fitted through the origin
(0,0). This is in agreement with the results we found in a previous study on commercial activated
carbons °, where V, obtained from the fit of the MDA equation to the data was proportional to V.
norr and Ager. The good correlation of V, with Ager also shows that the BET method is
sometimes more indicative of the volume than the surface area itself. Figure S5 and Table S7
show the linear relationship between Ager and Vy for the four MOFs studied and for other MOFs

reported in recent studies 891527456061,

Figure 4a-b shows the hydrogen excess uptakes at high pressure and 77 K (2-3 MPa) and 273
K (14 MPa) adsorbed as a function of Ager ar (Figure 4a) and Syiprr (Figure 4b). Fits made by
forcing the linear regressions through (0,0) are shown in red and green dashed lines for

adsorption performed at 77 and 273 K, respectively. At 2-3 MPa and 77 K (Figure 4a), a high R
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was obtained when ne Was plotted as a function of Ager ar (R® = 0.89) but a much lower value
(R? = 0.41) was obtained for the uptakes at 273 K and 14 MPa. This is related to the fact that
using the BET model %, pore filling and not just monolayer adsorption is considered for the
determination of Ager “*®® and pore filling is enhanced at 77 K. At 77 K, a similar R* was found
when ne was plotted as a function of Sy prr (Figure 4b), in good agreement with published
results #**. At 273K, the amount of hydrogen adsorbed is much lower than at 77 K, the entire
pore volume is not occupied and thus the amount of hydrogen is more related to surface than
volume. Since the NLDFT method gives a better estimate of the surface area, the determination

factor increases from 0.41 to 0.93 using Ager and Sniprr, respectively, to establish the correlation.
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Figure 4. Hydrogen excess at 77 K and 2-3 MPa (= MIL-53AL, « MOF-5, o HKUST-1, « MOF-
177 and ---) and 273 K and 14 MPa (= MIL-53AL, eMOF-5, o HKUST-1, ¢ MOF-
177 and ---) as a function of (a) Ager ar and (b) Sniper. The dashed lines (---) correspond
to the linear regression fit through the origin at (0,0). Volumetric vs. gravimetric
absolute hydrogen uptakes of porous materials using as the packing density: (c) the
single-crystal density; (d) 74 % of the single-crystal density; and (e) the tapped density,
from recent studies on activated carbons (s *°,a% v %), MOFs (o, v¥" 0®, ¢ °) and this
study (sMIL-53AL, eMOF-5, aAHKUST-1, ® MOF-177). The orange line (-) in (c) and
(e) correspond to the model proposed by Balderas-Xicohténcatl et al. ‘%, The black line
(-) in (d) is only a guide for the eye. The absolute uptake from the excess reported data
was calculated using REPROF software to calculate the H, gas density and considering
the adsorbed phase volume as the total pore volume.

Actually, excess hydrogen adsorption at 77 K was found to increase by 0.8 wt. % per 500 m?

g™ of Ager ar, Which could be proposed as an alternative to the Chahine rule ****% for MOFs. It
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may be useful to recall here that Chahine’s rule, initially found for ACs, states that ney increases
by 1 wt.% per 500 m? g™ of Ager n2. Nexc Was also found to be directly proportional to Vr niper and
Vmicro (Figure S6a-b). The linear relationship of ney with V1 g per indicates that supermicropores
and even narrow mesopores are highly relevant for enhancing hydrogen uptake at 77 K and high
pressure %, At 77 K and pressures above 2 MPa, the excess H, uptake decreased in the order
MOF-177 > MOF-5 > HKUST-1 > MIL-53Al (Figure 3a), which is different from that observed
at 77 K and up to 0.1 MPa (Figure 2). This highlights the fact that at high pressure, not the same

pores are relevant to enhance the adsorption process.

