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Pt-doped MOF/graphene oxide (GO) composites were synthesized via a colloidal Pt nanoparticle (NP) incipient-
wetness impregnation method for the first time. The composites Pt@HKUST-1/GO and Pt@ZIF-8/GO were char-
acterized by X-ray diffraction, electron microscopy and gas adsorption. The hydrogen uptakes of both composites
at 298 K and 860 mm Hg were enhanced by a factor of 3.6 or 4.1 compared to MOFs, although Pt NPs were
obviously aggregated throughout MOF/GO networks. This significant enhancement is mainly attributed to the
combination of high porosities of MOF/GO supports and hydrogen spillover mechanism, in which Pt NPs and
MOF/GO act as dissociation source and receptor, respectively.

© 2015 Elsevier B.V. All rights reserved.

Hydrogen is one of the most promising candidates as a renewable,
environmentally friendly energy carrier. Metal-organic frameworks
(MOFs) have been proven to be excellent candidates for hydrogen stor-
age, due to their merits of high crystallinity, purity, adjustable high po-
rosity and controllable structural characteristics [ 1]. However, hydrogen
uptakes of MOFs decrease dramatically upon elevating temperatures,
because the storage of H, molecules relies on weak physisorption, and
thus must be performed at extremely low temperatures. Recently, the
spillover effect for enhanced uptakes at 298 K on absorbents has
attracted much attention from the viewpoint of practical applications
[2,3]. Hydrogen spillover is defined as the dissociative chemisorptions
of H, on metals and the subsequent migration of atomic H onto the sur-
face of support [4]. Significantly enhanced hydrogen storage capacities
at 298 K were achieved compared to MOFs by mixing Pt/AC catalysts
with MOFs [5-9].

The feature of supports and doping method are important factors af-
fecting spillover hydrogen uptakes [2]. Bandosz and other groups have
constructed MOF/graphene oxide (GO) composites [10-16], and the
synergistic effect on porosity and chemistry of MOF/GO resulted in an
obvious improvement in H, uptakes. In this paper, we tried to incorpo-
rate Pt nanoparticles (NPs) into MOF/GO (MOF: HKUST-1, ZIF-8), and
dramatically enhanced capacities were achieved at 298 K. To our knowl-
edge, there were only two reports of NPs@MOF/GO so far [17,18], and
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this is the first example of a NP-doped MOF/GO system prepared by a
colloidal NP incipient-wetness impregnation method.

GO and Pt NPs were prepared by a modified Hummers method [19]
and using polyol reduction [20], respectively (Figs. S1,S2). HKUST-1 and
ZIF-8 were obtained by reported methods [21,22]. HKUST-1/GO and
ZIF-8/GO were prepared in the same procedure as MOFs except that
an amount of GO was added to the mixture of MOF precursors before re-
action. The GO consisted of 5 wt.% of the final material weight. The
HKUST-1/GO sample was ground and then activated at 160 °C under
vacuum for 24 h before loading. Pt NPs were dispersed in 1 mL ethanol,
and the colloidal solution was added into a vial of 0.2 g HKUST-1/GO.
The mixture was ultrasonicated for 15 min and dried at 60 °C. Before
adsorption experiments, Pt@HKUST-1/GO was evacuated at 160 °C to
remove residual solvents. Pt@ZIF-8/GO was obtained by following the
same procedure. Pt contents in Pt@HKUST-1/GO and Pt@ZIF-8/GO
were estimated to be ca. 1.19 wt.% and 0.98 wt.% by ICP analysis,
respectively.

The XRD peak at 26 = 9.76° for GO can be assigned to the
(0 0 1) crystal face (Fig. S3). The peaks of both MOFs matched well
with those simulated from single crystal structural data [23,24], indicat-
ing the successful preparation of MOF. MOF/GO and Pt@MOF/GO exhib-
ited similar patterns to MOFs, confirming that the framework of MOF
was well preserved. The absence of peaks assigned to GO in supports
and composites can be attributed to the low GO content, and/or the
exfoliation/high dispersion of GO in mixture solution upon sonication
during the preparation procedure [25]. Notably, the diffraction
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intensities of Pt@MOF/GO slightly decreased after loading Pt NPs due to
the loss in crystallinity and/or structural distortion caused by the
inclusion of Pt NPs. The peaks at around 40° and 46° in Pt@MOF/GO
can be ascribed to the (1 1 1) and (2 0 0) crystal faces of Pt(0), respec-
tively (Fig. S3 inset).

The color of Pt@MOF/GO changed darker than MOF/GO and MOFs
(Fig. S4a), demonstrating the successful incorporation of GO and Pt
NPs. HKUST-1 exhibits an octahedral crystalline shape (Fig. S4b). The
layer feature with a few GO agglomerates for HKUST-1/GO and Pt@
HKUST-1/GO is indicative of intercalations of GO and MOF [10,11].
Different from Pt@HKUST-1/GO, ZIF-8 crystals have a nanoscale size
and are randomly dispersed on GO in ZIG-8/GO and Pt@ZIF-8/GO with
a similar morphology and size with respect to ZIF-8.

