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ABSTRACT: Porous adsorbents such as MOF-5 have low thermal
conductivities which can limit the performance of adsorption-based hydrogen
storage systems. To improve the thermal properties of these materials, we have
prepared a series of high-density MOF-5 composites containing 0−10 wt %
expanded natural graphite (ENG), which serves as a thermal conduction
enhancer. The addition of 10 wt % ENG to MOF-5 and compaction to 0.5 g/
cm3 was previously found to increase the thermal conductivity relative to neat
MOF-5 of the same density by a factor of 5. In this study, detailed
measurements of the hydrogen storage behavior of MOF-5/ENG composites
between 77 and 295 K are reported. We find that MOF-5 pellets with 0 wt %
ENG and a density of 0.5 g/cm3 have a total volumetric hydrogen storage
density at 77 K and 100 bar that is 23% larger than powder MOF-5 and 41%
larger than cryo-compressed hydrogen. The addition of 10% ENG to 0.5 g/cm3

MOF-5 pellets produces only a small decrease (6%) in the total volumetric hydrogen storage compared to neat MOF-5 pellets of
equal density. The excess, absolute, total, and deliverable hydrogen storage amounts by the MOF-5 composites are compared for
ENG additions of 0−10 wt % and pellet densities of 0.3−0.7 g/cm3. Three adsorption models (Unilan, Tot́h, Dubinin−
Astakhov) are compared for their effectiveness in describing hydrogen adsorption isotherms of MOF-5 and MOF-5/ENG
composites. The Unilan model provides the most accurate description of the experimental data, requiring only five temperature-
invariant parameters to accurately fit the data across a wide temperature range.

■ INTRODUCTION

While materials discovery has been a focus of most hydrogen
storage research, the integration of a given storage material into
a viable storage system remains an equally important problem.1

Engineering challenges include optimizing the following: (a)
packing density, (b) heat and mass transfer, and (c) hydrogen
uptake properties of adsorbent materials. In this study we have
used metal−organic framework MOF-5 as a prototype material
for exploring processing strategies that maximize heat transfer
and packing density while preserving hydrogen storage capacity.
MOF-5 consists of ZnO4 clusters connected by 1,4-
benzenedicarboxylate (BDC) linkers.2 This compound is one
of the most thoroughly studied adsorbent materials, and large
numbers of H2 adsorption measurements have been published.
Depending on synthesis, postprocessing, and activation
methods, the maximum excess hydrogen adsorption at 77 K
for MOF-5 has been measured at 4.3,3 4.9,4 5.1,5 5.8,6,7 and 7.1
wt %.8 The isosteric heat has been estimated at 3.8,5 4.0,9 4.1,3

4.8,7 and 4.7−5.2 kJ/mol.10

Although characterization of the excess adsorption by MOF-
5 is important, it is the total storage capacity that is most
relevant from a systems perspective. The total capacity includes

both the excess hydrogen near the adsorbent surface plus the
bulk hydrogen gas residing throughout the entire void volume
(intracrystalline pores, intercrystalline voids, interstitial spaces).
Since MOF-5 is commonly synthesized as a powder (crystallite
size less than 1 μm) with low bulk density (0.13−0.2 g/cm3), it
is advantageous to process the powder into pellets or extrudates
which minimize the presence of interstitial spaces, where the
amount of higher-density adsorbed hydrogen will be small.11−13

Compacted pellets, rather than loose powders, are more
attractive for on-board gas storage applications due to the
potentially larger volumetric storage density and the improved
ease of handling. In a previous study we found that MOF-5
compaction produced modest decreases in the gravimetric
hydrogen storage capacity, offset by much larger increases in
the volumetric capacity.14 Micropore volume decreased with
compaction due to amorphization of the MOF-5 crystal
structure;15 however, it was possible to mitigate this effect by
controlling the pellet density. Similar results for the compaction
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of MOF-17716,17 and activated carbons18 have also been
reported.
Due to their large pore sizes (e.g., >20 Å diameter) and high

free volumes (e.g., >90%), the thermal conductivity of many
microporous materials (e.g., zeolites, MOFs) is unusually low.
This low conductivity can place limitations on the design of
cryo-adsorption-based storage systems. For example, it can
hinder fast refueling due to the longer cool-down times
required to reach operating temperatures. Heat sources during
refueling, including the released heat of adsorption, the
compression work, and the thermal mass from the inlet
hydrogen gas, must also be dissipated to prevent a temperature
increase in the storage material.19 Although the heat dissipation
problem for cryo-sorption is not as demanding as for hydride
beds, the unusually low heat conduction properties of MOFs
present a significant materials engineering challenge. As an
example, a vehicle-scale tank filled with 5.4 kg of Cu-BTC at 77
K that is charged with 200 bar of H2 gas (at room temperature)
over 5 min can produce an average temperature increase of 15
K near the tank center, even with the tank immersed in an LN2

bath.20 Extensive experimental data is also available for
activated carbon sorbent beds.21−23

In a prior study, we reported that low-density (0.3 g/cm3)
MOF-5 pellets had a thermal conductivity below 0.1 W/mK at
room temperature, slightly lower than the value of 0.3 W/mK
measured for a single crystal of MOF-5.24 To improve thermal
conduction, we synthesized MOF-5-based composites contain-
ing 0−10% expanded natural graphite (ENG), with pellet
densities of 0.3, 0.5, or 0.7 g/cm3.25 ENG (i.e., natural graphite
which has been soaked in sulfuric acid and purified by heating
to high temperatures) has been successfully used as a thermal
conduction enhancer in a variety of metal and complex hydride
materials.26−28 We found that for pellets with density 0.5 g/
cm3, the addition of 10% ENG produced a factor of 5
improvement in thermal conductivity relative to neat MOF-5
pellets of equal density. Although alternate strategies for
enhancing thermal conduction exist, such as packing MOF-5
powder within open-cell metal foams, composite formation
may impose a smaller penalty on both volumetric and
gravimetric hydrogen storage density and may be therefore
better suited for the moderate heat dissipation requirements of
cryo-adsorption.
As our previous study focused on the thermal properties of

MOF-5/ENG composites, in the present study we explore the
hydrogen storage properties of these composites at temper-
atures between 77 and 295 K. We compare the effectiveness of
a pore-filling model (Dubinin−Astakhov) and two monolayer-
based models (Unilan, Tot́h) for describing MOF-5 hydrogen
adsorption isotherms, comparing to both published data (30−
300 K, 0−60 bar) and our own experimental measurements
(77−295 K, 0−100 bar). The Unilan model is found to
produce the most accurate fits to the MOF-5 isotherms across
the complete range of temperature, even while requiring only
five temperature-invariant parameters. Second, the effect of
varying ENG content and pellet density on the excess and total
hydrogen storage properties of the MOF-5 composites is
systematically investigated. Compacting powder MOF-5 to a
density of 0.5 g/cm3 is found to increase the maximum excess
hydrogen adsorption at 77 K, on a volumetric basis, by a factor
of about three. Adding 10 wt % ENG to the 0.5 g/cm3 neat
MOF-5 pellets for improved thermal conduction reduces the
excess adsorption (volumetric and gravimetric) by approx-
imately 12% compared to the neat pellets. Additions of 5 wt %

ENG result in less pronounced reductions in the hydrogen
storage amounts, but at the expense of smaller improvements in
the thermal conductivity. These results indicate that the
addition of small of amounts of ENG to compacted MOF-5
provides a simple way to enhance thermal properties with only
modest decreases in the hydrogen storage amounts.

