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ABSTRACT

Pt nanoparticles (NPs) have been immobilized on the support of nanoscale zeolitic imi-
dazolate framework (ZIF-8) and graphene oxide (GO) via a facile liquid impregnation
method, in which H,PtCl, NaBH, and polyvinyl alcohol (PVA) act as the Pt precursor,
reducing and stabilizing agents, respectively. The resulting Pt@ZIF-8/GO composite was
characterized by powder X-ray diffraction, infrared spectroscopy, scanning electron mi-
croscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, induc-
tively coupled plasma emission spectroscopy, energy dispersive spectroscopy and N,
adsorption-desorption analysis. The results showed that Pt metal catalysts with an average
size of 3.8 nm were highly dispersed and anchored tightly on the external surface of the
ZIF-8/GO support. The hydrogen storage performance of Pt@ZIF-8/GO was investigated.
The hydrogen storage capacity of Pt@ZIF-8/GO at 298 K and 10.0 bar is 2.2 times higher than
that of the parent ZIF-8. The enhanced hydrogen storage capacity is mainly attributed to
the hydrogen spillover mechanism involved in such catalytic systems. The high dispersion
and small size of Pt NPs, as well as intimate contacts between the Pt dissociation source
and ZIF-8/GO receptor are crucial to achieving such an obvious increase in room-
temperature hydrogen storage capacity.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

Hydrogen is considered as a clean energy carrier and alter-

storage is one of the key issues for realizing the hydrogen
economy [1]. Porous materials have been developed as
promising candidates for hydrogen storage, among which
metal-organic frameworks (MOFs) have become a rapidly

native fuel source for on-board applications. Hydrogen
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developing research area and attracted tremendous attention
because of their chemically tunable structures, light weight,
exceptional high surface areas and porosities [2,3]. Extraordi-
narily high hydrogen uptakes were achieved on porous MOFs
at cryogenic temperature (e.g., 77 K) [4—6]. However, their
storage capacities decrease dramatically when the tempera-
ture increases due to the weak van der Waals forces between
hydrogen molecules and MOFs. In fact, high ambient-
temperature hydrogen storage capacities are more desirable
and important from the viewpoints of practical applications in
mobile systems.

To enhance the hydrogen storage performance of adsor-
bents at ambient temperature, a variety of strategies have
been proposed and conducted. Among them, catalytic
hydrogen adsorption via spillover is an effective and prom-
ising approach [7—9]. Hydrogen spillover is typically defined as
the dissociative chemisorption of hydrogen on the metals (Pt,
Pd or Ni) and the subsequent migration of atomic hydrogen
onto the surface of the support [10—12]. In a pioneering work
by Yang group, significantly enhanced room-temperature
hydrogen uptakes were achieved by physically mixing a
small amount of Pt/AC (AC = active carbon) catalysts with
MOFs and then building carbon bridges between them, in
which the hydrogen atoms moved from Pt surface to AC
support and then to MOFs. The measured hydrogen storage
capacities of modified IRMOF-8 and IRMOF-1 were close to 4.0
and 3.0 wt% (100 bar, 298 K), respectively, with a factor of 8.0
compared to pure MOFs [13,14]. With this strategy, significant
enhancements were also observed subsequently in the same
MOF (IRMOF-1) [15] and other MOFs such as MOF-177 [16],
HKUST-1 [17], MIL-101(Cr) [18,19], and M,(BDC),dabco (M = Co,
Zn; bdc = 1,4-benzenedicarboxylic acid; dabco = 1,4-
diazabicyclo[2.2.2]octane) [20].

