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ABSTRACT

The low thermal conductivity of the prototype hydrogen storage adsorbent, metal-organic
framework 5 (MOF-5), can limit performance in applications requiring rapid gas uptake and
release, such as in hydrogen storage for fuel cell vehicles. As a means to improve thermal
conductivity, we have synthesized MOF-5-based composites containing 1-10 wt.% of
expanded natural graphite (ENG) and evaluated their properties. Cylindrical pellets of neat
MOF-5 and MOF-5/ENG composites with densities of 0.3, 0.5, and 0.7 g/cm?® are prepared
and assessed with regard to thermal conductivity, specific heat capacity, surface area, and
crystallinity. For pellets of density ~0.5 g/cm®, we find that ENG additions of 10 wt.% result
in a factor of five improvement in thermal conductivity relative to neat MOF-5, increasing
from 0.10 to 0.56 W/mK at room temperature. Based on the relatively higher densities,
surface areas, and enhanced crystallinity exhibited by the composites, ENG additions
appear to partially protect MOF-5 crystallites from plastic deformation and/or amorph-
ization during mechanical compaction; this suggests that thermal conductivity can be
improved while maintaining the favorable hydrogen storage properties of this material.
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

adsorption ranging from 2 to 5 kJ/mol-H, [17]. In order to
achieve targeted refueling times — the 2017 U.S. Dept. of

Metal-organic framework 5 (MOF-5) is a microporous, crys-
talline solid comprised of 1,4-benzenedicarboxylate (BDC)
organic linkers and Zn,O tetrahedral clusters that serve as
secondary building units [1,2]. The high-surface area and
permanent porosity of MOF-5 make it an attractive material
for a variety of applications [3], including: catalysis [4,5], gas
storage [6—10], gas separation [11,12], gas purification [13], and
sensing [14].

Regarding gas storage, MOF-5 has been extensively studied
for automotive hydrogen storage applications [1,7—10,15,16].
This interest stems from the observation that MOF-5 can
adsorb a large amount of hydrogen, up to 7.1 excess wt.% at
77 K and 40 bar [15], via an exothermic reaction with a heat of
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Energy Target is 3.3 min for 5 kg H, [18] — and maximize the
amount of hydrogen stored, it is desirable to remove the heat
generated during adsorption from the storage bed in order to
quickly reach the desired operating temperature (e.g., 77 K).
With conventional synthesis methods, MOF-5 is obtained
as aloose powder consisting of small cubic crystallites (<1 pm)
with low bulk density (p = 0.13 g/cm® [19]. As powder
morphologies are typically not conducive to efficient thermal
transport, the thermal conductivity of MOF-5 powders is ex-
pected to be less than the single-crystal value of 0.32 W/mK
(T = 300 K) [16,20,21]. Owing to their large pore sizes (e.g.,
>20 A diameter) and high free volumes (e.g., >90%) [22], the
thermal conductivity of many microporous materials (e.g.,
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zeolites and MOFs) is low [22—25]. As pointed out in Ref. [21],
the atomic number density, which correlates with thermal
conductivity, can be lower in MOFs (2.46 x 10?® atoms/m? for
MOE-5) than in zeolites (5.13 x 10?® atoms/m? for sodalite) [26],
suggesting that MOFs may exhibit extremes of thermal
conductivity behavior, even in comparison to other micropo-
rous materials.

Consistent with the low atomic and bulk densities of MOF-
5, our preliminary measurements on low-density MOF-5
pellets found a thermal conductivity of less than
0.08Wm 'K~ (T =45 °C) [16]. This low conductivity can place
limitations on the design of MOF-5-based storage systems. For
example, a low thermal conductivity can hinder fast refueling
for adsorption processes which rely on a pressure or
temperature-swing. Although engineering approaches aimed
at mitigating these limitations are possible, all common
strategies involve tradeoffs in efficiency or the density of
stored hydrogen. (For example, a heat-exchanging manifold
could be incorporated within the storage vessel. However, the
extra space and mass associated with this device will lower
the volumetric and gravimetric density of the system [27].)
Thus, the identification of methods to improve the thermal
conductivity of the hydrogen storage material would mini-
mize the need for auxiliary thermal components, and resultin
improved system performance. These methods could also be
applicable to other microporous materials such as MOFs,
zeolites, and the broader class of framework materials [e.g.,
zeolitic imidizolate frameworks (ZIFs) and covalent organic
frameworks (COFs)].