Table S7 shows textural properties, tapped and single-crystal densities from recent studies on
MOFs. Recent studies have found a linear relationship between specific surface area and pore
volume (Table S7) and an inverse relationship between volumetric surface area (which is equal
to Ager X ppack) and void volume in MOFs ' These results imply that the volumetric and
gravimetric absolute uptakes are related . Figure 4c-d show the absolute volumetric and
gravimetric hydrogen uptakes at 77 K and 2-4 MPa on MOFs from the open literature (data
shown in Table S8). Absolute uptakes from excess reported data were calculated using the
approximation Vpere = V5 and employing the gas density calculated from the REPROF software.
To quantify the volumetric uptake, either the single-crystal density (Figure 4c and d) or the
tapped density (Figure 4e) were employed. Indeed, the use of tapped density could lead to more
realistic estimations of the packed column volume *3, however, for most of the studies in the open
literature, the tapped density is not available and the packing density is consider equal to the
single-crystal density %% Figure 4c and Table S8 display the absolute uptakes on a
volumetric basis, which have been reported in recent studies in the literature under the

assumption ppack = pery. This assumption neglects the loss in H, storage capacity due to packing
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13154580 hecause the materiual is considered to behaves as a monolithic block and not as a stack
of granular material. Consequently, higher volumetric uptakes are obtained compared to those
calculated using the tapped density (Figure 4e). Figure 4d shows the absolute uptakes on
gravimetric and volumetric basis when the materials are assumed to behave as a regular close-
packing of spherical grains*’ (Ppack = 0.74 pery). Although this assumption remains an idealization
of real granular materials packing, it provides values in better agreement with those obtained

when the tapped density is employed (Figure 4e).

Regarding the relationship between the volumetric and gravimetric absolute uptakes,

1
|

Balderas-Xicohténcatl et al. ~° proposed Eq. (12), whose parameters have the following meaning.

Nabs’® [Mg cm®] is the volumetric absolute uptake and na,®™ [mg g™] is the gravimetric absolute
uptake. a [4.8 x 10™ cm® m™?] is a constant related to the ratio of total pore volume to specific
surface area in the MOFs, k [1.9 x 10 mg m™] is a constant related to the hydrogen surface
density (at high pressures and 77 K), and v, [cm® g™'] is a constant parameter of the model that
has been related to the specific skeleton volume in MOFs. The value of the latter parameter is 1.7
or 0.4 cm® g* depending on whether tapped density or single-crystal density is used in the model.
Indeed, the skeleton volume of the material and the void volume between its grains account for

the value of v, and, therefore, v, is larger when using the tapped density because the void

volume between grains is not considered in the single-crystal density.

vol _ nabsgrv (12)

Figure 4c-d shows the absolute volumetric uptake as a function of absolute gravimetric
uptake for our data and literature data ®%'*27%*% The absolute H, adsorption on a volumetric

basis tends to plateau at the highest values of absolute gravimetric H, uptake, in particular for
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materials with high BET areas **. Our data in Figure 4c-d are properly predicted by the equation

|l3

proposed by Balderas-Xicohténcatl et al =, represented by the orange solid line.

4.4 Application of the MDA equation

Figure 5 shows the experimental hydrogen isotherms (full and empty symbols correspond to
adsorption and desorption data, respectively) of the four MOFs studied here, and their fits with
the MDA equation. The six parameters of the MDA equation (i.e., m, Nmax, @, S, Po and V,) found
by non-linear regression of hydrogen adsorption data are listed in Table S9. The R? coefficient
was on average between 0.96 and 0.98 for the four MOFs (Table S9), which shows that the
MDA equation fitted the experimental data adequately, as we already found for H, adsorption on
CACs ° In the latter study, we found that the MDA parameters were related to the textural
properties of the CACs. In this section, we will examine the relationship between the MDA

parameters and the textural parameters of MOFs and CACs.
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Figure 5. Hydrogen isotherms on: (a) MOF 177; (b) MOF-5; (c) HKUST-1; and (d) MIL-53 All,
and their fits with the MDA equation at 77, 93, 113, 133, 153, 173, 193, 213, 233, 253
and 273 K. Full and empty symbols indicate adsorption and desorption data,
respectively.