It should be noted that large Pt NP aggregations were clearly ob-
served throughout Pt@HKUST-1/GO (Fig. 1a). The average size of Pt
NPs is ca. 3.6 nm, much larger than the pore size (0.9 nm x 0.9 nm) in
the structure of HKUST-1 [23], indicating that Pt NPs were located on
outer surfaces not into cavities of HKUST-1. ZIF-8 exhibited uniformly
hexagonal morphology with the size of ca. 70-110 nm. Identical hexag-
onal morphology and particle size of ZIF-8 are found for ZIF-8/GO and
Pt@ZIF-8/GO, in which ZIF-8 nanocrystals were homogeneously distrib-
uted with a few irregular GO sheets. The significant aggregation of Pt
NPs was observed in Pt@ZIF-8/GO. Also, Pt NPs are located on GO, and
external surface and edges of ZIF-8 since they are larger than pores of
ZIF-8, which contains large cavities (1.16 nm of diameter) interconnect-
ed by narrow windows (0.34 nm of diameter) [24]. Element mapping
images of Pt@MOF/GO further confirmed the obvious aggregation of
Pt NPs in the micro/nano region (Fig. 1b). The incipient-wetness
impregnation of our MOF/GO supports with colloidal Pt NPs may lead
to a more heterogeneous dispersion of Pt particles including larger
agglomerates outside, even low Pt loadings.

HKUST-1 and ZIF-8 show typical type-I isotherms (Fig. S5), and the
BET value of HKUST-1 is 1131 m? g~ ! (Table S1), close to the reported
value [26]. The value of 1142 m? g~ ! for ZIF-8 is higher than
962 m? g~ ! for nanoscale ZIF-8 [22], and lower than the highest value
(1630 m? g~ ') reported for microscale ZIF-8 [24]. However, the value
of ZIF-8/GO remains unchanged, while a slight loss was observed for
HKUST-1/GO upon incorporation of GO. Notably, the measured BET
value (1161 m? g~ ') for ZIF-8/GO is higher than the hypothetical one
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(1085 m? g~ 1). The latter one was calculated assuming the physical
mixture of ZIF-8 and GO alone, taking into account the percentage of
each component. This result can be ascribed to the synergistic effect be-
tween ZIF-8 and GO, where the new pores were formed at the interface
between GO layers and ZIF-8, as observed in other MOF/GO materials
[10-12]. The BET value of Pt@HKUST-1/GO decreased dramatically
compared to the slight decline for Pt@ZIF-8/GO. The significant loss for
Pt@HKUST-1/GO can be ascribed to large cavities in MOF blocked by
aggregated Pt NPs. The negligible loss for Pt@ZIF-8/GO relative to ZIF-
8 can be due to the synergistic effect between ZIF-8 and GO, and that
aggregated Pt NPs are located on outer surfaces and edges of ZIF-8 not
in cages.

As expected, MOFs and MOF/GO exhibited very low hydrogen
uptakes at 298 K (Fig. 2) due to the weak van der Waals interactions
between MOFs and H,. However, a pronounced enhancement for Pt@
HKUST-1/GO and Pt@ZIF-8/GO was observed at 298 K, with factors of
3.6 and 4.1 compared to MOFs, respectively, although ad- and desorp-
tion curves for both composites are irreversible (Fig. S6). The uptake
(0.250 mmol g~ ') for Pt@HKUST-1/GO is much higher than
0.070 mmol g~ ! for the same system under the similar temperature
and pressure [17], which was prepared by the self-assembly between
Pt@GO and precursors of HKUST-1. The repeatability of hydrogen
adsorption for Pt@HKUST-1/GO was further confirmed (Fig. S7).

Undoubtedly, the significant enhancement cannot be ascribed to
differences in BET values because of the obviously decreased or un-
changed values of two composites with respect to MOFs. In fact, the
spillover mechanism is responsible for the significant elevation in
hydrogen uptakes. Recent studies have shown increased hydrogen up-
takes on MOFs by spillover [2,3]. In general, the metal NPs and MOFs
act as the spillover sources of hydrogen molecules and receptors, re-
spectively. In our case, hydrogen molecules first chemisorbed and disso-
ciated on the surface of Pt NPs, and then hydrogen atoms migrated and
diffuse into the surface and internal pores of the MOF/GO receptor.
Spillover effect was still involved in our composites in spite of obvious
aggregations of Pt NPs throughout MOF/GO supports.

In conclusion, Pt@MOF/GO composites were synthesized through a
colloidal NP incipient-wetness impregnation method. The merit of
MOF/GO supports and spillover mechanism was responsible for
significantly enhanced hydrogen uptakes at 298 K. Our results show

Fig. 1. (a) TEM images, and (b) elemental mapping distribution of Pt@HKUST-1/GO and Pt@ZIF-8/GO systems; red dotted lines represent the aggregated Pt NPs. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)



56 H. Zhou et al. / Inorganic Chemistry Communications 54 (2015) 54-56

0254(8) o pkysTa At
—_ o HKUST-1/GO o
2 0.20- A Pt@HKUST-1/GO 2%
[] AAA
£ .
£ 0.15 -
2 A
< A
s -
s 0.10 4 AA
=] AA )
N [m]
) o ’ EII:|I:|EIE| »
. 5‘5855'85335000000
& 506866888
0.00 - DDUU
0 200 200 o -
P (mmHg)

0_15_(b) o ZIF-8 &AA
o ZIF-8/GO EAA
B 012 A Pt@ZIF-8/GO an
° A
E 2%
£ 0.09 A
= A
A
[ AA
5 0.06- AL
g 8%
~ 003{ A peERBEREd
T a 556555686665
0.00] 4000000898
0 200 400 600 800
P (mmHg)

Fig. 2. Hydrogen adsorption isotherms for (a) Pt@HKUST-1/GO, and (b) Pt@ZIF-8/GO systems at 298 K.

that MOF/GO can be developed as excellent supports to incorporate NPs,
and the metal-assisted storage via spillover has been shown as a most
promising approach for hydrogen storage at ambient temperature.
Further studies on searching for effective strategies to control the spatial
distribution of metal NPs on supports, and then optimizing the sample
preparation are currently in progress in our laboratory.
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