In a previous study we reported the effect of powder
densification on several properties of neat MOF-5, such as
excess and total hydrogen storage capacity, surface area, pore
volume, crystallinity, and crush strength [16]. By determining
these processing—structure—property relationships, we
revealed tradeoffs associated with densifying MOF-5 for on-
board hydrogen storage applications. For example, we found
that a nearly 400% improvement in the excess volumetric H,
capacity could be achieved through compaction [e.g,
increasing from 7 g Hy/L at p = 0.13 g/cm?® (powder) to 26 g Hy/L
for p = 0.51 g/cm? (pellet) at 77 K and 70 bar]. However, these
improvements came at the cost of a small decrease in excess
gravimetric capacity (-15% at p = 0.51 g/cm?) and limited
improvement in thermal conductivity (increasing from less
than 0.08 W/mK to 0.16 W/mK at 26 °C as pellet density
increased from 0.35 to 0.69 g/cm®). To our knowledge, studies
aimed at improving the thermal conductivity of MOFs have
not been reported, and we are aware of only two reports of
thermal conductivity characterization of MOFs in the litera-
ture [20,21]. Both of these studies focused on assessing the
thermal conductivity for a single crystal of MOF-5.

Toward the goal of improving the thermal conductivity of
MOF-5-based hydrogen storage materials, here we investigate
the effect of forming composites of MOF-5 with varying
additions of expanded natural graphite (ENG) worms (i.e.,
natural graphite soaked in sulfuric acid and heated to high
temperatures [28,29]). Given its high thermal conductivity
(~150 W/mK [29]), and the fact that carbons are also known to
act as hydrogen adsorbents [30], the addition of ENG to MOF-5
compacts presents a potentially promising method for
improving thermal conductivity while maintaining favorable

hydrogen storage properties. Small quantities of ENG have
been successfully used as thermal conductivity enhancers for
a variety of metal and complex hydride storage materials such
as NaAlH, [27], La—Ni—Sn [28,29], MgH, [31], LaNis [32], and
MgyoNiyo [33]. For example, the thermal conductivity of MgH,
at 300 K was increased from 0.7 W/mK (neat MgH,) to 7.5 W/
mK with the addition of 10 wt.% ENG [31]. In this study we
systematically examine the impacts of varying ENG content
and compact density on the thermal conductivity, surface
area, specific heat capacity, and crystallinity of densified MOF-
5/ENG composites. For ~0.5 g/cm? pellets we find that ENG
additions of 10 wt.% result in a factor of five improvement in
thermal conductivity relative to neat MOF-5, increasing from
0.10 to 0.56 W/mK at 298 K. In addition, we observe that
composites having less than or equal to 10 wt.% ENG largely
preserve the crystallinity and high-surface area of MOF-5; this
suggests that thermal conductivity can be improved while
maintaining the favorable hydrogen storage properties of this
material.

2. Experimental details

Powder samples of MOF-5 were prepared and desolvated as
previously described in Refs. [16,19]; ENG worms were used as
purchased (SGL Group). Compacts were prepared with three
bulk densities of approximately 0.3, 0.5 and 0.7 g/cm>. MOF-5
was mixed with ENG using a Spex 8000 mixer/mill with ENG
contents of 1, 5, and 10 wt.% for 20 s. The post-mixed MOF-5/
ENG blends were loaded into cylindrical punches and dies
with different bore diameters, i.e., 6.35 mm (for specific heat
capacity and surface area measurements) and 12 mm (for
thermal diffusivity and XRD measurements). Specimens were
compressed using a manual pellet press (Reflex Analytical,
which was housed inside the glovebox) for 6.35 mm pellets,
and a 12 ton hydraulic press (Carver, 4350 manual pellet press)
for 12 mm pellets. This latter bench-top press was located
outside of the glovebox. To minimize exposure of MOF-5 to
humid air, dry nitrogen gas was blown across the die set
during pressing. By applying different press forces, pellets of
different bulk densities were obtained. Bulk densities were
calculated from the mass and physical dimensions of each
pellet. The resulting pellets are cylindrical with flat ends, as
shown in Fig. 1.