Table S10 shows the values of R?> when the MDA parameters were linearly fitted to the
different textural parameters. Figure 6 shows the MDA parameters of MOFs (this study) and
CACs (from °) plotted as a function of Ager (Nmax and Va,) and dH (o, B, Po and m). nmax ranged
from 115.7 to 20.3 mol kg™ and increased linearly with Ager, V. nLorrand Snioer (Figure 6a and

Table S10). This is in line with the linear increase of Ney With V1 nyprer and Ager discussed in
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Section 4.2 (Figure 4a and Figure S6a). Recently, a study published by Zhang. et al.™

demonstrated the correlation between pore volume and hydrogen capacity on MOFs using two
empirical equations, in good agreement with the linear increase of npmax With V1 ot found here.
V, ranged from 0.56 to 2.42 cm® g and was also proportional to Ager, V1, niorr @nd Snioet
(Figure 6b and Table $10). The fact that higher R? were found when Aggr rather than Sy.oer was
used indicates that hydrogen storage at high pression is not exclusively a surface phenomenon but
also a pore-filling phenomenon. In fact, due to the assumptions of the BET model ®?, Ager is an

49,63

apparent area that takes into account not only surface coverage but also pore filling and thus,

Nmax @nd V increase proportionally to it. The values of V, °* obtained from the MDA model were

larger than those of V, "

obtained by the linear regression of the ney curves at 77 K (Figure S7)
(see Section 4.2), which could be attributed to the empirical nature of the MDA model. In fact, V,
values reported in the literature are as high as 1.94 % and 2.84 ** cm® g* for MOF-5, and 3.30 *°

cm® g™ for MOF-177.
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Figure 6¢c-d shows the a and 2 parameters of MOFs and CACs ° plotted as a function of the
average micropore size (&H). Both series of data decrease progressively as c?u increases, with an
R? of 0.97 and 0.96 for CACs and MOFs, respectively (Figure 6¢). The parameter « is usually

1021 “as it is related to the isosteric heat of adsorption (Qs) by Eq. (9).

named the enthalpy factor
Figure 7 shows the isosteric heat of adsorption, QP4 as a function of the surface coverage, 6 =
Nabs/Nmax (Figure 7a) and the average micropore size, JM (Figure 7b). For each of the MOFs
studied, QP4 increases with @ (Figure 7a). Indeed, at low 0, the first sites to be occupied are
those with the strongest interactions (and higher Qg) with H; molecules, mainly the
ultramicropores (Figure 7b). Subsequently, as the sites are filled and 6 increases, H, is adsorbed

in wider pores where the interactions are less strong and consequently QP4 decreases®.

Nevertheless, Eq. (9) is not suitable for calculating QP4 when 6 approaches 0 and 1 because it
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is mathematically limited to the range 0 < 6 < 1. Indeed, QXP4 increases indefinitely or becomes

zero when @ approaches 0 and 1 respectively.
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Figure 7. Evolution of QMP4 as a function of: (a) surface coverage; and (b) average micropore
size for several surface coverages.

The isosteric heat of adsorption, Q;, is related to the VVan der Waals interactions between the
solid surface and the gas, which depend on the pore diameter but also on the surface chemistry
344957 Therefore, it is logical that the evolutions of o with d, for MOFs and CACs are not fitted
with the same linear regression (Figure 6¢) because their chemical nature is very different. The
average Q. values for MOFs are in good agreement with those of MOF-177 ® (around 4 kJ mol™

at 0.02 < 6 < 0.8) and DUT-23 (Co) ?’ (around 4 kJ mol™ at 0.02 < 6 < 0.8). The average Q,,
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values for the CAC called AX-21 102764 were higher and in the range of 8.8-4.5 kJ mol™ at 0.02

< #<0.8, in good agreement with the higher values found for & when studying ACs.

Using only CACs, we found that g, the so-called entropy factor, was proportional to Vr nLper.
We attributed this finding to a higher degree of disorder of the hydrogen molecules in wider
pores ©, because higher activation degrees are accompanied by pore widening as well as an
increase in Vt nper. Figure 6d shows that by plotting all g values together, g increases linearly
with ciﬂ (R? = 0.92), which can be due to the higher degree of disorder of H, molecules in
materials with wider pores, in good agreement with the lower hydrogen densities achieved upon
increasing the pore diameter . Still, a linear tendency of 4 with V1 nLorr Was observed, but R?

was considerably lower (Table S10).

For all four MOFs, m was found in the range of 1.65 to 2.25, in line with the range of values
that other authors have reported for MOFs °. Figure 6e shows that m increases with J#. In our
previous study on CACs °, m was not fitted but set to 2 as has been done by other authors when
using the MDA equation ‘*'*?%? When fitting m as a function of d,, for MOFs only, for which
m has been fitted as another parameter of the MDA model, R? was 0.96 (Table S10). In a future
study, we will also determine m for CACs to clarify if there is a relationship between textural

parameters and m for CACs as well.