In a hydrogen spillover system, the dissociation source, the
contact between the dissociation source and receptor, and the
nature of receptors are considered as main factors affecting
hydrogen storage capacities. Highly dispersed metal catalysts
enable intimate contacts with MOFs and also with hydrogen
molecules. This will undoubtedly facilitate the dissociation of
hydrogen and diffusion of atomic hydrogen on the surface of
MOF receptor, hence improve hydrogen storage capacities.
However, many factors (such as sample amounts, mortar size,
grinding time and intensity, etc.) in the physical mixing and
bridge-building process could affect particle sizes and contacts
between particles, and then resulted in different connectivities
between particles, leading to poor reproducibility in sample
preparation and storage capacities [21-26]. Recently, doping
metal catalysts into MOFs is being widely studied because of
the abundance of available doping techniques [27—29]. Unlike
high uncertainty of the physical mixing technique, chemical
doping metal catalysts onto absorbents produces identical
samples and exhibits high controllability and repeatability.
More importantly, the doping technique determines the size
and distribution of metal NPs, and improves the contact be-
tween metal catalysts and the support. Significant enhance-
ments of storage capacity via the direct metal doping were
observed on the metal-doped adsorbents such as CNTs
[30—32], ACs [33—36], MOFs [37—41] and COFs [42,43].

Recently, graphite oxide (GO) is attracting much attention
in the field of gas adsorption owing to its dense array of atoms

and rich functional oxygen groups that enhance the disper-
sive forces and increase the porosity of materials by incor-
porating into composites [44,45]. For example, Bandosz and
other groups have prepared several samples of MOF/GO hy-
brids such as MOF-5/GO [46,47], HKUST-1/GO [48], MIL-100(Fe)/
GO [49], MIL-101(Cr)/GO [50], MOF-199/GO [51], MIL-53(Fe)/GO
[52] and ZIF-8/GO [53]. The synergistic effects on porosity
and chemistry of such composites result in a significant
improvement in the adsorption of various gases (NHs, NO,,
H,S, H,, CO,) [54—61], solvents (n-hexane [62], acetone [63])
and methylene blue from wastewater [64], compared to the
pristine MOFs. In fact, this enhancement can be mainly
ascribed to the formation of new pores on the interface be-
tween two phases (MOF and GO) and active chemistry
participating in reactive adsorption. So one may expect that
MOF/GO materials can also be employed as excellent supports
to incorporate metal catalysts, and then improve hydrogen
storage capacities via spillover. In such metal-doped ZIF-8/GO
composite system, hydrogen molecules first chemisorbed and
dissociated on the surface of metal catalysts, and then
hydrogen atoms migrated and diffused into the pores of MOF,
as well as new pores formed at the interface between GO
layers and MOF. The formation of these new pores is consid-
erably favorable to further improve the hydrogen storage ca-
pacity. In addition, the GO component can also provide a
platform for the migration, diffusion and adsorption of
dissociated hydrogen atoms, which will undoubtedly facilitate
the whole spillover process and then enhance the adsorption
performance.

In our previous studies, Pt@GO/HKUST-1 and Pt@GO/MIL-
101(Cr) composites were constructed through in situ reac-
tion between MOF precursors and pre-prepared Pt-doped GO
component [65,66]. We have demonstrated that the hydrogen
storage capacities at ambient temperature for the composites
could be significantly enhanced as compared to pure MOFs by
exploiting hydrogen spillover. Although encouraging progress
has been achieved in our case, further optimizing metal-
doping methods and improving hydrogen spillover efficiency
are still needed to meet the potential application of such
materials in hydrogen storage. In fact, during the preparation
of the Pt-doped GO precursor, the oxygen groups on the sur-
face and edge of GO sheets would decrease upon the incor-
poration of Pt particles, which is not favorable for the
subsequent combination of GO and MOF. To further increase
the dispersion of Pt metal catalysts on the support and
improve contacts between the dissociation sources and re-
ceptors, we have tried to incorporate Pt metal catalysts into
the MOF/GO matrix by employing a new metal-doping
method. In the process of MOF/GO preparation, the rich oxy-
gen groups of GO can react with metal ions of MOF, which
facilitated to generate the well-combined MOF/GO products.
The present contribution focused on room-temperature
hydrogen adsorption properties of Pt-loaded zeolitic imida-
zolate framework ZIF-8/GO composite (Pt@ZIF-8/GO), which
was in-situ generated from the reduction of H,PtClg precursor
impregnated on the ZIF-8/GO support (Scheme 1). So the for-
mation mechanisms of the metal-doped MOF/GO composites
obtained by above two methods are obviously different. Very
excitingly, incorporation of Pt metal catalysts into ZIF-8/GO
significantly enhanced the room-temperature hydrogen
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1) MelM, Zn?*

