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Abstract: Effective thermal conductivity is an important thermophysical property in
the design of metal-organic framework-5 (MOF-5)-based hydrogen storage tanks. A
modified thermal conductivity model is built by coupling a theoretical model with the grand
canonical Monte Carlo simulation (GCMC) to predict the effect of the H2 adsorption process
on the effective thermal conductivity of a MOF-5 powder bed at pressures ranging from 0.01
MPa to 50 MPa and temperatures ranging from 273.15 K to 368.15 K. Results show that the
mean pore diameter of the MOF-5 crystal decreases with an increase in pressure and
increases with an increase in temperature. The thermal conductivity of the adsorbed H:
increases with an increased amount of Hz adsorption. The effective thermal conductivity of
the MOF-5 crystal is significantly enhanced by the H2 adsorption at high pressure and low
temperature. The effective thermal conductivity of the MOF-5 powder bed increases with an
increase in pressure and remains nearly unchanged with an increase in temperature. The
thermal conductivity of the MOF-5 powder bed increases linearly with the decreased
porosity and increased thermal conductivity of the skeleton of the MOF-5 crystal. The
variation in the effective thermal conductivities of the MOF-5 crystals and bed mainly
results from the thermal conductivities of the gaseous and adsorption phases.
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1. Introduction

As a type of clean energy, hydrogen is expected to be used in hydrogen vehicles, but hydrogen-based
energy cycles require hydrogen storage as the key technology. A promising hydrogen storage material is
the metal-organic framework-5 (MOF-5) which features high surface area and permanent porosity;
specifically, this material can absorb up to 7.1 wt% hydrogen at 77 K and 40 bar [1]. MOF-5 is
composed of 1,4-benzenedicarboxylate organic linkers and Zn4O tetrahedral clusters treated as
secondary building units [2]. However, the process of H2 adsorption is an exothermic reaction, with the
heat of H2 adsorption ranging from 2 kJ/mol to 5 kJ/mol [3], and the amount of H2 adsorption decreases
rapidly with an increase in temperature. Heat release should be timely to avoid heat accumulation.
Effective thermal conductivity is an important criterion to judge how fast the heat of adsorption is
dissipated and to determine how to maintain a low temperature in a fuel storage tank during hydrogenation.

The effective thermal conductivity of MOFs has attracted the attention of many researchers.
Huang et al. [4,5] studied the thermal conductivity of a MOF-5 crystal and found it to be 0.32 W/m K at
a temperature of 300 K in a vacuum; they also found a very weak relation between the thermal
conductivity of the MOF-5 crystal and temperature, particularly when the temperature is above 100 K.
In fact, MOF-5 powders in a tank are very loose and consist of small crystallites. The effective thermal
conductivity of MOF-5 powders is less than the single-crystal value because of their large pore sizes and
high free volumes. Purewal et al. [6,7] adopted two representative ways to increase the effective thermal
conductivity of MOF-5 powders in a storage tank. The first method is powder densification, which can
yield a 350% increase in volumetric H> density compared with powders with a density of 0.5 g/cm?.
However, mechanical compaction causes the pores of MOF-5 crystals to collapse easily and thus results
in the low porosity of these crystals because of the small surface area of the compression process [8].
These phenomena, which depend on compression by storage pressure under high pressure, can be
avoided by directly placing MOF-5 powders as adsorbents in fuel storage tanks. The second method is
synthesizing MOF-5 with natural graphite (ENG). MOF-5 with ENG can improve the effective thermal
conductivity of MOF-5 powders. However, this method slightly degrades the H> adsorption capacity.
MOF-5 powders directly placed as adsorbents in fuel storage tanks can generally avoid these issues.
Nevertheless, the varying effective thermal conductivities of the MOF-5 powder bed and crystals should
be comprehensively investigated.