■ EXPERIMENTAL DETAILS

Experimental Methods. Details on the synthesis and
characterization of the as-received MOF-5 powder are
available,11,12 and our methods for preparing MOF-5/ENG
composite pellets have been described previously.14,25 The
ENG composition is given as a percentage of the total pellet
mass. Hydrogen adsorption was measured on a volumetric
Sievert’s-type instrument (PCT-Pro 2000, Setaram), with an
oil-free scroll vacuum pump (Anest Iwata model ISP90).
Samples masses varied between 320 and 484 mg. Prior to
measurement, the samples were outgassed at 403 K under
continuous vacuum for at least 6 h (3 h at room temperature,
followed by 3 h at 403 K). The void volume of the sample
holder was determined by helium expansion for each sample.
To correct for the difference between sample temperature and
the instrument temperature, the void volume was divided into a
subvolume at sample temperature and a subvolume at room
temperature using a fixed dividing line, with the hydrogen
density evaluated separately for each subvolume.29 To improve
accuracy, we performed a calibration test for each MOF-5/
ENG sample using an equivalent displacement volume of
nonporous Al2O3 powder and identical measurement settings.
Maximum adsorption during calibration tests (i.e., instrument
error) was about 0.3 mmol of hydrogen, in comparison to the
10 mmol of H2 that was typically adsorbed for each sample.
Calibration curves were subtracted from the corresponding
sample data, although this had only a minor effect on the
results. Adsorption kinetics were rapid for the MOF-5
composites at all temperatures, even for the high-density
pellets, and equilibrium was reached within 3 min. The total
measurement time for adsorption and desorption cycles was
fixed at 5 min for each point.
Isotherms were measured for temperatures between 77 and

295 K. The 77 K isotherms were measured using a liquid
nitrogen bath; 200 K isotherms were measured with the sample
holder covered in solid CO2 powder; 295 K isotherms were
measured at ambient temperature. Intermediate temperature
isotherms were measured using a continuous-flow, sample-in-
vapor liquid nitrogen cryostat (CryoPro-2009, Setaram). The
temperature stability was within 1 K over the course of a single
measurement, and the sample temperature was accurately
measured using an internal platinum resistance thermometer in
direct contact with the sample. The hydrogen gas density was
calculated from an equation of state29 for normal hydrogen
implemented in the NIST Standard Reference Database 23.31

Definitions of Adsorbent Density. For porous materials
there exist several definitions of density.32 The skeletal density
(ρsk), which excludes the volume of open pores, is typically
measured for each sample using helium. For powder MOF-5, a
value of ρsk = 2.03 g/cm3 was determined by a helium
pycnometer (AccuPyc 1339, Micromeritics). For other samples,
the skeletal densities were estimated using the volumetric PCT
instrument. The single-crystal density (ρsc), which includes the
volume of all intracrystalline pores, is assumed to equal the
theoretical MOF-5 crystallographic density (0.605 g/cm3). The
envelope density (ρenv) is defined in terms of the volume within
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a close-fitting envelope enclosing a pellet and is calculated from
the physical dimensions of a single pellet. The envelope density
is used only for pellets, not for powder MOF-5 (for which the
bulk density is used instead). The bulk density (ρbulk) includes
the total volume, including all internal pore and interparticle
void space, after the powder has settled following tapping or
vibration. We measured the powdered MOF-5 bulk density as
ρbulk = 0.13 g/cm3 using a calibrated volume and approximately
10 s of tapping. We use this value for all calculations in the
article, as it accurately reflects the bulk density of powder that
was loaded in the Sievert’s sample holder for volumetric
measurements. In practice, however, the bulk density of powder
MOF-5 can depend on factors such as particle size, electrostatic
interactions between particles, and the method of density
measurement − we found that it could vary between 0.13 and
0.2 g/cm3.
To provide a realistic estimate of the density of an actual

sorbent bed, the bulk density is used for powder MOF-5 while
the envelope density is used to describe compacted MOF-5/
ENG monoliths. These assumptions are consistent with the use
of a compacted MOF-5 monolith within the tank. Accordingly,
the specific void volume for pellets is defined as

ρ ρ= −v (pellet) 1/ 1/v env sk (1)

while for the MOF-5 powder it is defined as

ρ ρ= −v (powder) 1/ 1/v bulk sk (2)

The bulk density of MOF-5/ENG pellets is based on the
volume of a rigid storage tank occupied by a random packing of
cylindrically shaped pellets, which would be lower than the
envelope density as defined above. As an estimate, the packing
ratio of single-size solid spheres after settling is typically close
to 60%,33 although the packing ratio for cylindrical pellets could
be improved by stacking them in close-packed arrays.
Definitions of Hydrogen Storage Density. Three

definitions of adsorptive hydrogen storage density are used in
this study. Excess adsorption (nex), as directly measured by the
volumetric method, is presented here either in units of moles of
H2 per kilogram of adsorbent (mol/kg) or as a percentage of
the combined H2 and sorbent mass (wt %). Absolute adsorption
(na) is related to excess adsorption by na = nex + vaρg, where va is
the adsorbate volume and ρg is the bulk hydrogen gas density.
The adsorbate volume is not well-defined but should enclose
the regions around the adsorbent surface where local adsorptive
density exceeds the bulk gas density. It may also be interpreted
as the volume near the surface that is subjected to the potential
field of the solid. We assume that va is constant with respect to
adsorption amount and temperature and that ρa = na/va equals
an average adsorbate density. The magnitude of va should be
close to the MOF-5 intracrystalline open pore volume, vpore =
1/ρsc − 1/ρsk = 1.2 g/cm3).
Total storage is a third measure of adsorptive hydrogen

storage density. It counts the total hydrogen amount (both
adsorbed and gaseous) present within the void volumes of
MOF-5 pellets and powder and is important for determining
the actual hydrogen delivery from a storage tank. Therefore, it
provides a measure of the effectiveness of an adsorbent in
increasing the storage capacity of a fixed volume when filled
with the adsorbent. The total hydrogen storage amount for
sorbent mass msorbent is equal to Nt = msorbent(nex + vvρg), where
the void volume has been defined for powders (eq 2) and

pellets (eq 1). When presented as a fraction of total adsorbent
volume (assuming a monolith), it has the form

ρ
ρ

ρ
ρ= + −

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟n n 1t,vol env ex

env

sk
g

(3)

where ρenv should be replaced with ρbulk for powder MOF-5.
This total volumetric storage quantity can be considered as a
material property (as opposed to a system property), although
it does depend on material postprocessing such as mechanical
compaction and composite formation. The total gravimetric
hydrogen storage is not discussed in this article.34