GO ZIF-8/GO

2) H,PtClg, PVA

Pt@ZIF-8/GO

Scheme 1 — Schematic illustration of the formation process of Pt@ZIF-8/GO composite. MeIM: 2-methylimidazolate, PVA:
polyvinyl alcohol. Green hexagons and yellow balls represent ZIF-8 nanocrystals and Pt NPs, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

storage capacity by a factor of 2.2 compared to pristine ZIF-8
under the same condition. The high dispersion and small
size of metal particles, and the intimate contact between Pt
dissociation source and ZIF-8/GO receptor are crucial to
facilitate the hydrogen spillover and thus result in an obvious
enhancement in hydrogen storage capacity. To our knowl-
edge, this is the first example of metal NPs supported on MOF/
GO composites, in situ generated from chemical reduction
and then doping metal catalysts into MOFs.

Experimental
Synthesis

Natural flake graphite with a particle size of 150 pm (99.9%
purity) was purchased from Qingdao Guyu Graphite Co., Ltd.
All chemicals and solvents are of analytical grade, purchased
from Sinopharm Chemical Reagent Co., Ltd, and used without
further purification.

Graphene Oxide (GO). GO was prepared by oxidation of
graphite powder via a modified Hummers method [67]. In a
typical synthesis, graphite powder (2.0 g) was added to
concentrated H,SO,4 (80 mL) and stirred in an ice bath. Then,
NaNO; (4.0 g) and KMnO, (8.0 g) were slowly added to the
suspension under stirring at temperatures below 10 °C. The
reaction mixture was continually stirred for 4 h below 10 °C.
Successively, the mixture was stirred at 35 °C for another 4 h,
and then diluted with deionized (DI) water (200 mL). The
addition of DI water was carried out in an ice bath to keep
temperatures below 100 °C. The mixture was further stirred
for 1 h after adding all DI water. The reaction was then
terminated by adding 30% H,0, solution (15 mL). The mixture
was left overnight, and the solid product was separated by
centrifugation, washed repeatedly with 5% HCI solution until
sulfate could not be detected with BaCl,. For further purifica-
tion, the resulting solid was re-dispersed in DI water and then
was dialyzed for 72 h to remove residual salts and acids. The
suspension was dried in a vacuum oven at 60 °C for 24 h and
GO was obtained.

ZIF-8. ZIF-8 was synthesized according to the similar pro-
cedure documented in the literature [68]. In a typical synthe-
sis, a methanol solution (100 mL) of Zn(NOs),-6H,0
(4.94 mmol, 1.467 g) was added into a methanol solution
(100 mL) of 2-methylimidazole (39.52 mmol, 3.245 g) with
stirring for 1 h. Stirring was stopped after combining the
component solutions and a gel-like solid recovered by

centrifugation. The products were washed with methanol for
three times and then dried at 40 °C under vacuum.

ZIF-8/GO: A certain amount of GO (5 wt.% of the final ma-
terial weight) was dispersed in methanol (30 mL) and soni-
cated for 5 h. The resulted GO dispersion was added into the
reaction system during the preparation of ZIF-8. The resultant
solution was centrifuged, washed three times with water-
methanol solvent, and then dried overnight at 60 °C. Finally,
the ZIF-8/GO products were activated at 160 °C under vacuum
for 12 h.