Effective thermal conductivity is related to adsorbate uptake, temperature, and pressure [9]. The
amount of adsorption can be predicted with the grand canonical Monte Carlo (GCMC) simulation,
which only requires macroscopic variables, such as temperature and pressure. Walton et al. [10] used
GCMC simulation to simulate CO2 adsorption in MOF-5 and reported that a step phenomenon occurs
during the adsorption process. Zhang et al. [11] simulated H2 adsorption in MOF-5 at 77 K at different
pressures (0—1.0 bar) and obtained results that fit well with the experimental data; they then performed
computer tomography on the MOF-5 at a molecular level. Yang et al. [12] combined GCMC simulation
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and density functional theory in their study of hydrogen adsorption in MOF-505; they found that metal
oxygen clusters are preferential adsorption sites for hydrogen.

The aforementioned studies mainly focus on improving the effective thermal conductivity of MOF-5
powders, measuring the thermal conductivity of MOF-5 crystals at different temperatures, and
simulating the adsorption properties of MOF-5. In the process, these studies neglect the varying
effective thermal conductivities of the MOF-5 powder bed and crystals during H2 adsorption. Moreover,
no model has been designed to predict the effective thermal conductivity of the H2 adsorption bed. In the
present work, a thermal conductivity model coupled with GCMC simulation is employed to predict the
effective thermal conductivities of the MOF-5 crystals and powder bed at different pressures and
temperatures under the H2 atmosphere. The key factors of thermal conductivity and different gases are
also studied.

2. Theoretical Modeling

2.1. Effective Thermal Conductivity

P=0MPa P=1MPa P=10MPa

(b)

Figure 1. Structure of MOF-5 crystal and varying porosity at different pressures. (a)
Structure of MOF-5 and its topology (ZnOs tetrahedral: blue polyhedra; benzene
dicarboxylate linkers: O, red and C, black; pore: yellow sphere); (b) Varying bed porosity at
different pressures.

The MOF-5 powder bed is composed of many cubic crystallites and a gaseous phase, as shown in
Figure 1a. The porosity of the MOF-5 powder bed will decrease with an increase in pressure, as shown in
Figure 1b. In this work, the following assumptions are made: the pore in the crystal does not experience
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the collapse phenomenon at the study pressure range (0.01-50 MPa), and the relation between density
and pressure is linear [7]. This relationship is expressed as

0 =0.13+0.006P (1a)

1_0.13+0.006P
0.605

(1b)

Where p is the density of the adsorption bed, P is the pressure in the adsorption bed, and ¢ is the

porosity among the particles. Although MOF-5 features a regular crystal structure, many MOF-5
crystals are randomly distributed in the adsorption bed. Thus, the effective medium theory model is
adopted [13].

A«/f + }‘g _A’e/f

(1-€) - 2a
Doy +20y A +2A, (22)

Which can be solved as

1
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Where 4, 1s the effective thermal conductivity of the adsorption bed, 4, 1is the thermal
conductivity of the gaseous phase, and 4, is the effective thermal conductivity of the MOF-5 crystal.

The MOF-5 crystal comprises the skeleton of the MOF-5 and gaseous phase, and the MOF-5 crystal
features a pore diameter of 1.12 nm [2]. A model of the effective thermal conductivities of MOF-5 crystals
is used in [14] but without consideration of radiation.

. = + =
eff s g l+ ZﬁKl’l ‘Ll (3)

Where 4 is the thermal conductivity of solid MOF-5, A, is the gaseous thermal conductivity, and
A, 18 the gaseous thermal conductivity at 0.1 MPa and 298.15 K; then 4, ; is the thermal

conductivity of the MOF-5 skeleton, ¢ is the porosity of Cu-BTC crystal [6], « is the tortuosity
factor, g isthe correction coefficient, and Kn is the Knudsen number. When the effect of adsorption is

considered, the model can be corrected similarly to the model for water adsorption in zeolite [15]. This
condition can be explained as follows. First, the condition of gas adsorption in MOF-5 is similar to that
of water adsorption in a zeolite, with both conditions being physical adsorption. Second, the state of
adsorption is assumed to be the boiling point in both the zeolite and the MOF-5. The effective thermal
conductivity of a MOF-5 crystal is expressed as

Por -5
A 3N (1= )Mo=
Ae, N Ayor_sY(1-¢) " (1-¢) 1Y (4)