The thermal conductivities 2 of all pellets were calculated
at 26, 35, 45, 55 and 65 °C using the following equation:

A=a-Cpp (1)

where «is the thermal diffusivity, p is the compact density and
Cp is the specific heat capacity. Specific heat capacity
measurements were performed on the 6.35 mm pellets with
a differential scanning calorimeter (DSC) (SENSYS DSC,
Setaram), which was calibrated with a sapphire standard.
Pellets were placed inside an alumina crucible inside the
glovebox and then transferred to the DSC (external to the
glovebox). Data were collected using a heating rate of 5 °C/min
and a He carrier gas flow of 20 ml/s. Thermal diffusivity
measurements were performed with a xenon thermal flash
diffusivity instrument (Anter Flashline, FL3000S2) using N, as
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Fig. 1 — Cylindrical pellets of neat MOF-5 and MOF-5/ENG
composites. (a) Pellet of 6.35 mm diameter and 4.9 mm
thickness for specific heat capacity measurements and
surface area measurements. (b) Pellet of 12 mm diameter
and 1 mm thickness for XRD measurements, and (c) pellet
of 12 mm diameter and 2 mm thickness for thermal
diffusivity measurements.

protective gas, based on pellets with 12 mm diameter and
2 mm average thickness. The instrument was calibrated using
aniron standard. A thin layer of silver paint was applied to the
top surfaces to prevent the pellets from fracturing during
measurement, and the lower surfaces of the pellets were
coated with graphite to improve light absorption. Before
measuring, the pellets were first evacuated at room temper-
ature for at least 2 h and then heated at 130 °C under vacuum
for at least 3 h.

Surface area measurements were performed by nitrogen
adsorption at 77 K with a Micromeritics ASAP 2010 with
average sample sizes of 400 mg. Surface area values were

calculated according to the Langmuir (or BET) equations.
Powder X-ray Diffraction (PXRD) data were collected on
a SCINTAG (XDS2) powder diffractometer operated at 45 kV
and 40 mA with step increments of 0.02° and a rate of 2 s/step
using Cu Ka radiation (1 = 1.5418 A). Samples used for PXRD
were loaded in the glovebox and maintained under a N,
atmosphere during data collection. Scanning electron
microscopy (SEM) was used to examine the microstructure of
MOF-5 and ENG at an accelerating voltage of 15 kV and
a working distance of 39 mm on a JEOL 840A SEM. Prior to SEM
imaging, the MOF-5 was coated with a thin carbon layer to
make its surface electrically conducting in the SEM using
a Denton Carbon Coater.

3. Results and discussion
3.1. Microstructure

Optical and SEM images of MOF-5 and as purchased ENG
worms are shown in Fig. 2(a) and (b), respectively. The MOF-5
powder is composed of particles of cubic morphology with
individual crystallite sizes of less than 1 um, and interparticle
voids of several microns in diameter. The particle size distri-
bution and topology of interparticle voids in the neat MOF-5
compact can affect several important engineering proper-
ties, such as bulk density, permeation of gases, thermal
conductivity, and total surface area. In particular, the submi-
cron particle size of MOF-5 can impact its packing density,
lead to an increased contribution of external surface area (and
consequently interparticle porosity within the pellet), and
negatively impact permeability and particle strength [34].
Fig. 2(b) shows the SEM images for the as purchased ENG

MOF-5

\ ; 0art

ENG "300pum |

Fig. 2 — Optical (left) and SEM (right) microstructure images of (a) MOF-5 (powder and pellet of 0.49 g/cm?) and (b) as

purchased ENG.
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worms, which were prepared from natural graphite. By
applying heat treatment, the lamella structure of natural
graphite can be transformed into a vermicular “worm” struc-
ture through expansion and exfoliation as shown in Fig. 2(b).
The ENG powder is composed of vermicular particles of 0.1 to
several millimeters in size. In addition, the ENG maintains the
high thermal conductivity (~150 W/mK [29]) of the original
expandable graphite, since it possesses the same in-plane
super-lattice ordering [32].

