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a b s t r a c t

Series of Pt-loaded graphene oxide (GO)/HKUST-1 composites were synthesized by the

reaction between Pt@GO and precursors of HKUST-1. The parent materials and composites

have been characterized by powder X-ray diffraction (XRD), Infrared (IR) spectroscopy,

scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy

dispersive spectroscopy (EDS), and gas adsorption analyzer. The XRD and IR analysis

showed that the incorporation of Pt@GO did not prevent the formation of HKUST-1 units.

SEM, TEM and EDS results revealed that Pt nanoparticles were well-dispersive and

anchored tightly into composites. Meanwhile, the percentage of Pt@GO has an obvious

effect on morphologies, crystallinities and surface areas of composites. More importantly,

the significant enhancement of hydrogen storage capacity at ambient temperature for the

composite with low Pt@GO content can be ascribed to the hydrogen spillover mechanism

in such system.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Metal-organic frameworks (MOFs) have been proven to be a

very promising candidate in the field of gas separation and

storage because of their extremely large surface areas and

porosities, adjustable pore sizes, high thermal and chemical

stabilities [1]. Great efforts have been dedicated to search for

MOFs with high hydrogen storage capacities in the past

few years and significant improvement has been achieved

[2]. Unfortunately, these high adsorption amounts were

measured only at 77 K and declined dramatically at ambient

temperature, due to the weak physisorption of hydrogen on

MOFs. For example, the capacities for MOF-5 and HKUST-1 are

well below 0.4 wt% at 298 K and 65 bar, although both mate-

rials are claimed to have very high surface areas and hydrogen

uptakes at 77 K [3].
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The hydrogen spillover, generally defined as the diffusion

of dissociated hydrogen on a metal catalyst and subsequent

migration of atomic hydrogen to the support surface, has

provided a promising route to improve significantly hydrogen

storage capacities at ambient temperature of sorbents [4].

Enhancing the contact between the source and receptor is

very crucial to facilitate the spillover process and hence in-

crease hydrogen adsorption amounts [5]. Recently, by physi-

callymixing 5wt% Pt on active carbon (AC) withMOF and then

building the carbon bridge between them, the secondary

spillover was facilitated significantly. The hydrogen uptakes

at 298 K of bridged-IRMOF-1 and IRMOF-8 have been improved

greatly compared to those of unbridged-MOFs [6,7]. Similarly,

the enhancement of hydrogen storage capacities was also

observed on bridged-MOF-177 [8], MIL-101 and MIL-53 [9,10].

Unfortunately, the reproducibility of hydrogen spillover

enhancement by above bridge-building method was affected

by many factors, including contacts between the dissociation

source and receptor, metal particle sizes and doping method,

etc [11e13]. To maximize the spillover enhancement was

highly empirical and difficult to achieve.

As we all know, graphene oxide (GO) with rich functional

groups is very suitable to construct graphene-based hybrid

composites [14]. Petit and Bandosz have reported the forma-

tion of GO/MOF composites via interactions between oxygen

groups of GO and metallic centers of MOF, where the syner-

getic effect between MOF units and GO layers was responsible

for enhanced adsorption amounts compared to the parent

material [15e18]. Recently, the nanosized HKUST-1 and ZIF-8

were induced by the incorporation of GO component. The

carbon dioxide and hydrogen adsorption capacities of com-

posites have been greatly improved owing to the synergetic

effect of both components [19,20].

Combining the merits of GO/MOF composites and

hydrogen spillover mechanism, series of Pt-loaded GO/

HKUST-1 hybrid composites were prepared in this contribu-

tion through in-situ synthesis method, by the reaction be-

tween Pt@GO and precursors of HKUST-1. The present

contribution can provide further insights into the properties of

hybrid composites and the phenomenon of hydrogen spill-

over, although platinum is a highly expensive metal and its

incorporation in porous materials for hydrogen storage has

limited practical interest. To our knowledge, the syntheses

and characterizations of Pt@GO/MOF hybrid composites were

not reported to date, although several GO/MOF composites

have been documented. Unlike high uncertainty of the MOF-

bridging technique, doping nanoparticles through in-situ

synthesis method into GO/MOF units exhibits more control-

lable and reliable synthesis procedure. More interesting is that

the hydrogen adsorption capacity at ambient temperature of

the composite with low Pt@GO proportion has been improved

significantly, due to the presence of spillover mechanism.

2. Experimental

2.1. Synthesis

Unless otherwise mentioned, all reactants were used as pur-

chased without further purification.