A’ve/f = +
o 1+26Kn u u

Where 4, is the thermal conductivity of the adsorbed gas, which is assumed to be equal to the
thermal condition at the boiling point at 0.1 MPa [16], and N is the amount of adsorption, which can be
obtained from the results of the GCMC simulation. The GCMC calculation is performed in a static state,

in which the adsorption heat is assumed to be completely released. Hence, we do not consider the
chemical potential caused by changes in vibrational entropy, as mentioned in [11,12]. Then g is

defined as
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p=2k(2-7)/[r(k+1)] (%)
Where £ is the ratio of the heat capacities of the gases and y is the effectiveness of energy transfer

between the gas molecule and the MOF-5 skeleton, respectively. Then K» is defined as
Kn=A/d (6a)
Where 4 is the mean pore diameter of the adsorbed MOF-5 structure, which can be obtained as
follows [16]:

N Oyaior s (1 - ‘p)
d = d l— R e
‘ [ X ] (6b)

Where p, is the density of the adsorbed phase, which is assumed to be equal to the density at the
boiling point at 0.1 MPa; o, 1s the density of the MOF-5 skeleton; 4, isthe mean pore diameter of
the MOF-5 structure as expressed in zeolite [15]; and A is the mean free path of the molecule, which is

defined as

P T
A=A ——
OpTO (6¢)

Where p, and 7, refer to 0.1 MPa and 298.15 K, respectively; A, is the mean free path of gas

under this reference condition. The final effective thermal conductivity of the MOF-5 crystal is

expressed as

Psivor -5
A 3N (1 - @) 2=
4 A’MOFJ} (1_¢) “ ( ‘p) 1%

A’S[,/f = 8o + . (7)
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The values of the main parameters are shown in Table 1.

Table 1. Constant parameters (the missed parameters of density and thermal conductivity
in the reference are from REFPROP 4.0).

Parameter Value Unit Reference
Py, 808.60 kg'm™ [16]
Pu, 71.26 kg'm™ -
Peo, 1227.78 kg'm™ [16]

Psior s 2030 kg'm™ (6]
Auw, 0.14429 W-m k! ;
Ao, 0.10329 W-m k! .
Arco, 0.21815 W-m k! -
Aoty 0.18488 W-m k! ;
Aoy, 0.025835 Wom k! ;
gy co, 0.01642 Wem k! [17]

A, vom, 1.278 x 1077 m [18]
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Table 1. Cont.

Parameter Value Unit Reference
Aon, 6.28 x 107 m -
Asoco, 6.29 x 107 m -

@ 0.702 - [6]
Yy 1.92 - -
Y, 1.95 - -
Yeo, 1.95 - -

u 1.57 - -
ky, 1.4 - -
Ky, 1.4 - -
kco, 1.35 - -

Myior-s 0.75 Wem k! -
d, 1.12x107° m [2]

2.2. GCMC Models

2.2.1. Simulation Model

Periodicity

AN

Adsorbent

Adsorbate

; (-/ < < <
A
< ¢ ¢

Figure 2. Computed physical model.

The amount of adsorption is numerically simulated using the GCMC method with constant chemical
potential (), simulation box volume (7), and temperature (7). The temperature and pressure are
treated as input parameters. Figure 2 shows the simulation box that includes eight unit cells. The size of
the simulation box is 5.1788 nm x 5.1788 nm % 5.1788 nm. The MOF-5 adsorbent, which is treated as a
rigid structure with atoms fixed at their crystallographic positions, is located inside the simulation box
with a periodic boundary condition. The adsorbate Ha is treated as a rigid single molecule. The MOF-5

and Ho structures are built and optimized in the Materials studio packages [19] to satisfy the real material
properties. The potential energy (U, ) between atoms in the configurations is considered to calculate the

interactions between two H2 molecules or between the MOF-5 framework and the H2 molecule; i and j
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represent the interacting MOF-5 atoms or H2 molecules. When i represents H2 atoms, j can represent
MOF-5 or Hz atoms. The values of the Lennard—Jones (LJ) potential parameters of MOF-5 are adopted
from the all-atom optimized potentials for liquid simulations (OPLS-AA) force field [20] and from the
work of Yang et al. [21]. The detailed values are shown in Figure 3 and Table 2. The detailed potential
parameters of Hz are shown in Table 3. The potential parameters of N2 and COz are also shown in Table 3.