■ MODELS

Modified D−A Model. To develop realistic heat and mass
balance equations for an adsorbent-based storage system, it is
useful to have a model that describes the adsorption across a
wide range of practical temperatures and pressures. It is also
desirable to accurately determine parameters for such a model
by fitting to a small number of isotherms at easily measured
temperatures such as 77, 87 (liquid Ar), 200 (solid CO2), and
295 K. The Dubinin−Astakhov (D−A) model35 has been
frequently used in a modified form to describe supercritical
hydrogen adsorption in activated carbons,36,37 zeolites,38 and in
the framework material Cu-BTC21 at pressures up to 200 bar.
Conceptually, the D−A model considers the adsorbed species
within the micropores as similar to a liquid, although with
properties that differ from the bulk liquid due to the presence
of the adsorbent force field.39 When the D−A model is
modified to address excess adsorption within a constant
adsorbate volume,37 the resulting equation is given by

ρ= −
+

−⎜ ⎟

⎡

⎣
⎢
⎢

⎛

⎝

⎞

⎠

⎛

⎝
⎜

⎞

⎠
⎟
⎤

⎦
⎥
⎥

n n
RT

a bT

p

p
vexp ln

m
m

ex max
s

g a
(4)

where E = a + bT is the characteristic energy of adsorption (i.e.,
assumed here to vary linearly with temperature), ps is a
pseudosaturation pressure, and m can be interpreted as a
micropore heterogeneity parameter. A value of m = 2 appears
adequate to describe hydrogen adsorption on the activated
carbons AX-21 and CNS-201 and the framework material Cu-
BTC.22 For subcritical adsorption, the adsorption potential A =
−RT ln(p/ps) is considered as the difference in free energy
between the adsorbate phase and the saturated liquid at the
same temperature, while at supercritical temperatures a
pseudosaturation pressure is substituted for ps. The character-
istic free energy E is generally temperature-invariant in the
absence of electrostatic adsorbent−adsorbate interactions.35

For a nonpolar adsorbate such as H2, however, small
temperature variations in E can be explained as the entropic
contribution to the free energy. The linear variation E = a + bT
assumed in eq 4 has been found to work well empirically for
hydrogen adsorption in activated carbons.37 An inherent
weakness of the D−A model is that it does not reduce to
Henry’s law in the low-concentration limit. Further, the
absolute differential enthalpy of adsorption derived from eq 4
using the Clausius−Clapeyron equation has a logarithmic
singularity at na = 0.
Although the modified D−A model has been found to work

well for activated carbons such as AX-21 over a wide
temperature range, our data suggest (see below) that it is less
useful for describing hydrogen adsorption in crystalline porous
materials such as MOF-5 which lack strong adsorption sites.
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While MOF-5 and AX-21 both possess similar total micropore
volumes, the pore structures in AX-21 are highly heterogeneous
in comparison to MOF-5, with some fraction of those pores
corresponding to strong adsorption sites. This leads to a
steeper H2 isotherm shape at low pressures. Activated Cu-BTC
contains coordinatively unsaturated metal center (CUMC) sites
which bind H2 by strong Coulomb interactions, also leading to
a greater adsorption at low pressure. While the modified D−A
model is effective in describing the H2 adsorption isotherms
exhibited by materials such as AX-21 and Cu-BTC, it may not
necessarily be effective for MOF-5.
We evaluated the effectiveness of the modified D−A model

(eq 4) on a set of benchmark MOF-5 hydrogen adsorption
isotherms available over a wide temperature range of 30−300
K.7 Because these measurements contain many data points at
low pressure (<0.1 bar), yet fewer at high pressures, we have
reweighted the data so that it is more evenly distributed across
the complete range of pressure for each isotherm. We tried
fitting eq 4 to the reference MOF-5 isotherms using many
different criteria, such as fitting only high and low temperatures
and fitting only between 77 and 300 K. One representative fit is
displayed in Figure 1, while the remainder are available in
Figure S1. It does not appear possible to accurately fit the entire
temperature range while keeping the heterogeneity parameter
fixed at m = 2. In particular, the model yields negative uptake
values at 200 and 300 K. To fit the MOF-5 isotherm across the

entire temperature range, it was necessary to set m = 12.4, as
shown in Figure 1a. However, this results in an unrealistically
large characteristic free energy, E = 3.67 + 0.195 × T (e.g., with
values of 18.6 kJ/mol at 77 K and 61.2 kJ/mol at 295 K). As
displayed in Figure 1b, modeled isotherms for these parameters
still have negative values at 300 K up to a pressure of 27 bar.
The assumptions of a temperature-independent ps and a linear
temperature variation for E = a + bT cause the modified D−A
model to consistently underestimate the adsorbate density at
200 and 300 K, resulting in negative excess adsorption values at
low pressures. Apparently the reason this problem does not
arise for AX-21 or Cu-BTC is that the adsorption isotherms for
these materials are steeper than those of MOF-5 at low
pressures due to their larger adsorption enthalpies.
To obtain satisfactory fits for eq 4 across the complete

temperature range, while retaining reasonable values for the
model parameters, it is necessary to fit ps and E independently
for each temperature. Details of these fits are provided in Figure
S1 in the Supporting Information. The temperature variation of
ps is described by a power law expression, varying by 5 orders of
magnitude between 30 and 300 K. It appears that E does not
vary linearly with temperature as originally assumed but is
described instead by a second-order polynomial, increasing
from 2.4 kJ/mol at 30 K to 18.2 kJ/mol at 300 K. Regardless of
how the physical significance of ps and E is interpreted, it is
clear that the modified D−A model is not a convenient tool for

Figure 1. Fits of the modified D−A equation (eq 4) to experimental MOF-5 isotherms from ref 7. (a) Model fitted to all temperatures without
constraints on m. (b) Same fits, zoomed in to the excess adsorption range of 0−5 mol/kg.

Figure 2. Fits of the D−A equation (eq 5) to benchmark MOF-5 experimental hydrogen adsorption data from ref 7. (a) Model fitted over the
complete temperature range. (b) Model fitted to data between the 50 and 100 K temperature range.
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modeling H2 adsorption in MOF-5 across a wide temperature
range. Since the empirical temperature variation of ps and E is
not known a priori, it requires 21 adjustable parameters to fit
the 9 experimental temperatures (i.e., a unique ps and E for
each temperature).
The D−A model has been previously applied to MOF-5

hydrogen uptake over a narrow 50−87 K temperature range.6

Instead of assuming a constant adsorbate volume, as in eq 4, the
fractional volume-filling interpretation was used in which
micropores are gradually filled with a liquidlike hydrogen
adsorbate phases, similar in density to liquid hydrogen but with
a thermal expansion factor. The adsorbate volume increases
with adsorption up to a maximum value (Va). Excess adsorption
is equal to

ρ ρ= − −
⎡

⎣
⎢
⎢

⎛

⎝
⎜

⎞

⎠
⎟

⎤

⎦
⎥
⎥

n V
RT

E

p

p
( ) exp ln

m

ex a g a
s

(5)

where the adsorbate density and pseudosaturation pressure are
both assumed to vary with temperature according to

ρ ρ= − −a T Texp[ ( )]a 0 0 (6a)

= γp p T T( / )
s c c (6b)