3.2 Pellet density and applied pressure

Fig. 3 illustrates the relationship between pellet density and
applied pressure over an explored pressure range of
8—315 MPa. This relationship is essentially independent of
ENG content. For pressures less than 150 MPa the pellet
density increases in roughly a linear fashion. Beyond 150 MPa,
the density approaches a limiting value of approximately
1.7 g/cm?®, a value nearly three times that of the single-crystal
density (0.61 g/cm?®). Although neat MOF compacts and MOF/
ENG compacts share the same functional relationship
between density and pressure (e.g., linear below 150 MPa), the
magnified inset in Fig. 3 suggests that increased ENG additions
consistently result in slightly higher densities in the low-
pressure regime. This implies that ENG is more easily
compressed relative to MOF-5, and we speculate that defor-
mation may be localized within the ENG during the early
stages of compaction (at low pressures). Consequently the
presence of ENG could prove beneficial during the compaction
process by absorbing the initial load and acting as a lubricant
to distribute mechanical energy. As the applied pressure
becomes greater, the ENG will approach its compression limit
and further load increases will be borne by MOF-5.

3.3. Crystallinity
Powder X-ray diffraction (PXRD) data was obtained in order

to evaluate MOF-5 structural stability/crystallinity during
the compacting process both in presence and absence of

2.0
1 m  Neat MOF-5
1.84 e MOF-5+1%ENG
; MOF-5+5% ENG
1.64 v MOF-5+10% ENG
& 1| ——Fit of neat MOF-5
§ 1.4
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> ]
@ 1.0
é:’ ] /./
0.8 1
_ ///
0.6 041
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Fig. 3 — Pellet density verses applied pressure for MOF-5
with different contents of ENG.

ENG. Fig. 4 compares PXRD patterns of neat MOF-5 and MOF-
5/10 wt.% ENG for densities of approximately 0.5 and
0.7 g/cm®. For the MOF-5 specimens containing ENG (Fig. 4(c)
and (d)), a high intensity diffraction peak corresponding to
graphite (20 = 26.5°) is observed, with no other notable
changes in the XRD patterns. This suggests that no signifi-
cant structural changes occur in the composites upon
addition of ENG compared to the neat MOF-5 compacts with
comparable density. Increasing compact density, however,
does result in decreased intensity of MOF-5 diffraction peaks
for specimens with identical dimensions (i.e. exposed
diameter and thickness). For example, for the neat MOF-5
compacts, the intensity of the main diffraction peak
(20 = 6.9°) decreases by 50% in going from 0.49 g/cm? to
0.67 g/cm? (Fig. 4(a) and (b)). On the other hand, for pellets
with 10 wt.% ENG the diffraction intensity decreases by only
38% upon a similar increase in density (Fig. 4(c) and (d)). The
lower decrease in peak intensity for the composite pellets
(with ENG) supports the hypothesis that ENG additions could
aid in the protection of MOF-5 crystallites from plastic
deformation/amorphization during mechanical compaction,
as previously discussed.

It has been reported that the MOF-5 crystal structure will
transform to an amorphous phase at the relatively low applied
pressure of 3.5 MPa [35]. However, in this study, and consis-
tent with our previous findings for neat MOF-5 [16], for the
pellet density of 0.7 g/cm® a considerable fraction of the
crystalline phase persists as shown in Fig. 4(b) and (d). Based
on the calibration curve in Fig. 3, a density of 0.7 g/cm?
corresponds to an applied pressure of around 64 MPa. This
difference in behavior could potentially be attributed to the
different synthesis and desolvation methods used in the prior
study [35]. Nevertheless, the consistent decrease in diffraction
peak intensity coupled with the increase in diffuse scattering
does indicate a progressive transformation from crystalline to
amorphous. Similarly, the peak intensity of ENG is also
decreased with increasing density.

3.4. Surface area and hydrogen adsorption

It is well established that the amount of hydrogen adsorbed
per unit mass (i.e. excess gravimetric capacity) in typical high-
surface area adsorbents is proportional to the sorbent’s
specific surface area [36—38]. It is preferable that improve-
ments to the thermal conductivity of MOF-5 via ENG additions
and/or densification do not come at the expense of degrading
other important properties. The effect of ENG content and
compact density on the BET surface area, total N, adsorption
volume and monolayer capacity Qp, of MOF-5 are summarized
in Table 1.