2.1.1. Graphene oxide
Graphene oxide was prepared from the natural flake graphite

purchased from Qingdao Guyu Graphite Co., Ltd., with a par-

ticle size of 150 mm (99.9% purity) according to a modified

Hummers method [21]. In a typical synthesis, graphite (2.0 g)

was added to cold (0 �C) concentrated H2SO4 (80 mL) in an ice

bath. Then, NaNO3 (4.0 g) and KMnO4 (8.0 g) were added

gradually under stirring and the temperature of the mixture

was kept to be below 10 �C. The reaction mixture was

continually stirred for 4 h below 10 �C. Successively, the

mixture was stirred at 35 �C for 4 h, and then diluted with

deionized (DI) water (200mL). Because the addition of water in

concentrated sulfuric acid medium releases a large amount of

heat, the addition of water was performed in an ice bath to

keep the temperature below 100 �C. After adding all DI water,

the mixture was stirred for 1 h. The reaction was then

terminated by adding 30% H2O2 solution (15 mL). The solid

product was separated by centrifugation, washed repeatedly

with 5% HCl solution until sulfate could not be detected with

BaCl2. For further purification, the resulting solid was re-

dispersed in DI water and then was dialyzed for 3 days to

remove residual salts and acids. The suspension was dried in

a vacuum oven at 60 �C for 24 h to obtain graphene oxide (GO).

2.1.2. Pt@GO
Pt particles were introduced onto the GO surface using a well-

known chemical reduction method [22]. As-synthesized GO

(50 mg) was dispersed in DI water (50 mL) by sonication for

30 min to form stable GO colloid. The ethylene glycol (100 mL)

and DI water solution (2.5 mL) of H2PtCl6 (0.01 M) were added

to the solution with magnetic stirring for 30 min. Then the

mixturewas put in an oil bath and heated at 100 �C for 6 hwith

magnetic stirring. The products were separated from the

ethylene glycol solution in the centrifuge, washed with DI

water three times, and dried in an oven at 60 �C for 12 h. The

Pt-loaded GO sample was named as PG.

2.1.3. HKUST-1
Typically, Cu(NO3)$5H2O (2 g) and 1,3,5-benzenetricarboxylic

acid (BTC) (1 g) were dissolved in N,N0-dimethylformamide

(DMF, 17 mL), and the mixture was stirred for 5 min at room

temperature. Ethanol (17 mL) and DI water (17 mL) was added

to the mixture and then stirring and sonication for 30 min

were performed. The mixture was then transferred to an

80mL Teflon-line stainless-steel vessel and heated to 100 �C at

a rate of 10 �C h�1 and kept at this temperature for 4 h. After

cooling, the crystals were filtered, washed and immersed in

dichloromethane. Dichloromethane was changed twice dur-

ing three days. The crystals were collected after filtration and

washing with dichloromethane. Drying was then performed

by heating the crystals at 180 �C under vacuum for 28 h. The

resulting product was kept in a dessicator and referred as

HPG0.

2.1.4. Pt@GO/HKUST-1 composites
The composites were prepared in the same procedure as

HKUST-1 except that various amounts of PGwere added to the

mixture of HKUST-1 precursors before the heat treatment.

The added GO consisted of 5 and 10 wt% of the final material

weight. The composites are referred as HPG5 and HPG10,
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respectively. It should be pointed out here that the same

experimental conditions were employed to avoid the vari-

ability in the properties of our materials (HPG0, HPG5 and

HPG10) between batches during samples syntheses. Three

autoclaves containing precursors of HPG0, HPG5 and HPG10

were all put into the same oven at the same time, and then the

identical temperature procedure and subsequent processing

were carried out for these autoclaves. So we believe that three

samples in our case are products of the same batch and the

difference in the properties between them can be reasonably

ascribed to the incorporation of PG component.

2.2. Instrumentation and measurements

Powder X-ray diffraction (XRD) patterns were collected on a

Shimadzu XRD-6000 diffractometer with CuKa (l ¼ 0.1543 nm)

radiation at a scan speed of 4� min�1. IR spectraweremeasured

on aNicolet FT 1703X spectrophotometer in the 4000e400 cm�1

region (KBr pellets). The morphology and structure of products

were examined by the scanning electron microscope (SEM,

JEOL JSM-6480) and transmission electron microscopy (TEM,

JEOL JEM-2100). The compositions of products were deter-

mined by energy-dispersive X-ray spectrometry (EDS, Oxford

INCA). Low-pressure nitrogen (77 K) and hydrogen (77 K and

298 K) adsorption isotherms were performed using an ASAP

2020 instrument (Micromeritics). High-pressure hydrogen

adsorption measurements at 298 K were measured gravimet-

rically using a high resolution magnetic suspension balance

sorption device (ISOSORP-HyGraþV, Rubotherm). Approxi-

mately 150 mg of HPG0 and composites were heated to 180 �C
with a rate of 2 �C min�1 and outgassed at 180 �C for 24 h. The

GO and PG samples were outgassed at 80 �C. UHP grade N2 and

H2 (99.999%) gases were used for all measurements.