We tested the fits of the eqs 5−6 using the same set of
benchmark MOF-5 isotherms. Two representative fits are
shown in Figure 2. As is apparent from both panels in Figure 2,
this model is only useful for describing narrow, cryogenic
temperature ranges such as 50−100 K. At higher temperatures
the assumption of a liquidlike hydrogen adsorbate phase is
questionable. Therefore, the model greatly underpredicts the
adsorbate volume at 200 and 300 K, resulting in negligible
excess adsorption. In panel (a), where the model was fitted to
all temperatures, the agreement between model and exper-
imental data was poor for all temperatures. Further, fits to the
entire set of isotherms yields unrealistic values for some
parameters, such as a characteristic adsorbate density ρ0 = 1674
g/L which is more than 20 times larger than the density of
liquid hydrogen. In panel (b) of the same figure, the model was
fitted only to the 50−100 K data, resulting in very poor fits
outside that temperature range. To obtain satisfactory fits of eqs
5−6 across a wide temperature range, it is necessary to fit the
characteristic free energy E independently for each temperature.
These results are available in the Supporting Information in
Figure S2. Since there is no general formula for the temperature
variation of E, it requires 14 adjustable parameters to fit the 9
experimental isotherms (a unique E for each temperature).
These results demonstrate that eqs 5−6 are not a significant
improvement upon the modified D−A equation in eq 4 with
regard to the quality of fits to hydrogen adsorption in MOF-5
across a wide temperature range.
Unilan Model. In light of the limitations of the above pore-

filling models in reproducing experimental isotherms, we have
investigated whether MOF-5 hydrogen adsorption isotherms
may be better described by monolayer models. The motivation
for this is that the MOF-5 crystalline pore structure contains
comparatively large channels (7.8 Å) and pore cavities (12.1
and 15.2 Å), and lacks unscreened CUMC sites, resulting in
less adsorption at low pressures. The simplest surface
adsorption model is the Langmuir equation, where absolute
adsorption is given by

=
+

n
n

K p1 /
a

max

(7)

The equilibrium constant is given by

= ° −
Δ

+
Δ⎡

⎣⎢
⎤

⎦⎥
K p

S

R

H

RT
exp

(8)

where ΔH is equal to the (constant) molar differential enthalpy
of adsorption and ΔS can be interpreted as the molar integral
entropy at na = nmax.

40 The standard-state pressure is p° = 1 bar.
The Langmuir model neglects surface heterogeneity and does
not provide a realistic description of supercritical hydrogen
adsorption by most microporous materials. In one study,
however, a superposition of two Langmuir isotherms was
successfully fitted to the reference MOF-5 isotherms over the
complete temperature range.41 For our purpose, we would like
to use a model which has fewer parameters (e.g., than a
superposition of two or more Langmuir isotherms) and for
which there is a clearer physical interpretation of the parameter
values.
Because MOF-5 lacks unscreened CUMC adsorption sites,

this implies that the surface heterogeneity should be less than
that found in AX-21 and Cu-BTC. This has been established by
the following experimental results and first-principle calcu-
lations. Comparative hydrogen isotherm measurements showed
that there is substantially less hydrogen uptake at low pressures
in MOF-5 compared to materials with greater surface
heterogeneity and larger adsorption enthalpies such as activated
carbons, Cu-BTC, and zeolite NaX.9,42 Inelastic neutron-
scattering studies of MOF-5 have identified up to four H2

binding sites, but note that the distribution of rotational barriers
(a probe of the local chemical environment surrounding an
adsorption site) is considerably less complex in MOF-5
compared to other MOFs in the study.43 First-principles
calculations at the MP2 and CCDS(T) level have recently
found that the binding energy of the inorganic cluster (4.4−5.2
kJ/mol) and organic linker (5.4 kJ/mol) are actually quite close
in value.44

The Unilan model (i.e., uniform energy distribution and
Langmuir local isotherm) is an attractive empirical model for
describing hydrogen adsorption in MOF-5. It uses the
(monolayer) Langmuir equation to describe the local
isotherms. This model treats energetic heterogeneity by
assuming a uniform distribution of adsorption enthalpies
between Emax and Emin and zero elsewhere.

45−49 The probability
density function that an adsorption site has enthalpy q is given
by

=
− < <⎧

⎨
⎩

N q
E E E q E

( )
1/( ) if

0 elsewhere

max min min max

(9)

where the positive-valued q has been substituted for −ΔH.
Adsorption at a local patch with enthalpy q is assumed to follow
the Langmuir equation. Rather than taking a discrete
superposition of Langmuir equations, this model instead
averages the Langmuir equation over a continuous interval
from Emin to Emax. The expression for the Unilan model is
obtained by evaluating the average
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where a = exp(−ΔS/R). The function increases monotonically
versus p and meets the required properties na(0) = 0 and na(∞)
= nmax. It reduces to Henry’s law (na = khp) in the low pressure
limit. An implicit assumption is that the adsorption entropy is
constant for all sorption sites. To calculate the excess
adsorption, the standard expression nex = na − ρgva is used.
As fitted to excess adsorption data, therefore, the Unilan model
contains five temperature-independent parameters: {ΔS, Emax,
Emin, nmax, va}.
A fit of the Unilan model to the reference powder MOF-5

isotherms at all temperatures is displayed in Figure 3, with
additional results available in Figure S3. Whether fitted to a
subset of temperatures, or to all temperatures, the quality of the
Unilan model fits are superior to those of eqs 4 and 5.
Furthermore, the parameters all have physically reasonable
values. The entropy difference (−7.8R) is very close to the −8R
value that is typical for H2 adsorption in many adsorbents.49

The values of Emax (4.63 kJ/mol) and Emin (2.14 kJ/mol) are
consistent with the reported experimental values of the isosteric
heat (which decreases from 4.8 kJ/mol at 0 to 3.3 kJ/mol at 8
wt % excess). The estimated adsorbate volume va varies
between 1.2 and 1.4 g/cm3 depending on the fit criteria, a value
which is slightly larger than the measured MOF-5 open-pore
volume of 1.2 g/cm3. Unlike the modified D−A models, the
Unilan model accurately predicts hydrogen adsorption near
room temperature (Figure 3b), with no negative values. Using
only five temperature-independent parameters, each having a
clear physical interpretation (e.g., no pseudosaturation
pressure), the Unilan model provides an accurate and
straightforward description of supercritical hydrogen adsorption
across a wide temperature range. (Presumably, the fits could be
improved even further by allowing either ΔS or ΔH to vary
with temperature, but this appears unnecessary.) Furthermore,
parameters determined from fits only to the 77, 200, and 300 K
temperatures still provide accurate estimates for intermediate
temperatures between those limits (see Figure S3).