Regarding the pseudo-saturation pressure, Py, values between 130 and 976 MPa were found
for MOFs, which are of the same order of magnitude as those reported by other authors
101618192122 For instance, P, was found to be 322 2 and 1246 * MPa for MOF-5, whereas
values of 79 (for powder) and 215 (for pellets) MPa were reported for MOF-177 *°. Although

these pressures seem high, Py was originally defined as the saturation pressure in Dubinin’s
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model for subcritical conditions. In contrast, hydrogen adsorption is usually studied under

%8404 50 the original definition of Py loses its physical meaning °.

supercritical conditions
Therefore, Do and Do ® suggested a concept of quasi-saturated vapor pressure based on the
assumption that supercritical fluids could form clusters when confined in narrow micropores, and

these clusters could be large enough to exert Py in the same way as a subcritical fluid. In Figure
6f, the increase in P of MOFs and CACs as a function of d# is observed. R? is 0.96 if only the
MOFs are considered for the regression of Py versus dﬂ (Table S10). Such linear relationship is
in good agreement with other authors who considered that Py is not only characteristic of the
adsorbate but also depends on the adsorbate-adsorbent interactions ‘*?2. This aspect deserves
more attention and we continue to work on it. Fitting the ne adsorption data including the
parameter m as another parameter of the MDA model (thus with npax, o, B, Po and V,) for CACs
could improve the linear tendency between P, and JH. In addition, it has also been proposed that

P, could be temperature-dependent **#*. These approaches will be addressed in further studies.
4.5 Release capacity

In practice, the performance of cryogenic compression adsorption systems is manifested by H,
charge-discharge cycles and, therefore, optimal performance is limited by its ability to store
through adsorption and compression, and release as much hydrogen as possible under operating
conditions 8. This can be quantified by the release or usable capacity, Any,, which is the
amount of hydrogen released between the storage tank pressure and the back pressure for a fuel
cell under operating conditions *>*>*_ It can be calculated using the total uptake, as it takes into
account the compressed gas in the void volume of the adsorbent material #%*>*°. To calculated
the release capacity, most of the studies estimates the pack density as equal to the single-crystal

density ®'>°°. Table S11 shows the release capacities of MOFs reported in recent studies %°>
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calculated employing single-crystal density. As discussed previously, we consider that using the
tapped density would lead to more realistic estimates, but in order to compare the data obtained

with the literature, we used both approaches to perform our calculations.

Figure S8 shows the total hydrogen isotherms of the four MOFs calculated by Eq. (10) using
tapped density, whereas Figure S9 and Figure S10 show the total hydrogen isotherms calculated
on the basis of single-crystal density considering a regular close-packing of spherical grains and
neglecting the packing, respectively. Using the total isotherms (Figure S8, Figure S9 and Figure
S10), the deliverable capacity of MOFs, Anyy, was calculated considering a discharge, or back
pressure, of 0.5 MPa and a charge pressure of 10 MPa. The results of the two scenarios
considered: (i) an isothermal charge-discharge process ** (Anp," ™™™ at 77K, and (ii) a change

of temperature from a charge at 77 K to a discharge at 160 K 3% (Any,"" 10K

), are reported in
Table S11 and Table S12. Furthermore, we estimated the Anu,"**™™@ and Any,” ¥ of MOFs
reported in recent studies ®**>® from the data of Table S11 by considering a regular packing of

spherical grains (ppack = 0.74 pery). These results are presented in Table S12.