U, has two contributions: the LJ potential (U, ) and the electrostatic potential (U ;, ), which refers to

the coulomb potential. Potential energy U, is calculated using Equation (8).

%y Ty 94,
Ul.j=UU+UEq=4€ij -+ 12—(—")6 +— )
Ty o] AmE

Where 7; is the distance between atoms i and j; ¢; and o, are the LJ depth and diameter,

respectively; ¢, and g, are the partial charges of the interacting atoms; and ¢, is the dielectric
constant (8.85 x 107'> F/m). Electrostatic interaction is conducted using the Ewald summation
technique. The cutoff radius is set to 1.3 nm for the LJ interactions. All the LJ cross-interaction
parameters are determined using the Lorentz—Berthelot mixing rules.

Figure 3. Model clusters for different atoms.

Table 2. New LJ parameters for MOF-5 atoms.

&
Atom Type o(A) %B (K) q(e)
Hydrogen/Nitrogen Carbon Dioxide
Cl 3.75%° 52.84%° 52.84%° 0.667°
Cc2 3.55%9 35.23¢° 28.18° 0.072°
C3 3.55%9 35.23¢° 28.18° -0.132°
0l 2.96° 73.98° 63.41° -1.846°
02 2.96° 73.98° 63.41° -0.724°
H 242° 15.10° 15.10° 0.140°
Zn 2.46°¢ 62.40 © 62.40 © 1.501°

@ Adopted from the OPLS-AA force field of Jorgensen et al. [20]; ® Adopted from Yang et al [21];
¢ Adopted from the all-atom universal force field (UFF) force field (missing in the OPLS-AA force field) [22].
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Table 3. LJ parameters and partial atomic charges for N2, H2, and CO2 atoms.

Species Atom o(A) %E ( K) q(e) Ref.
N> N 2.598 36.7 [23]
H, H 3.73 148 [24,25]

C 2.80 27.0 0.70
CO; [26]
(0] 3.05 79.0 —0.35

2.2.2. Simulation Method

The GCMC method started with an initial configuration. The initial configuration is the state at which
the size of the simulation box and the initial number of adsorbates are known and determined. The
number of adsorbates and potential energy in the initial configuration (m) are N and U, , respectively.
The initial configuration is further updated with simultaneous procedures of random move, insertion,
and deletion for the adsorbate molecule selected at the same probability of one of three. The detailed
solution process can be found in [27]. The move, insertion, and deletion steps are repeated for 1 x 107 steps
until the chemical potentials in the adsorbed and bulk phases are identical. Another 1 x 107 steps similar

to the previous process are used to obtain the converged number of adsorbates and potential energy by
means of averaging. After all the iterations converge, the final number of adsorbate molecules (N, ),

adsorbate-adsorbate potential energy (U, ), and adsorbate-adsorbent potential energy (U, ) are obtained.

The adsorbate molecule only refers to the number of adsorption molecules in the simulation box. This
number should be converted to the excess adsorption amount ( N ), which can be compared with the

experimental data based on [28].

NamMa
N=1000(N_ngfieeNAJ/(MsMa) (9)

a

N,

a

Where M., M,, V,

fiee s and N, are the substance amounts of a single crystal cell (6159),
relative molecular masses of adsorbates (2 for Hz, 14 for N2, and 44 for COz2), free volume of the single

crystal cell (1.37 x 1072° m?), number of structure cells (eight), and Avogadro’s constant (6.022 x 10%%),
respectively; o, is the gaseous density.

3. Results and Discussions
3.1. Model Validation

Figure 4a shows the simulated adsorption isotherm of the H2 adsorption in MOF-5 at 298 K compared
with the experimental data [29]. The simulated adsorption isotherm fits well with the experimental data
at different pressures, with the standard deviation being less than 6.57%. The GCMC model in the
present work is precise enough to let us learn further the H2 adsorption behavior of MOF-5.