Tóth Model. We also investigated fits of the reference
powder MOF-5 isotherms to a frequently used empirical
model, the Tot́h equation, which was originally proposed for
monolayer adsorption.50 This equation has been previously
found to provide good fits to hydrogen adsorption in molecular
sieve carbon, zeolite NaX, Cu-BTC, and Trip(Me)-PIM at a
temperature range of 77−137 K and pressure range of 0−15
bar,42 as well as in the Cu2(tptc) framework material over 50−
100 K.51 Fits of the Tot́h equation to the reference MOF-5 data
from ref 7 are available in Figure S4. The Tot́h equation does
not fit the 30−300 K isotherms as effectively as the Unilan
model. The advantage of the Unilan model over the Tot́h
model may be due to its uniform energy distribution between
Emin and Emax. Nonetheless, the Tot́h equation still provides a
significant improvement over the modified D−A equations (eqs
4 and 5−6) in terms of the quality of fits across 30−300 K, and
the small number (five) of temperature-invariant parameters.
In concluding this section we note that based on the

parameters in Figure 3, the maximum adsorbate density (nmax/
va = 77 g/L) exceeds the density of liquid H2 at the boiling
point (70.8 g/L). This is based on a strict physical
interpretation of v_a as the true adsorbate volume, and occurs
for all the models tested here. In comparison, at the triple point
(13.8 K, 0.07 bar) the density of liquid hydrogen is 77 g/L
while the density of solid hydrogen is 86.5 g/L. Further, for
supercritical adsorption the maximum density corresponds to a
point where the adsorbate phase is incompressible, which may
be between the liquid and solid hydrogen densities.

■ RESULTS

Hydrogen Storage at 77 K. Having shown that the Unilan
model yields good agreement with the benchmark hydrogen
adsorption data from ref 7, we now apply it to model uptake in
composite materials based on mixtures of ENG and MOF-5. As
described above, these materials are of interest for improving
the thermal conductivity of MOF-5-based hydrogen storage
systems. First, hydrogen adsorption isotherms at 77 K were
measured for a complete set of ENG/MOF-5 composites (0−
10% ENG) for several densities. The measured samples were

• powder MOF-5 (ρbulk: 0.13 g/cm3)
• 0% ENG (ρenv: 0.31, 0.41, 0.52, 0.60, 0.79 g/cm3)
• 1% ENG (ρenv: 0.49 g/cm3)
• 5% ENG (ρenv: 0.32, 0.47, 0.65 g/cm3)
• 10% ENG (ρenv: 0.32, 0.48, 0.72 g/cm3)

Figure 3. Fits of the Unilan equation (eq 10) to the experimental MOF-5 isotherm data points from ref 7. (a) Model fitted to all temperatures. (b)
Same fits, zoomed in to the excess adsorption range of 0−5 mol/kg.
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Because the 1% ENG composites did not show significant
improvement in thermal conduction properties, hydrogen
isotherms were measured for only a single density.
The 77 K isotherms for all medium density (i.e., 0.5 g/cm3)

composites are shown in Figure 4. (The plotted isotherms

include both the adsorption and desorption curves, which is
why many of the data points occur in pairs.) Excess adsorption
for the medium-density composites are compared with powder
MOF-5 in the top panel. In the lower panel, the total
volumetric storage (eq 3) is compared with the density of cryo-
compressed H2 at 77 K. Total hydrogen storage at 100 bar,
along with hydrogen delivery at 5 bar, is illustrated for the 0%
ENG data series. A compilation of the 77 K isotherms for all
MOF-5/ENG composites is available in Figure S5.
Hydrogen storage at 77 K for the complete series of MOF-5/

ENG composites is summarized in Figure 5, and values are
listed in Table 1. In Figure 5a, maximum excess hydro-
gen adsorption amounts at 77 K, on a gravimetric basis in units
of wt % (i.e., hydrogen mass as a percentage of combined
sample and hydrogen mass), are plotted versus sample density.
For all samples measured in this study the maximum in the
excess adsorption occurs at a pressure between 37 and 43 bar.
The figure shows a nearly linear decrease of maximum excess
gravimetric adsorption versus sample density. (Because the
prepared pellets used for the experiment have densities which
vary slightly from the standard 0.3, 0.5, and 0.7 g/cm3 densities

used as a basis of comparison, linear interpolation is used to
estimate the values at the standard densities.) For the pellets
with 0% ENG added, the 0.3 g/cm3 pellets have no decrease
compared to powder MOF-5, while the 0.5 g/cm3 pellets have a
decrease of about 17%. On a volumetric basis, however, the
maximum excess increases relative to the powder by a factor of
2.6 and 3.1 at densities of 0.3 and 0.5 g/cm3, respectively.
Adding 10% ENG to neat MOF-5 pellets decreases the
maximum gravimetric excess by 17%, 13%, and 6% at densities
of 0.3, 0.5, and 0.7 g/cm3, respectively. The decrease in
maximum volumetric excess (for the same series of pellet
densities) is approximately 22%, 12%, and 4%, respectively. As
suggested by the smaller slope of the 5% and 10% ENG traces,
the addition of ENG mitigates the reduction of hydrogen
adsorption capacity, and surface area, at higher densities. It
appears that ENG additions may protect MOF-5 crystallites
from plastic deformation and/or amorphization during uniaxial
compaction.25

In Figure 5b the maximum gravimetric excess at 77 K is
plotted versus the BET specific surface area measured for each
sample. Variation between the two variables roughly follows the
empirical 500 m2/g per 1 wt % rule which is observed for many
framework and active carbon adsorbents.52 While micropore
volume is thought to be the more important determinant of
hydrogen adsorption capacity,53 the N2 BET surface areas and
micropore volumes appear to be well correlated for MOF-5/
ENG composites.
The volumetric total storage (eq 3) at 100 bar and 77 K for

MOF-5/ENG composites, reflecting the total mass of hydrogen
inside the tank divided by the internal volume of the tank, is
shown in Figure 5c. This value equals the total amount of
hydrogen that can be delivered from the storage tank with
starting conditions of 100 bar and 77 K, assuming that the
storage media is heated to release any residual adsorbed
hydrogen remaining at low pressures. The volumetric storage of
cryo-compressed hydrogen at 77 K (lower line) is shown for
comparison. As summarized in Figure 5c, the volumetric total
storage increases with sample density for the MOF-5
composites. For 0.5 g/cm3 density 0% ENG pellets, there is a
41% improvement compared to cryo-compressed hydrogen and
23% improvement compared to powder MOF-5. The addition
of ENG produces only a small decrease for volumetric storage
relative to neat MOF-5 media of equal density. For the
composites with density 0.5 g/cm3, the penalty for the addition
of 10% ENG is a 6% decrease in total volumetric storage. For
0.7 g/cm3 composites, the “weight penalty” for 10% ENG
addition is only a 3% decrease in storage.
The most efficient way to pack MOF-5, without reducing

micropore volume, would be as a single-crystal monolith. The
theoretical hydrogen storage for a single-crystal MOF-5
monolith, occupying the entire storage tank, is drawn as the
upper line in Figure 5c. We calculate this value using the
maximum excess gravimetric amount, nex, from powder MOF-5
(assuming no decrease in micropore volume), but replacing
ρbulk = 0.13 g/cm3 with ρsc = 0.605 g/cm3 in eq 2. Neat MOF-5
pellets with a density between 0.3 g/cm3 and 0.7 achieved
approximately 83% of the volumetric hydrogen storage of a
MOF-5 single crystal. This is a promising development given
the simplicity of uniaxial mechanical compaction and its
potential for scale-up.
From a practical perspective, the most interesting quantity is

the net amount of hydrogen that can be delivered to the fuel
cell stack. We use 5 bar as the minimum necessary pressure for