Pt@ZIF-8/GO. ZIF-8/GO supported Pt metal catalysts were
synthesized by in situ reduced method. Typical, 11.29 mg of
polyvinyl alcohol (PVA) was introduced into the H,PtClg-6H,0
(2.56 mL, 0.01 M) solution at room temperature. After stirring
for 1 h, 100 mg of the activated ZIF-8/GO sample was added
into the above solution, and the mixture was stirred for 2 h.
Then, 1.28 mL of NaBH, solution (0.1 M) was added dropwise
into the reaction mixture for 20 min with vigorous stirring at
0 °C. After further stirring for 5 h, the dark solids were isolated
by filtration, washed two times with water (10 mL), one time
with methanol followed by dry ether (10 mL). Then, the
resulting product was dried overnight at 60 °C and then acti-
vated at 160 °C under vacuum for 12 h. It should be noted that
though the product is named as Pt@ZIF-8/GO composite in the
context, the GO component could be partially reduced during
the preparation process.

ZIF-8/GO-NaBH, and ZIF-8/rGO. For comparison, the ZIF-8/
GO-NaBH, and ZIF-8/rGO samples were also synthesized, and
the preparation procedures are as follows. For ZIF-8/GO-
NaBH,, the as-synthesized ZIF-8/GO powders were treated
with NaBH, under almost the same condition as the synthesis
of Pt@ZIF-8/GO except for without H,PtCls-6H,0; For ZIF-8/
1GO, the GO powders were first reduced with NaBH,, and
then 5 wt.% of the reduced GO (rGO) was added during the
preparation of ZIF-8.

Instrumentation and measurements

Powder X-ray diffraction (XRD) patterns were collected on a
Shimadzu XRD-6000 diffractometer using Cu-K, radiation.
Fourier transform infrared spectra (FT-IR) were measured on a
Nicolet FT 1703X spectrometer in the 4000—400 cm ™! region
(KBr pellets). The morphologies and particle sizes of all sam-
ples were characterized by the scanning electron microscope
(SEM, JEOL JSM-6480) and transmission electron microscopy
(TEM, JEOL JEM-2100F). The elemental mapping analysis was
examined by energy-dispersive X-ray spectrometry (EDS, Ox-
ford INCA), while the Pt content was determined by
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inductively coupled plasma-emission spectroscopy on an
Agilent 7500ce ICP-MS. The surface electronic states were
investigated by X-ray photoelectron spectroscopy (XPS,
Thermo-VG Scientific ESCALAB 250 using Al Ka radiation) with
a base pressure of 2 x 10~° mbar. Low- and high-pressure gas
adsorption isotherms were recorded on ASAP 2020 and 2050
volumetric instruments supplied by Micromeritics In-
struments Inc, respectively. All samples were outgassed at
160 °C for 24 h prior to adsorption measurements. UHP grade
N, and H, (99.999%) gases were used for all measurements.
The Brunauer—Emmett—Teller (BET) specific surface areas
were calculated using adsorption data in the relative pressure
range from 0.06 to 0.30. The total pore volumes were calcu-
lated by a single point method at P/P, = 0.99. The pore size
distribution curves were determined from the analysis of the
adsorption branch of the isotherm wusing the Hor-
vath—Kawazoe method.

Results and discussion
Powder X-ray diffraction

Powder X-ray diffraction patterns of all materials are shown in
Fig. 1. The strong peak at 26 = 9.12° for GO sample corresponds
to the (0 0 1) crystal plane, indicating an interlayer spacing of
about 9.70 A determined by Bragg's law. The characteristic
diffraction peaks of as-prepared ZIF-8 match well with those
derived from single-crystal X-ray diffraction data [69,70],
confirming the successful preparation of the MOF of ZIF-8. The
ZIF-8/GO support shows almost identical pattern to the parent
ZIF-8 and no apparent loss of crystallinity, demonstrating that
the incorporation of GO did not disturb or destroy the as-
sembly of Zn(Il) centers and 2-methylimidazole ligands to

—— Pt@ZIF-8/GO (11 1)/;t
— e g

—— ZIF-8 simulated

30 32 34 36 _38 40 42 44 46 48 5

Intensity /a.u.