Figure 4b shows the simulated effective thermal conductivity of the MOF-5 powder under the N2
atmosphere compared with the experimental data by Purewal et al. [6]. The calculated theoretical
porosity of the adsorption bed is 0.43. However, the mechanical compaction leads the pores in the
crystals to collapse slightly, which in turn leads to the decreased porosity of the MOF-5 crystal; hence,
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the porosity in the powder bed is in fact higher than the theoretical calculation [6]. When the porosity is
set to 0.63, the standard deviation is only 8.4%. The model in this work can be further used to study Hz

adsorption beds to a certain extent.

1.6 F ®  Experiemental data by Panella et al,[29]‘
—&— simulation data by GCMC
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2 10f :
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Figure 4. Comparison of simulated results and experimental data. (a) Comparison of
simulated and experimental adsorption isotherm of H2 in MOF-5 at 298 K; (b) Comparison

Thermal coductivity (W m'lK'l)

0.20

0.15F

=]

—

(=)
T

=]

(=3

W
T

®  Experimental data by Purewal et al.[6]
—4— Simulation with £¢=0.63

[\
(=]

T¢C)

(b)

of simulated and experimental thermal conductivity at different temperatures.

3.2. Effect of Amount of Adsorption on Pore Width

70

Figure 5 shows the mean pore diameter and the amount of adsorption in the MOF-5 crystal against
hydrogen pressures ranging from 0.01 MPa to 50 MPa at 298.15 K. The plots indicate that the mean pore
diameter is dependent on the hydrogen pressure. With an increase in pressure, the amount of H2
adsorption increases and occupies the free volume. As a result, the mean pore diameter of the adsorbed
MOF-5 crystal decreases. Figure 6 shows the varying mean pore diameter and the amount of adsorption
in the MOF-5 crystal at temperatures ranging from 273.15 K to 368.15 K at 10 MPa. With an increase in
temperature, the mean pore diameter increases, and the amount of adsorption decreases linearly.

Accordingly, the mean pore diameter increases linearly.

12 1
A 43.0
1.0} .\.\l\ A.
I .\l\. /- 2.5
n_ /A 4
~08} " .
g I —=— Mean pore diameter ) .\'7‘:\. ] 20 Z
I 06k —a— Amount of adsorption p 2 115 g_
5 A/ ] ;
sl Y 410 ©
& 1
02F s At J0.0
0.0L 1 Il 1 -0.5
0.01 0.1 1 10
P(MPa)

Figure 5. Varying mean pore diameter and amount of Hz adsorption at different pressures

and 298.15 K.
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Figure 6. Varying mean pore diameter and amount of H: adsorption at different
temperatures and 10 MPa.

3.3. Effect of Pressure

Figure 7 shows the effective thermal conductivities of the adsorbed MOF-5 crystals and bed at
different pressures (0.01-50 MPa) and 298.15 K. The effective thermal conductivity of the MOF-5
crystals at the H2 atmosphere increases in an “S” shape, as confirmed by the experimental data on zeolite
K under the H2 atmosphere [9]. The effective thermal conductivity of the MOF-5 crystals with
consideration of the adsorbed phase is slightly higher than that without such consideration. The
difference is evident with an increase in pressure because of the thermal conductivity of the adsorbed
phase. Given that the thermal conductivity of the adsorbed phase increases, the amount of Hz adsorption
increases with an increase in pressure. The change in the effective thermal conductivity is determined by
the adsorbed and gaseous phases in the MOF-5 crystal. At region I (0.01-0.1 MPa), the amount of H>
adsorption is significantly small enough that the thermal conductivity of the adsorbed phase can be
ignored. The varying effective thermal conductivity of the MOF-5 crystal mainly results from the
gaseous phase because the mean free path of the molecule decreases with an increase in pressure. At
region II (0.1-2 MPa), the change is mainly determined by the adsorbed and gaseous phases. The
amount of adsorption increases rapidly at this region; hence, the thermal conductivity of the adsorbed
phase increases obviously. The mean free path of the molecule and the mean pore diameter of the crystal
all decrease with an increase in pressure. This condition results in a competition in the thermal
conductivity of the gaseous phase. The effect of the varying mean free path of the molecule performs an
important function in the gaseous phase compared with the effect involving the consideration and
non-consideration of adsorption. The increased thermal conductivity of the adsorbed phase is similar to
the decreased thermal conductivity induced by the mean pore diameter of the crystal in the gaseous
phase because the effective thermal conductivity of the MOF-5 crystal is similar regardless of the
consideration of adsorption. At region I1I (2—50 MPa), the variation is mainly due to the adsorbed phase.
The mean free path of the molecule and the mean pore diameter of the crystal all decrease with an
increase in pressure. However, the Knudsen number remains constant, which in turn leads the thermal
conductivity of the gaseous phase to be constant. Therefore, the variation of the effective thermal
conductivity of the MOF-5 crystal mainly results from the thermal conductivity of the adsorbed phase.
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This phenomenon is the main reason for the effective thermal conductivity of the MOF-5 crystal being
higher in the condition that considers adsorption than in the condition that does not consider adsorption.
The pressure ranges above indicate that the variation in the effective thermal conductivity of the MOF-5
crystal is due to the Knudsen number, as explained by Shim et al. [6], and to the amount of H2 adsorption.