Figure 4. Hydrogen adsorption isotherms measured at 77 K for
medium-density (ρenv ≈ 0.5) composite pellets. Powder MOF-5 data is
included for comparison. (a) Excess adsorption isotherms, where the
excess amounts are presented as a percentage of the combined
hydrogen and sample mass. (b) Total volumetric hydrogen storage;
cryo-compressed hydrogen is included for comparison. Hydrogen
storage at 100 bar and delivery at 5 bar is illustrated for the 0% ENG
data series.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp305524f | J. Phys. Chem. C 2012, 116, 20199−2021220205



the fuel cell intake and 100 bar as the maximum. The
isothermal hydrogen delivery amount (at T = 77 K) can be
estimated as the difference in the total hydrogen storage at 100
and 5 bar. These values for the MOF-5/ENG composites are
summarized in Figure 5d. Due to the uptake of hydrogen at low
pressures (Figure 4b), a significant fraction of hydrogen
remains adsorbed at the desorption conditions of 77 K and 5
bar; consequently, MOF-5 compacts show no improvement in
deliverable hydrogen compared to cryo-compressed hydrogen.
For the neat MOF-5 pellets of density 0.5 g/cm3, the
isothermal hydrogen delivery is actually decreased by about

3% compared to cryo-compressed hydrogen. As described later,
at temperatures above 77 K the isothermal hydrogen delivery
from MOF-5/ENG composites exceeds that of cryo-com-
pressed hydrogen. Moreover, the use of a simultaneous
temperature and pressure swing − e.g., adsorption at 77 K
and 100 bar, desorption at 160 K and 5 bar − results in a 44%
increase (0.5 g/cm3 pellets) in usable hydrogen compared to
cryo-compressed.

Variable Temperature Hydrogen Adsorption. Hydro-
gen isotherms were measured at intermediate temperatures
(between 77 and 295 K) for composites with the most

Figure 5. Summary of hydrogen storage properties at 77 K for the MOF-5/ENG composites. (a) Maximum gravimetric excess hydrogen adsorption
versus sample density. (b) Maximum gravimetric excess hydrogen adsorption versus N2 BET specific surface area. (c) Total volumetric hydrogen
storage at 100 bar, compared with the values for cryo-compressed hydrogen at 77 K and the estimated upper limit for single-crystal MOF-5. (d)
Total hydrogen delivery between 5 and 100 bar, compared with values for cryo-compressed hydrogen at 77 K and single-crystal MOF-5.

Table 1. Hydrogen Adsorption Properties at 77 K of MOF-5/ENG Composites

sample surface area maximum excess adsorption deliverable H2

ENG % ρ (g/cm3) BET(N2) (m
2/g) gravimetric (wt %) volumetric (g/L) 100−0 bar (g/L) 100−5 bar (g/L)

0 0.31 2716 5.76 19.1 43.7 31.3

0 0.41 2486 5.14 22.2 43.5 29.1

0 0.52 2263 4.72 25.7 45.3 28.7

0 0.60 2045 4.17 26.3 44.7 27.5

0 0.79 1473 3.32 27.1 43.6 26.4

1 0.49 2584 4.66 24.1 44.4 28.8

5 0.32 2781 4.94 16.7 40.3 29.0

5 0.47 2623 4.54 22.3 42.4 28.9

5 0.65 1888 4.00 26.9 44.6 27.5

10 0.32 2665 4.75 16.1 39.7 28.8

10 0.48 2413 4.21 21.0 41.1 27.2

10 0.72 1760 3.49 25.9 43.2 26.6

powder 2762 5.64 7.8 36.0 30.0

single-crystal 2762 5.64 36.2 53.2 30.9

cryo-compressed N/A N/A N/A 31.3 29.7
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promising thermal and H2 storage properties. Isotherms for the
following samples are shown in Figure 6:

• powder MOF-5

• 0% ENG, (0.31 and 0.52 g/cm3)

• 5% ENG (0.47 g/cm3)

Measurements were also collected (at 77, 200, and 295 K
only) for three additional samples not shown in the Figure 6:

• 5% ENG (0.32 g/cm3)

• 10% ENG (0.32 and 0.48 g/cm3)

We find that fitting the Unilan model to 77, 200, and 300 K
hydrogen isotherms is sufficient to accurately estimate excess
adsorption at intermediate temperatures and pressures.
(However, the plotted curves in Figure 6 in this section were
obtained by fits of the Unilan model to all available temperature
series.) The Unilan model provides excellent fits to the
measured isotherms across the entire temperature range.

Unilan model parameters corresponding to a minimum sum
of squared residuals (SSR) between fits and data are
summarized in Table 2a. In these fits, all five parameters
were allowed to vary independently without any constraints
until a minimum SSR was reached. Notably, the modeled
isotherms based on the parameters in Table 2a for powder
MOF-5 are in good agreement with the reference MOF-5
isotherms from ref 7 (shown in Figure S3d). Some trends in the
Unilan model parameters for the MOF-5/ENG composites
may be artifacts arising from the nonlinear fitting. In particular,
there is an inverse correlation between the Emin and nmax model
parameters. To find more meaningful trends in the parameters,
some should be held constant during the fit. The entropy and
enthalpy parameters are not expected to change significantly
with density and small ENG additions. Fits were therefore
performed with ΔS, Emax, and Emin held constant at the values
for neat 0.31 g/cm3 pellets, leaving nmax and va as the only
adjustable parameters. The addition of these three constraints

Figure 6. Measured intermediate temperature hydrogen isotherms for selected MOF-5/ENG composites, with fits to the Unilan model. (a) Powder
MOF-5, (b) neat MOF-5 pellets with density ρenv = 0.31 g/cm3, (c) neat MOF-5 pellets with density ρenv = 0.52 g/cm3, and (d) 5% ENG pellets
with density ρenv = 0.47 g/cm3.

Table 2. Unilan Model Parameters for H2 Adsorption by Select MOF-5/ENG Composites

sample (a) best fits (b) constraintsa

ENG % ρ (g/cm3) ΔS (×R) Emax (kJ/mol) Emin (kJ/mol) nmax (mol/kg) va (cm
3/g) nmax (mol/kg) va (cm

3/g)

powder 0.13 −7.93 5.04 1.06 67.8 1.40 64.1 1.40

0 0.31 −7.89 4.98 1.31 63.3 1.28 63.3 1.28

0 0.52 −8.08 5.30 2.05 42.4 0.91 53.9 1.21

5 0.32 −7.88 5.03 2.03 44.7 1.03 55.3 1.23

5 0.47 −7.88 4.76 2.11 41.3 0.95 48.0 1.00

10 0.32 −7.87 4.95 1.93 44.7 1.04 53.0 1.19

10 0.48 −7.86 4.96 1.55 44.6 1.08 47.5 1.11
aConstraints: ΔS = −7.89R, Emax = 4.98 kJ/mol, Emin = 1.31 kJ/mol.
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does not significantly decrease the quality of the fits (shown in
Figure S6). As summarized in Table 2b, the two fitted
parameters nmax and va decrease versus ENG% and density. This
is consistent with our findings that micropore volume decreases
with compaction and decreases to a lesser degree with ENG
addition.
Hydrogen Delivery. Hydrogen storage at 100 bar for