l.le

N

5 10 15 20 25 30 35 40 45 50
2 theta /°

Fig. 1 — Powder XRD patterns of GO, ZIF-8, ZIF-8/GO and
Pt@ZIF-8/GO (Red line represents XRD pattern simulated
from single-crystal structural data of ZIF-8). Inset: XRD
pattern at 20 = 30-50° for Pt@ZIF-8/GO measured with the
slow scanning speed of 1°/min. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)

form ZIF-8. The characteristic peaks of GO were not detected
in the pattern of ZIF-8/GO, which can be ascribed to the low
content of GO or/and the exfoliation/high dispersion of GO in
the composite [71]. The Pt@ZIF-8/GO composite also adopts
similar diffraction pattern to the ZIF-8/GO and ZIF-8 products,
suggesting that the framework of ZIF-8/GO was well preserved
despite of the loading of Pt metal catalyst. However, the
diffraction intensities of Pt@ZIF-8/GO decrease slightly with
respect to the ZIF-8/GO support, which could be due to the loss
in the crystallinity and/or structural distortion caused by the
incorporation of Pt particles into the ZIF-8/GO network. The
characteristic diffraction peaks ascribed to Pt(0) species at
around 40° and 46° were detected from the diffraction pattern
of Pt@ZIF-8/GO, demonstrating the presence of Pt particles in
the composite. The broad peaks and weak intensities can be
reasonably attributed to the very small size and high disper-
sion of Pt particles in the composite as shown in TEM images.

FT-IR spectra

FT-IR spectra of all materials are shown in Fig. 2. The char-
acteristic peaks of GO are well consistent with the fingerprint
groups [72,73]. The broad band at 3698—3000 cm~* can be
attributed to the hydroxyl stretching vibration of water and
C—OH group of GO. The band at 1720 cm™* corresponds to
stretching vibrations of the C=0 bonds of carbonyl and/or
carboxyl groups. The bands at 1630 and 1385 cm ™' are
assigned to vibrations of the O—H bonds in water and C—OH
groups, respectively. The C—O bonds are observed as the
intense band appeared at 1054 cm™*. The adsorption bands for
ZIF-8 at 3135 and 2928 cm ' are associated with the aromatic
and the aliphatic C—H stretch of the imidazole. The C=N
stretch appeared at 1584 cm™*
luted bands at 1500—1350 cm ™ are assigned to the entire ring
stretching. The wavenumber region of 1350—900 cm ™' ex-
hibits various bands assigned to the in-plane bending of the
ring, whereas those below 800 cm ™ are ascribed to the out-of-
plane bending. The IR spectrum of as-prepared ZIF-8 is
agreement with the reported data [53,74,75]. It should be noted

, while the intense and convo-

GO
—— Pt@ZIF-8/GO
—— ZIF-8/GO
—ZIF-8

4000 3000 2000 1000

Transmittance /a.u.

4000 3500 3000 2500 2000 1500 1000
Wavenumber /cm™

Fig. 2 — FT-IR spectra of GO (inset), ZIF-8, ZIF-8/GO and
Pt@ZIF-8/GO.
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that the vibration bands related to functional groups of GO are
not seen in ZIF-8/GO and Pt@ZIF-8/GO samples, probably due
to the much lower content of GO component. In addition, both
ZIF-8/GO and Pt@ZIF-8/GO exhibit identical bands to the
pristine ZIF-8, indicating the incorporation of GO and Pt metal
catalyst did not prevent the coordination of 2-
methylimidazole linker to the zinc(Il) centers, and thus the
formation of ZIF-8 component. Above analysis supports the
results drawn from the powder XRD experiments.