Prior studies on neat MOF-5 and MOF-177 have revealed
that powder compaction reduces surface area [16,39]. In the
case of MOF-5, forming a compact with density of 0.3 g/cm?
reduces the BET surface area by 1.7% as compared to the neat
powder; increasing the pellet density further to ~0.5 g/cm?
results in a larger decrease of 18%. The trends for total N,
adsorption volume and monolayer capacity Qn are similar
with increasing density. This effect is expected to arise from
the collapse of intraparticle voids (micro porosity) of MOF-5
due to amorphization and/or plastic deformation [39].
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Fig. 4 — XRD patterns of pellets of neat MOF-5 with densities of (a) 0.49 g/cm® and (b) 0.67 g/cm?, and of MOF-5 with 10 wt.%
ENG composites with densities of (c) 0.5 g/cm> and (d) 0.7 g/cm?>.

Although the surface area of ENG (20 m?%/g [40]) is more than
two orders of magnitude smaller than that of MOF-5, the BET
surface area, total N, adsorption volume and monolayer
capacity Qm, of MOF-5/ENG compacts do not exhibit significant
decreases relative to the neat MOF-5 compacts of comparable
density. On the contrary, a slight increase on the BET surface
area and Qp, of thelower density MOF-5/ENG compacts (i.e. 0.3 &
0.5 g/cm?) is observed comparing with neat MOF-5 compacts.
For example, in contrast to the neat pellets, MOF-5/5 wt.%-ENG
composite pellets at ~0.3 and ~0.5 g/cm?® exhibit a slight

Table 1 — Effect of ENG content and compact density on

the BET surface area, total N, adsorption volume, and
monolayer capacity Q,, of MOF-5.

increase and smaller decrease (5%) in BET surface area,
respectively, relative to the neat powder. For total N, adsorption
volume, there is a general decreasing trend with adding ENG,
especially with larger amounts added (e.g., 10 wt.%), which
indicates the added ENG may have influence H, adsorption.

As discussed previously, the presence of ENG may
“protect” the MOF during compression. However, this
protective effect appears to cease when density/compacting
pressure becomes larger (e.g., 0.7 g/cm?). At this density the
pellets having higher ENG content exhibit lower surface areas
relative to the neat MOF-5 pellet. An additional trend that
emerges from the data is that for a given density the surface
areas of the MOF-5/ENG composite pellets exhibit decreasing
surface areas as their ENG content increases, as expected from
the lower surface area of ENG. In summary, at moderate
densities (up to 0.5 g/cm?) and concentrations (up to 5 wt.%)
ENG additions to MOF-5 do not significantly degrade those
properties that are correlated with surface area.

Sample BET SA Tot. N, Ad. Vol. Qm
(m?/g) (cm/g) (cm?/g STP)

Powder (Neat) 2763 1.36 635
p =0.3 g/cm?

Neat 2715 1.34 624
1 wt.% ENG 2927 1.27 672
5 wt.% ENG 2781 1.21 639
10 wt.% ENG 2665 1.17 612
p=0.5 g/cm?

Neat 2263 1.12 520
1 wt.% ENG 2584 1.12 594
5 wt.% ENG 2623 1.14 603
10 wt.% ENG 2413 1.06 554
p =0.7 g/cm?

Neat 1999 0.87 459
1 wt.% ENG 2022 0.88 464
5 wt.% ENG 1888 0.82 434
10 wt.% ENG 1760 0.77 404

Table 2 — Hydrogen adsorption at 77 K by the MOF-5/ENG
pellets with 0 wt.% and 10 wt.% ENG.

Description Density Max H, adsorption at 77 K
(g/cm?®) (Wt.%)
Powder MOF-5 0.13 5.64
0 wt.% ENG 0.31 5.76
0.51 472
0.603 4.17
10 wt.% ENG 0.324 4.75
0.479 4.21
0.716 3.49
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Table 2 lists the maximum hydrogen excess adsorption at
77 K by the MOF-5/ENG pellets with 0 wt.% and 10 wt.% ENG. A
more detailed study of the hydrogen storage performance for
MOF-5/ENG compacts will be the subject of a future publication.
Table 1 and Table 2 show that the trend of max H, uptake is
mostly consistent with that of surface area. However there are
some exceptions to the general trend. For example, the 10 wt.%
ENG (p=0.5g/cm®) has alarger surface area than the 0wt.% ENG
(0 = 0.5 g/cm®), but the max H, uptake is lower. In general, the
MOF-5/ENG pellets have a lower maximum adsorption of H, at
77 K compared to the neat MOF-5 pellets for the same density,
consistent with the total N, adsorption volume (from 1.12 cm®/g
for MOF-5 to 1.06 cm®/g for MOF-5/10 wt.%-ENG). This result
indicates that for microporous materials such as MOFs, the
total volume of gas adsorbed in each composite is a better
measure of gas capacity.