selected MOF-5/ENG composites is plotted versus temper-
ature (77−295 K) in Figure 7 using the Unilan model
parameters from Table 2b. Panel (a) breaks down the relative
contributions to total hydrogen storage at 100 bar made by
excess adsorption, absolute adsorption, and free H2 in the
volume vg = vv − va (which can be interpreted as the interstitial
volume occupied by bulk H2 gas outside of the MOF-5 pores).
The sum of the absolute adsorption and free hydrogen equals
the total storage. In Figure 7b the same comparison is made for
the 0% ENG pellets of density 0.52 g/cm3. This illustrates that

for a loosely packed powder, a majority of stored hydrogen
simply consists of bulk hydrogen gas outside of the adsorbate
volume. In contrast, for the compacted MOF-5 absolute
adsorption makes up a much larger percentage of the total
hydrogen storage. Only a small fraction of the stored hydrogen
consists of bulk gas in the interstitial volume.
Figure 7c illustrates the volumetric absolute adsorption (na)

at 100 bar for MOF-5/ENG composites plotted as a function of
temperature. Compacting powder MOF-5 to a density of 0.52
g/cm3 increases the absolute adsorption by a factor of
approximately 3. Total volumetric hydrogen storage at 100
bar is plotted versus temperature in Figure 7d. Values for
single-crystal MOF-5 are extrapolated from the powder MOF-5
values by replacing ρbulk = 0.13 g/cm3 with ρsc = 0.605 g/cm3.
The single-crystal MOF-5 values represent an upper limit for
volumetric hydrogen storage of compacted MOF-5. Among the
samples measured, volumetric storage is highest for the 0%

Figure 7. Total hydrogen storage at 100 bar versus temperature for selected MOF-5/ENG composites, using Unilan model parameters from Table
2b. (a) Hydrogen storage in powder MOF-5 at 100 bar; compares the relative contributions to total hydrogen storage made by excess adsorption,
absolute adsorption, and bulk H2. (b) Hydrogen storage at 100 bar in neat MOF-5 pellets with density 0.52 g/cm3. (c) Absolute hydrogen
adsorption at 100 bar, on a volumetric basis, for MOF-5/ENG composites. (d) Total hydrogen storage at 100 bar (eq 3) plotted versus temperature.
(e) Total hydrogen delivery between 100 and 5 bar. (f) Excess hydrogen delivery, defined here as the difference in excess adsorption, between 100
and 5 bar.
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ENG pellets of density 0.52 g/cm3. Relative to powder MOF-5
and compressed H2, the largest enhancement in volumetric H2

storage by MOF-5/ENG pellets occurs at temperatures close to
100 K. Neat MOF-5 pellets with density 0.52 g/cm3 have a
total volumetric storage of 36 g/L at 100 K, which is roughly
33% and 58% larger than the respective values for powder
MOF-5 and compressed H2. The addition of 5% and 10% ENG
to the ∼0.5 MOF-5 g/cm3 pellets decreases the total volumetric
storage at 100 K by about 6% and 11%, respectively.
Total hydrogen delivery (isothermal) between 100 and 5 bar

is plotted as a function of temperature in Figure 7e.54 Cryo-
compressed has more deliverable hydrogen at 77 K than most
MOF-5/ENG composites (with the exception of 0% ENG 0.5
g/cm3 pellets and single-crystal MOF-5). However, above 77 K
the MOF-5/ENG composites exceed cryo-compressed hydro-
gen in terms of deliverable hydrogen capacity. The largest
improvement in isotherm delivery (relative to powder MOF-5
and compressed H2) occurs at a temperature of approximately
122 K. The 0.52 g/cm3 pellets with 0% ENG have an
isothermal delivery at 122 K of 24.7 g/L, about 23% and 41%
greater than the respective values for powder MOF-5 and
compressed H2. Addition of 5% and 10% ENG to the ∼0.5 g/
cm3 MOF-5 pellets reduces the total isothermal H2 delivery by
about 5% and 9%, respectively.
In Figure 7e, the isothermal total delivery for compressed H2

decreases monotonically versus temperature. Similarly, the low-
density MOF-5 composites (∼0.3 g/cm3) also exhibit a
monotonic decrease in deliverable hydrogen. On the other
hand, the plotted curves for total isothermal delivery from
single-crystal MOF-5 and neat 0.52 g/cm3 pellets reach a
maximum at approximately 105 K. This maximum can be
traced to the behavior of the deliverable excess hydrogen
(isothermal) shown in Figure 7f. Defined here as the difference
in excess adsorption between 100 and 5 bar, the excess
hydrogen delivery has a maximum at 105 K for all of the MOF-
5/ENG composites shown in the plot. For single-crystal MOF-
5 (and for MOF-5/ENG composites with densities of ∼0.5 g/
cm3), the excess adsorption is relatively large compared to the
amount of bulk hydrogen gas stored in the volume vv, and this
maximum in excess delivery curve carries over to the total
storage.
Thermodynamics. The differential adsorption enthalpy, or

isosteric heat, is an important quantity in adsorption studies.
While the excess differential enthalpy is difficult to derive in an

analytical form for the Unilan model, the absolute adsorption
enthalpy is readily calculated. After eq 10 is solved in terms of
pressure, the adsorption enthalpy is calculated by the Clausius−
Clapeyron equation
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where s = Emax − Emin and x = n/nmax. Values of −Δh̅a for
powder MOF-5, using the parameters from Table 2a, are
plotted in Figure 8a for temperatures of 77, 200, and 295 K.
The value at x = 0.5 is equal to (Emax + Emin)/2 for all
temperatures. The differential enthalpy for the Unilan model
approaches a finite value as x approaches zero coverage.
Figure 8a compares the experimental −Δh ̅ex values

determined by direct interpolation of powder MOF-5
experimental excess data with the theoretical values derived
from the Unilan model. Estimating differential excess enthalpies
by the isosteric method is highly sensitive to both the
interpolation method42 and the temperature and pressure
ranges of the measurement.55 We measured separate low-
pressure isotherms (<3 bar) at 77 K, not shown in Figure 6a,
using a high-resolution pressure transducer to improve
accuracy. The interpolation method consisted of fitting rational
functions to p vs nex data independently for each temperature.
Temperatures included in the isosteres were 77, 103, and 118
K. Further details on the calculation of the experimental
differential enthalpy are provided in Figure S7 in the
Supporting Information.
The experimental −Δh ̅ex shown in Figure 8a as the dashed

line is plotted as a function of fractional excess adsorption nex/
nm,77, where nm,77 is the maximum excess adsorption at 77 K.
Above nex/nm,77 = 0.35 the enthalpy actually starts to increase,
an effect that arises from the maximum which is present in the
excess adsorption curve.56 The experimental −Δh̅ex for powder
MOF-5 is slightly larger than the modeled −Δh̅a obtained from
the best-fit Unilan parameters. Figure 8b displays the modeled
differential enthalpy for selected MOF-5/ENG composites
using the best-fit Unilan parameters from Table 2a. As
discussed earlier, these model Unilan parameters may exhibit

Figure 8. (a) Absolute differential enthalpy (eq 11) of powder MOF-5 at three temperatures, compared with the excess differential enthalpy
estimated by direct interpolation of experimental 77, 103, and 118 K isotherms. (b) Absolute differential enthalpy (eq 11) for selected MOF-5/ENG
composites, based on Unilan model parameters listed in Table 2a.
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artifacts from the fitting process. On the other hand, since eq 11
depends only on Emin, Emax, and T, the constrained Unilan
parameters from Table 2b simply yield identical enthalpies. The
Clausius−Clapeyron expression in eq 11 assumes the following:
(1) the adsorbate molar volume is negligibly small compared to
that of the gas phase; (2) the gas phase equation of state is
described by the ideal gas law. In Figure 8a, the differential
enthalpies at 200 and 300 K, at low fractional coverage, are the
cases that best adhere to these assumptions. Therefore, they
may represent that best estimate of −Δh̅a.