Morphologies

Pt@ZIF-8/GO and ZIF-8/GO samples show much darker color
than the parent ZIF-8 (Fig. 3a), indicating the good incorpo-
ration of GO and Pt components into the ZIF-8 matrix. The
morphology of the parent material and the composites was
investigated by SEM and TEM. As shown in Fig. 3b, GO exhibits
curled and corrugated layered structure. The ZIF-8 crystals
have nanoscale size and show obvious aggregation (Fig. 3c),
while ZIF-8 nanocrystals in ZIG-8/GO and Pt@ZIF-8/GO sam-
ples are randomly dispersed on GO sheets (Fig. 3d, e).
Furthermore, ZIF-8 nanocrystals in both the composites
exhibit similar morphology and particle size to the pristine
ZIF-8. Although Pt NPs in Pt@ZIF-8/GO cannot be observed in
the SEM image due to their small size, the EDS analysis

indicates that the C, O, Zn and Pt elements are uniformly
dispersed in Pt@ZIF-8/GO, suggesting that Pt NPs are loaded
throughout the whole ZIF-8/GO network (Fig. S1). The ICP-MS
measurement shows that the Pt@ZIF-8/GO composite has a Pt
loading of 1.82 wt.%.

The XPS study was carried out to elucidate the oxidation
state of Pt species and the surface composition of Pt@ZIF-8/
GO, as shown in Fig. 4. The survey scan XPS spectrum in-
dicates the presence of Ptin addition to the elements (Zn, C, N,
0) of ZIF-8/GO. Two prominent peaks with binding energies of
71.1 and 74.5 eV can be readily assigned to the signals of Pt(0)
4f;/, and Pt(0) 4fs/, levels, respectively, demonstrating the
efficient reduction of Pt(IV) to Pt(0) after in situ treatments
with NaBH, during the composite preparation. The binding
energy difference of 3.4 eV for above two peaks is in good
accordance with the theoretical value [76].

The typical TEM images of all the samples are shown in
Fig. 5 and Fig. S2. GO is seen as dense flakes of graphene layers
stacked together by dispersive forces (Fig. 5a), while ZIF-8
exhibits well-defined and uniform hexagonal morphology
with the average diameter of 56 nm (Fig. Sb, Fig. S2a). Similar
hexagonal morphology and particle size of ZIF-8 are also
found in the ZIF-8/GO support (Fig. 5c, Fig. S2b), where ZIF-8
crystals are homogeneously distributed on a few irregular
GO sheets. Notably, ZIF-8 crystals in the Pt@ZIF/GO composite

18 98 SEI

Fig. 3 — (a) Digital photographs of the as-synthesized samples, and SEM images of (b) GO, (c) ZIF-8, (d) ZIF-8/GO and (e)

Pt@ZIF-8/GO.
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Fig. 5 — TEM images of (a) GO, (b) ZIF-8, (c) ZIF-8/GO and (d, e) Pt@ZIF-8/GO. The inset of (e) is high-resolution TEM image of a

Pt NP. (f) The corresponding size distribution plot of Pt NPs.

show no significant change or collapse in morphology and
structure as compared with the matrix ZIF-8 and ZIF-8/GO
support (Fig. 5d, Fig. S2c, Fig. S2d). Furthermore, Pt NPs are
effectively immobilized onto the ZIF-8/GO network. The high
magnification TEM image (Fig. Se) reveals that Pt NPs exist as
black dots with an average size of approximately 3.8 nm
calculated from a statistical evaluation of 70 particles. The
inset of Fig. 5e shows the high-resolution TEM image of a Pt

NPs, from which clear lattice fringes with a spacing of
0.228 nm can be observed, which correspond to Pt(111) planes
[77]. This indicates that Pt metal catalysts are randomly
located on external surface and edges of ZIF-8 since they are
much bigger than the pores in the structure of ZIF-8, which
contains large cavities (1.16 nm of diameter) interconnected
by narrow windows (0.34 nm of diameter) [67]. No significant
aggregation of Pt NPs observed in our composite can be mainly
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Fig. 6 — (a) Nitrogen adsorption isotherms at 77 K and (b) the pore size distribution curves calculated by the
Horvath—Kawazoe method for ZIF-8, ZIF-8/GO, and Pt@ZIF-8/GO samples.

attributed to the fact that PVA acted as a protecting agent in
the course of preparation. In addition, the presence of GO may
be also a contributing factor because GO sheets can provide
platforms for the dispersion of Pt NPs, despite of a quite small
content in the composite.