3.5. Specific heat capacity

The specific heat capacity (C,) is a thermodynamic property
that describes to the ability of a material to store thermal
energy. In particular, the heat capacity dictates the amount of
energy one must put into the system in order to heat the
material to a certain temperature. Heat capacity can be an
important property for gas storage systems relying on
temperature-swing operation. The heat capacity of pellets of
neat MOF-5 and MOF-5/ENG composites at temperatures of 26,
35, 35, 55 and 65 °C were measured and are plotted in Fig. 5.

a
0.9- p=0.3g/cm’
~ 0.8
oU
=
2
& —=&— Neat MOF-5
0.7 —&— MOF-5+1wt.% ENG
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0.6 T T T T T T T T
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C oss
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=
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25 30 35 40 45 50 55 60 65

Temperature (°C)

The specific heat capacities increase with increasing temper-
ature for all the samples examined. The value of C, at 26 °C for
MOF-5 with density of 0.3 g/cm?® is 0.73 J/g °C, and is compa-
rable to that of graphite (0.71]/g °C) [41]. For a fixed density, the
specific heat capacity increases with increasing ENG concen-
tration. For example, at the density of 0.5 g/cm?® the heat
capacity for the MOF-5 compact with 10 wt.% ENG increases by
almost 6% at 26 °C (from 0.73 to 0.77 J/g °C) and almost 10% at
65 °C (from 0.85 to 0.93 J/g °C) relative to neat MOF-5 compact.
However, as shown in Fig. 5(d), the C, of neat ENG is compa-
rable to that of neat MOF-5, suggesting that the C, of the MOF-
5/ENG blends should not be altered relative to the neat MOF-5
compacts. A possible explanation for the observed increase in
C, with increasing ENG additions may be traced to ENG’s
ability to preserve the crystallinity of MOF-5 during the
compaction process (as discussed above). In support of this
hypothesis we note that for a fixed ENG content C, decreases
with increasing compact density; presumably this is due to
a decrease in MOF-5 crystallinity.

3.6.  Thermal conductivity

The thermal conductivity for compacts of MOF-5 and MOF-5/
ENG composites were calculated based on Eq. (1) at 26, 35,
45, 55 and 65 °C, and as a function of pellet density (see Fig. 6).
In total, measurements on 60 distinct samples were per-
formed. The neat MOF-5 pellets exhibit very low thermal
conductivities independent of density. For example, a thermal

b
09 p=0.5g/cm’
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=
3
o
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o
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Fig. 5 — Specific heat capacity of pellets of neat MOF-5 and MOF-5/ENG composites as a function of density, ENG content, and
temperature. (a)—(c) Pellets with densities of 0.3, 0.5, and, 0.7 g/cm?3, respectively; (d) comparison of neat MOF-5 pellets with

neat ENG pellets, both with density of 0.5 g/cm?>.
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Fig. 6 — Thermal conductivity of pellets of neat MOF-5 and MOF-5/ENG composites as a function of density, ENG content, and

temperature (T = 26—65 °C).

conductivity of 0.10 W/mK is observed for the 0.5 g/cm? neat
MOF-5 compact at 26 °C, which is approximately one third of
the conductivity value for the single crystal (0.32 W/mK
[20,21]). Adding 1 wt.% ENG has little effect on the thermal
conductivity (e.g., it increases to 0.11 W/mK for a density of
0.52 g/cm?® at 26 °C). On the other hand, increasing the ENG
content to 5 or 10 wt.% resulted in a significant enhancement
in thermal conductivity. In particular, the thermal conduc-
tivity at 26 °C for the 0.5 g/cm? compact increases by factors of
three and five upon addition of 5 wt.% and 10 wt.% ENG (0.30
and 0.56 W/mK), respectively, as compared with neat MOF-5.
Notably, these pellets exhibit conductivities that approxi-
mately equal (5 wt.% ENG) or nearly double (10 wt.% ENG) the
values obtained for single crystal MOF-5 [20,21].