1.0
09F ™ Had
o~ 03 H +Xseﬁwithout considering the adsorbate
“.M : - +kseﬂconsidering the adsorbate
§ 0.7 - +7\eﬁwithout considering the adsorbate
1 0.6 <« A greonsidering the adsorbate
S 050 > h o sttt bt
S 04F
—é 0.3 [ 0———o6— ] //
=) RN of | ,;—11‘
S L : vt ¥
Té 02} ¥ WH NI
= 00F | - == E =
.t PP — NPT | - 1
0.01 0.1 1 10
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Figure 7. Varying thermal conductivity at different pressures and 298.15 K.

The effective thermal conductivity of the MOF-5 powder bed initially remains constant (pressure
ranging from 0.01 MPa to 2 MPa) and then increases rapidly at a high pressure range (2—50 MPa). The
gaseous thermal conductivity between the crystals is kept constant with an increase in pressure. The
effective thermal conductivity of the MOF-5 powder bed with consideration of the adsorbed phase is
higher than that without consideration of the adsorbed phase at a high pressure range of 2—50 MPa
(Figure 7). The reasons are as follows. The porosity in the powder tank is high at low pressures
(regions I and II). The gaseous thermal conductivity performs an important function. With an increase in
pressure, the MOF-5 powder is compressed rapidly such that the porosity among the particles becomes
low at region III. The thermal conductivity of the crystal gradually performs a lead function in the ratio
of the increased effective thermal conductivity of the MOF-5 bed. The variation in the effective thermal
conductivity results from the variation of the crystal and the porosity of the powder in the MOF-5 bed.

3.4. Effect of Temperature

Figure 8 shows the effective thermal conductivity of the adsorbed MOF-5 crystal and bed at different
temperatures (273.15-368.15 K) and at 10 MPa. The effective thermal conductivity of the MOF-5
crystal with consideration of the adsorbed phase is slightly higher than that without such consideration
because the adsorbed phase has thermal conductivity and the adsorbed H2 molecule can reduce the mean
pore diameter of the crystal. This phenomenon contributes to the change in the thermal conductivity of
the gaseous phase in the MOF-5 crystal. The difference between the two models is relatively small with
an increase in temperature because the amount of H: adsorption decreases with an increase in
temperature. The reasons are as follows. For the MOF-5 crystal without consideration of the adsorbed
phase, the thermal conductivity of the gas phase decreases with an increase in temperature because the
Knudsen number increases with an increase in temperature. For the MOF-5 crystal with consideration of
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the adsorbed phase, the decrease in effective thermal conductivity is faster than that without
consideration of the adsorbed phase because the thermal conductivity of the adsorbed phase decreases.
However, the mean pore diameter increases with an increase in temperature, and this condition helps
improve the thermal conductivity of the gaseous phase. The adsorbed phase plays only a small role in the
overall effective thermal conductivity of the MOF-5 crystal.
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Figure 8. Varying thermal conductivity at different temperatures and 10 MPa.