Figure 8a-b shows the evolution of Any, as a function of Ager in MOFs when calculations are
performed using: (a) the single-crystal density, and (b) the tapped density or the single-crystal
density considering a regular packing of spherical grains (ppack = 0.74 pcry). For MOFs with Ager
in the range of 681-6245m? g, Any,""™™ determined using single-crystal density is in the
range 1.15-10.1 wt.% and increases linearly with Ager (Figure 8a). The hydrogen release can be
significantly enhanced when a change of temperature is made . As discharge temperatures

increase to 160 K, Any,’ 60K

is in the range of 2.6-14 wt.% for MOFs having Ager in the range
of 681-7310 m? g™ and Anp,' ™ ¥ also increases linearly with Ager. The release capacities

determined for our MOFs using single-crystal density are in good agreement with data reported
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in the open literature under the same conditions. Figure 8b shows the obtained Any,"**"™™ (top)
and the Any," " K (bottom) calculated using the tapped density or the regular packing of

spherical grains (ppack = 0.74 pery) from the literature %%

, plotted as a function of Aggr. It is
interesting to note that the values obtained for the literature data when a regular packing is
considered are consistent with those we obtained when the tapped density was employed. Indeed,
the values of Any, obtained when the void volume of an ideal packing of spherical grains is taken
into account (Figure 8b) are higher than those found using the single-crystal density alone. This

is independent of the material used and may still underestimate the void volume as shown in

Table S1, where it can be seen that the measured tapped densities are lower than 0.74 pery.

77—160 K isotermic

Moreover, the values of Any; were also higher than Any, , as when the single-crystal
density was used in the calculation (Figure 8a), and the two release capacities increased with

AgEeT.

For a system charging at 77 K and 10 MPa (Figure 8c), around 70 % of the total hydrogen can
be released by isothermal discharge (Table S11 and Figure 8d). This percentage can increase to
94 % of the total hydrogen storage capacity when the system is heated to 160 K during discharge
(Table S11 and Figure 8d), which is consistent with literature results using single-crystal density

(Figure 8a).

The storage capacity by simple compression in a 1 m® tank at 298 K and 70 MPa is 39 kg and
the corresponding Anp," ™™ (at 298 K) is 38.6 kg, that is, 99% of the total H, stored. If the
charge pressure is reduced to 10 MPa but the temperature is set at 77 K, the storage capacity of a
1 m® tank is reduced to 31.3 kg and Any,’ %% X is 29.7 kg, or 95%. Using the tapped density and
Eq. (10), we estimated the mass of compressed and adsorbed hydrogen at 77 K and 10 MPa for a

1 m?® tank filled with each MOF (Figure 8c). The total hydrogen storage is between 30 and 42 kg,
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which is in the same range of values as the data reported by Dailly et al. *° for MOF-177. Of the
total stored amount, at least 94 % is usable when the discharge conditions are set at 160 K and 0.5
MPa (according to Any,’ 20 X) (Table S11 and Figure 8d). Generally, at 77 K and 10 MPa, a
reduction of the gas compressed in the system is observed when MOFs are introduced (blue
region in Figure 8c), due to the reduction in void volume. However, the reduction in the amount
of hydrogen stored by compression is almost compensated by the hydrogen adsorbed on MIL-
53Al (3% less). Due to the contribution of hydrogen adsorbed on HKUST-1, MOF-177 and
MOF-5, the amount of hydrogen stored is much higher than the compressed hydrogen in the
same empty tank volume, and thus the hydrogen stored was 38.1, 41.2 and 42.0 kg per m°,
respectively. Nevertheless, the amount of hydrogen stored by compression (around 60%) is
significantly higher than that stored by adsorption at 77 K and 10 MPa. In terms of usable H,, a
16-33 % increase in Ang," ' K is obtained when MOF-177, MOF-5 and HKUST-1 are

introduced into the tank (red bars in Figure 8d) due to adsorption on MOFs.
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Figure 8. Evolution of hydrogen release capacity, Any,, as a function of Aggr in MOFs,
determined using: (a) single-crystal density, and (b) tapped density or a regular packing
of spherical grains (ppack = 0.74 pery). The data plotted are from recent studies (© o,
#*% 8 vv° B’ 00e % and this study (sMIL-53AL, eMOF-5, aAHKUST-1, &
MOF-177). The charge conditions considered are 77 K and 10 MPa while the discharge
conditions are 77 K and 0.5MPa, or 160 K and 0.5 MPa. Grey symbols (© %V O O)
corresponds to the literature reported release capacities calculated employing the single-
crystal density. Empty symbols (©¥* WV O) correspond to the release capacities of the

38



literature determinate when a regular steric packing is considered. Full colors symbols
correspond to the release capacities determinate employing the TAP density (se a® o
). (c) H; storage for a tank filled with MOFs (MIL-53AL, MOF-5, HKUST-1, MOF-
177) at 77 K and 10 MPa corresponding to adsorption —, and compression ==. The
data were calculated employing the tapped density. For comparation, H, storage of an
empty tank is displayed at: (i) 298 K and 70 MPa, and (ii) 77 K and 10 MPa. d) Usable
capacity of the systems shown in (c) when considering the following discharge
temperatures and pressures: 1298 K and 0.5 MPa; 2 160 K and 0.5 MPa; and =
77 K and 0.5 MPa. The percentage of usable H, from the total stored H, is shown above
each column.