■ DISCUSSION

A primary aim of this study was to explore the effects of pellet
density and ENG addition on the hydrogen storage properties
of MOF-5 composites. The improved thermal properties of the
MOF-5/ENG composites at room temperature have been
previously established, with a factor of 3 increase for 5% ENG
and a factor of 5 increase for 10% ENG.25 Although ENG has a
similar skeletal density as MOF-5, it has a low surface area;
therefore, ENG addition is expected to lower the hydrogen
storage capacity relative to neat MOF-5 pellets by the addition
of extra mass to the pellet. For a 10% ENG composite, for
example, we would expect the excess hydrogen adsorption
amounts (gravimetric and volumetric) to be roughly 10% lower
compared to neat MOF-5 pellet of equal density. There would
be a smaller reduction in total hydrogen storage, as this amount
also includes the bulk gas hydrogen contained in the void
volume vv. However, as previously described,25 the ENG may
protect MOF-5 crystallites from plastic deformation during
uniaxial compression, thereby enhancing the hydrogen storage
density in higher density pellets. Our results, as summarized in
Figure 5, indicate that ENG additions do decrease the
maximum excess adsorption at 77 K but that these additions
also mitigate the loss of hydrogen storage capacity at high pellet
densities. The best compromise between improved thermal
conduction, increased volumetric H2 storage density, and a
reduced penalty on gravimetric excess adsorption appears to be
at an ENG addition of 5−10 wt % and a pellet density close to
0.5 g/cm3. Optimal ENG and compaction values must also be
determined on a system level to balance effects such as mass
transport and heat exchanger efficiency.
An unanticipated finding from this work was the effectiveness

of the Unilan model, in comparison to the modified D−A
model, in describing hydrogen adsorption in MOF-5 and
MOF-5/ENG composites across a wide temperature range.
The Unilan model accomplishes this while using only five
temperature-invariant parameters, each with a plausible physical
interpretation. In contrast, the modified D−A model requires at
least two temperature-dependent parameters (out of five or six
in total) in order to achieve fits of similar quality. There are
several reasons why MOF-5 would be well described by a
monolayer-based adsorption model, and by the Unilan model
in particular. First, hydrogen adsorption at supercritical
temperatures in large pores may tend toward monolayer
formation due to the weak intermolecular interactions. The D−
A model has particular difficulty in fitting MOF-5 hydrogen
isotherms at higher temperatures such as 200 and 300 K, where
the application of a model derived for pore filling by a liquidlike
hydrogen phase is questionable. Second, hydrogen uptake in
the large pores of MOF-5 has a small, and relatively
homogeneous, differential adsorption enthalpy, resulting in
reduced uptake at low pressures. In contrast, the modified D−A
models appear to be more effective for adsorbents with a larger

enthalpies and greater surface heterogeneity, such as activated
carbons (i.e., complex pore structures and graphitic edge
terminations) and possibly a small number of framework
structures with unscreened CUMC sites (e.g., Cu-BTC, MOF-
74), as these materials have a steeper isotherm shape at low
pressures. While our results suggest that the Unilan model may
be less suitable for heterogeneous adsorbents, further analysis
on these systems is warranted. On the other hand, the Unilan
model is expected to work well for hydrogen adsorption in
other framework materials with large pore sizes and no
unscreened CUMC adsorption sites (e.g., MOF-177, MIL-
101). Validating the Unilan model for MOF-5 over wider
pressure ranges, and for supercritical adsorption by gases other
than hydrogen, are topics for additional work.

■ CONCLUSION

We have studied the hydrogen storage behavior of high-density
MOF-5 composites containing expanded natural graphite
(ENG). The addition of 5 and 10 wt % ENG to 0.5 g/cm3

pellets had previously been found to enhance thermal
conduction at 295 K by a factor of 3 and 5, respectively,
relative to neat MOF-5 compacts. We compared the quality of
fits of the Unilan model, Tot́h model, and Dubinin−Astakhov
model for hydrogen adsorption in MOF-5 and MOF-5/ENG
composites over a wide temperature and pressure range. The
key findings of this study are as follows:

1. The (monolayer) Unilan model provided the most
accurate description of hydrogen adsorption by MOF-5
and MOF-5/ENG composites for both published data
(30−300 K, 0−60 bar) and our own experimental
measurements (77−295 K, 0−100 bar). Typically
associated with monolayer adsorption, the Unilan
model accurately fitted the complete 30−300 K temper-
ature range using only 5 temperature-invariant parame-
ters. To achieve fits of similar quality, the (pore-filling)
D−A model requires at least two parameters (out of five
or six total) to vary with temperature. This result
suggests that monolayer adsorption is more applicable
than pore-filling for describing supercritical H2 adsorp-
tion in the large pores of MOF-5.

2. The total volumetric hydrogen storage density (77 K,
100 bar) for MOF-5 + 0% ENG pellets with density 0.5
g/cm3 is approximately 23% larger than that of powder
MOF-5 and 41% larger than that of cryo-compressed
hydrogen. The addition of 10% ENG to the 0.5 g/cm3

MOF-5 pellets produces a small decrease (6%) in the
total volumetric hydrogen storage at 77 K compared to
neat MOF-5 pellets of equal density.

3. Isothermal hydrogen delivery (volumetric) between 100
and 5 bar is larger for MOF-5/ENG composites than for
powder MOF-5 and compressed H2 at temperatures
above 77 K. The largest enhancement in isothermal
delivery (relative to powder MOF-5 and compressed
hydrogen) for the MOF-5/ENG composites occurs at
approximately 122 K. Neat MOF-5 pellets with density
0.52 g/cm3 have an isothermal H2 delivery of 24.7 g/L at
122 K, which is 23% and 41% greater than the respective
values for powder MOF-5 and compressed H2. Additions
of 5 and 10 wt % ENG to neat MOF-5 pellets with
density ∼0.5 g/cm3 reduce the delivery by about 5% and
9%, respectively.
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At 122 K, a MOF-5/ENG composite with density of 0.48 g/
cm3 and 10 wt % ENG yields a total hydrogen isothermal
delivery between 100 and 5 bar of 22.5 g/L. This is an increase
of about 13% compared to powder MOF-5 powder and an
increase of 28% compared to cyro-compressed H2. Based on
the combined impact of ENG addition and pellet density on
thermal conductivity and hydrogen storage capacity of MOF-5
media, optimal properties are obtained for ENG additions of
5−10 wt % and pellet densities near 0.5 g/cm3.
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