The thermal conductivities of the composite pellets show
only a weak temperature dependence over the narrow
temperature range examined. This is consistent with single
crystal [20,21] and neat MOF-5 pellet data [16] taken at the
same temperatures. Future studies will probe the temperature
dependence of thermal conductivity at the cryogenic
temperatures (77 K) needed for significant uptake of hydrogen
gas.

Increasing pellet density also results in an increase in the
thermal conductivity. For example, the thermal conductivity
for a neat MOF-5 compact doubles (from 0.07 to 0.14 W/mK at
26 °C) as density is increased from 0.3 to 0.7 g/cm? [3,16]. Under
similar conditions, a greater enhancement of more than 2.5
times was achieved (from 0.35 to 0.90 W/mK) for composite
pellets containing 10 wt.% ENG. Increasing pellet density
appears to enhance the conductivity by decreasing the
amount of interparticle void space within the pellet. The
relatively larger increases in thermal conductivity observed in
the presence of ENG may be attributed to improvements in the
extent and nature of the interfacial contact between MOF-5
and ENG particles.

Taken together, Fig. 4 and Table 1 indicate that for densities
up to 0.5 g/cm? the addition of up to 10 wt.% ENG helps to
preserve the crystallinity and surface area of MOF-5-based
composites. ENG additions also improve the thermal
conductivity noticeably (Fig. 6). Based on Fig. 6, if the amount
of added ENG is less than 5 wt.%, there is no significant
improvement on the thermal conductivity. Hence, the optimal

range for ENG additions appears to lie within 5—10 wt.%; this
should result in a significant improvement in thermal
conductivity without large decreases to other hydrogen
storage properties.

4, Conclusions

Densified MOF-5 composites containing expanded natural
graphite (ENG) were explored as a means to improve the low
thermal conductivity of MOF-5 powders. MOF-5 was mixed
with 1, 5, or 10 wt.% ENG and compressed into cylindrical
pellets with densities of 0.3, 0.5, and 0.7 g/cm®. The thermal
conductivity, specific heat capacity, surface area, and crys-
tallinity of the resulting MOF-5/ENG composites were evalu-
ated and compared to neat MOF-5 compacts of the same
density. The key findings of this study can be summarized as
follows:

1) Based on the higher densities and enhanced crystallinity
exhibited by MOF-5/ENG composites, ENG additions appear
to partially protect MOF-5 crystallites from plastic defor-
mation and/or amorphization during mechanical compac-
tion. We speculate that ENG may preferentially absorb
a portion of the compressive load and act as a lubricant to
distribute mechanical energy.

2) Prior studies for neat MOF-5 revealed that compaction
reduces surface area. Despite the small surface area of ENG,
at moderate pellet densities (up to 0.5 g/cm® and ENG
concentrations (up to 5 wt.%), ENG additions to MOF-5 do
not significantly degrade those properties (such as
hydrogen storage capacity) that are correlated with surface
area.

3) Small ENG additions (~1 wt.%) yield less than a 10%
improvement in thermal conductivity compared to neat
MOF-5 pellets of the same density. However, larger addi-
tions of 5 and 10 wt.% yield significant improvements of 3
and 5 times, respectively (~0.5 g/cm?). Increasing the pellet
density also improves the thermal conductivity: Compact-
ing pellets from 0.3 to 0.7 g/cm® improves the thermal
conductivity by 2 (neat MOF-5) and 2.5 times (MOF-5/
10 wt.% ENG), respectively.
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Taken together, the impact of ENG additions on thermal
conductivity, surface area, and crystallinity suggests that
optimal properties are obtained for ENG additions of
5-10 wt.% and pellet densities of ~0.5 g/cm>. As the present
study focuses on thermal conductivity in the axial direction at
near-ambient temperatures, future work will target lower
temperatures (i.e. 10—298 K), conductivity in the radial direc-
tion, and alternative thermal conductivity enhancers (e.g. Al).
We expect that the results of this study will prove beneficial
for further improving of the thermal conductivity of MOF-5
and other MOFs, and can also be used to aid in the design of
efficient MOF-5-based storage systems.
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