Compared to compression at 298 K and 70 MPa, cryogenic adsorption systems using MOF-
177 and MOF-5 exhibited 5 and 7 % higher release capacity, respectively (Figure 8d). Therefore,
the introduction of a porous solid of high surface area could lead to systems operating at lower
pressures, which would therefore require less resistant materials than those used for room-

temperature compression and would thus be more cost-effective.

Figure 9a-b displays the gravimetric profiles of Ang," % *

as a function of the charging
temperature and pressure when the discharge conditions are 160 K and 0.5 MPa for MOF-5 and

MOF-177. The corresponding volumetric profiles are shown in Figure S11a-b.
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Figure 9. Gravimetric release capacity profile a function of the charging temperature and pressure,
with discharge pressure and temperature equal to 0.5 MPa and 160 K, respectively for:
(@) MOF-177; and (b) MOF-5.

In general, higher Any," % ¥ are obtained at lower charging temperatures and higher
charging pressures due to increased densities of the adsorbed and compressed phases °%.
Although MOF-177 has the highest H, release capacity on a gravimetric basis, 13.2 wt.%, and the
second highest is MOF-5, 10.6 wt.% (see Table S11 and Figure 9a-b), MOF-5 has the highest
release capacity when the data are compared on a volumetric basis. MOF-5 can deliver 40.8 mg
cm™ (Figure S11b) compared to the 40.2 mg cm™ that is released by MOF-177 (Figure S11a).
This is related to the fact that the H, uptake in volumetric units tends to a constant value at high

gravimetric H. uptake for materials of high Ager * (see Section 4.2). Therefore, among the four

MOFs studied, the material with the highest usable hydrogen storage is MOF-5.

5. Conclusions

In this study, we have successfully fitted the experimental excess hydrogen adsorption on four
commercial nanoporous Metal-Organic Frameworks (MOFs): MIL53-Al, MOF-5, HKUST-1 and
MOF-177 over a wide range of pressures and temperatures using the Modified Dubinin-Astakhov
(MDA) equation. The parameters Nmax, Va, @, f, m and Py were correlated to the textural
properties of the MOFs. npax and V, are directly proportional to the BET area. The “entropy”
factor, g, linearly increases with the average micropore diameter whereas the “enthalpy” factor,
a, is inversely proportional to the average micropore diameter and directly proportional to the
ultramicropore volume. Moreover, we observed that the factors Py and m increase with the

average micropore size. From the enthalpy” factor o, we determined the isosteric heat of
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adsorption. At near-zero surface coverage, for 6= 0.05, values between 3.7 and 6.7 kJ mol™ were

obtained for the four MOFs, which are consistent with those reported in the literature.

Total hydrogen isotherms were calculated based on the single-crystal density of the MOFs
although it neglects the void volume between grains, since MOFs are powdery materials in
practice. Therefore, it does not take into account the contribution of compressed gas in systems at
pressures above 5 MPa, which induces serious errors. We proposed to consider an ideal, regular
close-packing of spherical grains, which has a compactness of 74%, when the data of tapped

density is not available.

Using total adsorption isotherms, we determined their hydrogen release capacities from a
charging pressure of 10 MPa to a discharge pressure of 0.5 MPa. The release capacities are
enhanced when increasing the discharge temperature up to 160K. Under these charge-discharge
conditions, the introduction of a MOF of high surface area significantly improves the hydrogen
release capacity compared to an empty tank. Furthermore, the comparison between release
capacities expressed on volumetric and gravimetric bases proves that the materials offering the
highest gravimetric storage capacities are not necessarily those offering the highest volumetric

capacities.
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