The effective thermal conductivity of the MOF-5 bed with consideration of the adsorbed phase is
similar to that without consideration of the adsorbed phase, as shown in Figure 8. The reasons are as
follows. The porosity of the MOF-5 adsorption bed at this condition is 0.686, which indicates that the
gaseous phase in the powder bed has a dominant function in the conductivity of the MOF-5. The
effective thermal conductivity of the MOF-5 bed increases with an increase in temperature because the
gaseous thermal conductivity among the crystals increases with an increase in temperature.

3.5. Effect of Main Parameter on Effective Thermal Conductivity
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Figure 9. Varying porosity and thermal conductivity at different slopes.
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Figure 9 shows the varying effective thermal conductivity of the MOF-5 bed and porosities at
different slopes of functions between density and a pressure range (0-0.009) at 298.15 K and 10 MPa.
The increase in the speed of compression apparently enhances the effective thermal conductivity of the
MOF-5 bed by decreasing the amount of interstitial voids between the crystals in the bed. Figure 10
shows the effect of the varying thermal conductivity of the MOF-5 skeleton on the thermal
conductivities of the crystal and bed. The effective thermal conductivities of the MOF-5 crystals and
adsorption bed increase with an increase in the thermal conductivity of the MOF-5 skeleton. Notably,
this relationship is linear, which means that the thermal conductivity of the MOF-5 skeleton does not
influence the rules at different pressures and temperatures.
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Figure 10. Varying porosity and thermal conductivity at different solid thermal conductivity values.
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Figure 11. Amount of adsorption and thermal conductivity at 1.0 MPa and 298.15 K.
(a) Amount of adsorption and thermal conductivity at 1.0 MPa and 298.15 K; (b) Effective
thermal conductivity at 1.0 MPa and 298.15 K.

Figure 11a,b show the amount of adsorption and the effective thermal conductivity of the MOF-5
crystal and adsorption bed under the CO2, N2, and H2 atmosphere at 1.0 MPa and 298.15 K. Given that
the amount of CO2 adsorption is the largest, the thermal conductivity of the CO2 adsorbate is also the
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largest, as shown in Figure 11a. The thermal conductivity of the CO2 adsorbed phase is higher than that
of the gaseous phase in the MOF-5 crystal. This result indicates that the amount of adsorption
contributes to the effective thermal conductivity of the MOF-5 crystal. Figure 11b shows the effective
thermal conductivities of the MOF-5 crystal and adsorption bed at the CO2, N2, and H2 atmosphere. The
thermal conductivities of the MOF-5 crystal and bed at the H2 atmosphere are higher than those at the
CO2 and N2 atmosphere. The difference results from the thermal conductivity of the gaseous and
adsorption phases.

4. Conclusions

A modified thermal conductivity model is built by coupling a theoretical model with the GCMC
simulation to predict the effect of the H2 adsorption process on the effective thermal conductivity of a
MOF-5 powder bed at pressures ranging from 0.01 MPa to 50 MPa and temperatures ranging from 273.15 K
to 368.15 K. The results show that the mean pore diameter of the MOF-5 powder crystal decreases with
an increase in pressure and increases with an increase in temperature as the Hz adsorption occurs. The
effective thermal conductivity of the MOF-5 powder bed increases with an increase in pressure. The
main reasons are as follows. The porosity of the adsorption bed decreases with an increase in pressure
because the MOF-5 powder compacts and the thermal conductivity of the adsorbed phase increases with
an increased amount of H: adsorption. With an increase in temperature, the effective thermal
conductivity of the MOF-5 powder bed remains nearly unchanged because of the high porosity. The
thermal conductivity of the MOF-5 powder bed increases linearly with a decrease in porosity and an
increase in the thermal conductivity of the skeleton of the MOF-5 crystals. The main variation in the
effective thermal conductivities of the crystal and bed results from the thermal conductivities of the
gaseous and adsorption phases.
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