Textures

The specific surface areas of all samples were determined by
nitrogen physisorption, as shown in Fig. 6a, and the textural
parameters are given in Table 1. GO exhibits nonporous
feature (not shown here), while ZIF-8, ZIF-8/GO and Pt@ZIF-8/
GO show typical type-I isotherms, characteristic of micropo-
rous materials [78]. The measured BET surface area of ZIF-8 is
1297 m? g, close to the reported values [79—81]. The surface
area of 1247 m? g~* for ZIF-8/GO is slightly reduced relative to
ZIF-8, arising from the introduction of nonporous GO
component. It is noteworthy that the BET value (1247 m? g%
measured for ZIF-8/GO is slightly higher than the hypothetical
one (1232 m? g 1), which was calculated based on the physical
mixture of the components of GO and ZIF-8 as well as the
content of each component in the composite. This result can
be reasonably ascribed to the synergistic effect between GO
and ZIF-8 components, where new pores were formed at the
interface between GO layers and ZIF-8, as observed in other
MOF/GO (MOF = MOF-5, HKUST-1, MIL-100(Fe)) materials
[46,48,49]. The formation of new pores can be further
confirmed by the increase of pore volumes from 1.225 cm? g~?
of ZIF-8 to 1.281 cm?® g~* of ZIF-8/GO. Compared with the pure
ZIF-8 and ZIF-8/GO support, the BET surface area (637 m? g %)
and pore volume (0.586 cm?® g %) of the Pt@ZIF-8/GO composite
obviously decreased. Considering the fact that Pt NPs have a
much larger particle size of 3.8 nm determined by TEM image
than the cavity of ZIF-8, Pt NPs are not located in the
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Fig. 7 — High-pressure hydrogen adsorption isotherms at
298 K for ZIF-8, ZIF-8/GO and Pt@ZIF-8/GO.

supercages of ZIF-8 but encapsulated in the ZIF-8/GO network
instead. So the expected loss of BET surface area for Pt@ZIF-8/
GO can be ascribed to the fact that the cages of ZIF-8 are
blocked by Pt NPs and/or the residual PVA (acting as a pro-
tecting agent in the preparation process), which could be
deposited at the pore surface. A narrow pore size distribution
of ZIF-8 calculated by the Horvath—Kawazoe method displays
the pore size centered at 0.87 nm (Fig. 6b). In comparison with
the host ZIF-8, the incorporation of GO and Pt NPs does not
alter the pore size distribution of the MOF matrix, although
the appreciable decrease was observed (especially for Pt@ZIF-
8/GO). This is consistent with the fact that the introduced Pt

Table 1 — Surface areas, pore volumes, and hydrogen uptakes at 298 K for the as-synthesized samples.

Sample Soer Vit H, uptake (298 K, 1.13 bar) (mmol g~ %) H, uptake (298 K, 10.0 bar) (mmol g~?)
(m?g™)  (m’g)

ZIF-8 1297 1.225 0.036 0.390

ZIF-8/GO 1247 1.281 0.028 0.364

Pt@ZIF-8/GO 619 0.586 0.402 0.841
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catalyst particles are too large to occupy the pore space, but
locate at the exterior surface of ZIF-8 units.

Hydrogen adsorption capacity

The high-pressure hydrogen adsorption isotherms at 298 K for
ZIF-8, ZIF-8/GO and Pt@ZIF-8/GO materials are shown in Fig. 7.
ZIF-8 has a hydrogen uptake of 0.390 mmol g *at 10.0 bar, close
to the reported value under the similar condition [82]. The
introduction of nonporous GO component caused a slight loss
in the adsorption capacity for ZIF-8/GO (0.364 mmol g},
10.0 bar). It is noteworthy that the hydrogen storage capacity
(0.841 mmol g%, 10.0 bar) of the Pt@ZIF-8/GO composite has
significantly enhanced with a factor of 2.2 compared to ZIF-8
after doping a small amount of Pt metal catalyst into the ZIF-
8/GO support. Apparently, more hydrogen gas would be
adsorbed with further increasing the pressure from the
isotherm. It is obvious that the improved hydrogen storage
capacity at 298 K cannot be attributed to the difference in
specific surface area because of the obviously decreased BET
value for Pt@ZIF-8/GO compared to ZIF-8. The enhancement in
hydrogen storage capacity can be mainly ascribed to the
spillover of atomic hydrogen from Pt metal catalyst to ZIF-8/GO
receptor. It was reported that the increased hydrogen storage
capacities can be achieved on absorbents including carbon
materials [83—90], polystyrene [91], organic polymers [92], and
MOFs by doping metal catalysts to induce hydrogen spillover at
ambient temperatures [8,9,93—-95]. In general, the metal NPs
and MOFs in these materials act as the spillover source of
hydrogen molecules and receptors, respectively. Similarly, Pt
NPs in our composite act as the hydrogen spillover source, and
intimate contact between Pt particles and ZIF-8/GO receptor
leads to a lower energy barrier for the spillover of dissociated
hydrogen from Pt particles to the receptor. Thus, hydrogen
molecules first chemisorbed and dissociated on the surface of
Pt metal catalyst, and then migrated and further diffuse into
the surface and internal pores of the receptor ZIF-8/GO
(Scheme 2). The present research indicated that high disper-
sion and small sizes of metal catalysts could facilitate spillover
process on adsorbents and in turn favor an obvious increase in
the storage capacity at 298 K. The 2.2-fold enhancement for the
Pt@ZIF-8/GO composite indicated that the spillover effecthas a
considerable influence on the final hydrogen adsorption

Scheme 2 — The hydrogen spillover mechanism in the
Pt@ZIF-8/GO composite. Green hexagons and yellow balls
represent ZIF-8 nanocrystals and Pt NPs, respectively. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)

amount of the metal-doped absorbents. Similarly, a significant
enhancement with a factor of 11.2 in hydrogen storage ca-
pacity at 298 K and 1.13 bar was observed for Pt@ZIF-8/GO with
respect to ZIF-8 from low-pressure adsorption isotherms
(Fig. S3). In addition, the ZIF-8/GO sample treated with NaBH,
(ZIF-8/GO-NaBHy,), and ZIF-8/rGO have also been prepared and
compared to the Pt@ZIF-8/GO composite. Powder XRD patterns
(Fig. S4) of both the samples exhibit identical features to the
pristine ZIF-8 and the untreated ZIF-8/GO, indicating the
framework of ZIF-8 was well retained in these two materials. In
fact, the hydrogen uptake amounts (Fig. S5) of both the mate-
rials are much lower than that of the Pt@ZIF-8/GO composite,
further confirming the presence of spillover effect in Pt@ZIF-8/
GO system. The hydrogen adsorption experiment at 298 K for
the second time of the Pt@ZIF-8/GO composite indicates a high
reproducibility of the result (Fig. S5).

Conclusions

In summary, we have demonstrated that the Pt@ZIF-8/GO
composite could be obtained by chemical impregnation of
the ZIF-8/GO support with the H,PtCls solution followed by a
reduction treatment, in which Pt NPs were highly dispersed
and anchored tightly on the external surface of ZIF-8/GO
support. The significantly enhanced room-temperature
hydrogen uptake of Pt@ZIF-8/GO compared to the pristine
ZIF-8 is mainly ascribed to the catalytic spillover mechanism.
The high dispersion and uniform small size of Pt metal cata-
lyst, as well as intimate contacts between metal dissociation
source and ZIF-8/GO receptor are crucial to facilitate the
spillover process. The current work may open an opportunity
for the development of potentially suitable candidate mate-
rials for hydrogen storage at ambient conditions by using
MOF/GO as an effective support to immobilize metallic cata-
lysts. Furthermore, metal-assisted storage via catalytic spill-
over has been shown as one of the most promising
approaches for hydrogen storage at ambient temperature.
Further work is underway in our laboratory to improve and
optimize the composite preparation and investigate the fac-
tors affecting the spillover mechanism involved in such cat-
alytic systems.
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