3. Results and discussion

3.1. Powder XRD patterns

Powder XRD patterns of the parent materials and composites

are shown in Fig. 1 and Fig. S1 (Supplementary material). An

obvious diffraction peak (002) observed for GO at 2q ¼ 9.76�

(Fig. S1) are ascribed to the introduction of oxygen-containing

functional groups on the graphite sheet surfaces [23]. The

interlayer spacing of 0.91 nm determined by Bragg’s law is

much larger than that of pristine graphite (approximately

0.34 nm) [24]. For the PG material, the diffraction peaks at

2q ¼ 39.6, 46.2, 67.4 and 81.4 can be assigned to the charac-

teristic (111), (200), (220) and (311) crystalline planes of face-

centered-cubic Pt, respectively. The XRD pattern of HPG0

was agreement with that reported in the literature [25,26],

demonstrating a successful synthesis procedure. It is inter-

esting to notice that the diffraction patterns of both compos-

ites were similar to that observed for the parent HPG0,

indicating that the well-defined MOF structure has been pre-

served and the incorporation of PG component did not prevent

the formation of linkages between copper dimers and BTC

bridges. It should be noted here that the intensity of diffrac-

tion peaks for composites decreased with increasing PG con-

tent from 5 to 10 wt%. The much low intensity observed in

HPG10 is related to the low crystallization caused by the

incorporation of PG with high content. On one hand, the

functional oxygen groups from excessive PG flakes react with

copper sites to form uniform new structures. One the other

hand, the PG component suspended in the reaction mixture

may act as a nucleation surface, promoting the formation of

very small MOF crystallites. However, the characteristic peaks

of PG were not observed in both composites, owing to the

following two reasons: 1) the low intensity and broad peaks of

PG were swamped by high intensity and sharp peaks of HPG0,

as well as relatively low PG contents in composites; 2) the GO

sheets readily exfoliated/dispersed in ethanol/water upon

sonication during composites syntheses [27].

3.2. IR spectra analysis

IR spectra of GO has been described in detail elsewhere and

the vibration peaks are consistent with fingerprint groups

(Fig. S2) [22,28]. After incorporation of Pt metals, the absorp-

tion band of carboxyl groups for PG at around 1700 cm�1 is

observable but not as prominent as that observed for GO. The

vibration bands related to functional groups of PG in com-

posites are not seen, due to the rather low intensity
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adsorption peaks and the low PG content (Fig. 2). It should be

noticed that IR spectra of HPG0 and both composites exhibit

similar bands, characteristic features of HKUST-1 [29]. The

symmetric and asymmetric stretching vibrations of carbox-

ylate groups in BTC appear at 1645/1590 cm�1 and 1450/

1370 cm�1, respectively. The lower wavenumber region of

1300e700 cm�1 exhibits various bands assigned to out-of-

plane vibrations of BTC. Above analysis is indicative of the

coordination of BTC to the copper sites, and the incorporation

of PG did not prevent the formation of MOF units. The

decrease in the intensity of bands can be noticed in HPG10,

which may be related to the low HPG0 content in the com-

posite. Above analysis is in accordance with the results draw

from XRD experiments.

3.3. Morphological analysis

The visible color change of composites was observed with the

introduction of PG component. Both composites changed a

much darker green thanHPG0, as shown in Fig. S3. The change

in the color for composites indicated that PG is well incorpo-

rated into the parent material.

The heterostructure of materials can be verified by the

morphological analyses. The SEM images showed that GOwas

seen as dense agglomerates of sheets stacked together by

dispersive forces (Fig. S4). We can see from Fig. S5 that the Pt

nanoparticles are well-dispersed on the GO surface and no

apparent aggregation can be observed. Element mapping

image and EDS spectrum of PG also confirmed the presence of

homogeneously distributed Pt metals through the GO sheets

with Pt content of 18.9 wt% (Fig. S6). In addition, the presence

of characteristic peaks of oxygen element indicated functional

oxygen groups were still reserved on GO layers after doping Pt

metals. The pristine material HPG0 shows typical octahedral

crystalline shapes with some defects [26] (Fig. 3a). In contrast,

the structure of composites show some variations compared

to the one of HPG0. The layered structure in HPG5 is quite

similar to the ones found in MOF-5/GO and HKUST-1/GO

composites [15,18] (Fig. 3b). In the structure of HKUST-1/GO

composites, the layers have been confirmed as the alterna-

tion between GO sheets and HKUST-1 blocks, where the

functional oxygen groups from GO interact with the copper

dimmers and chemical interactions are involved in the for-

mation of composites. Similarly, these layered morphology

observed in our case (HPG5) is also indicative of intercalations

of PG layers and MOF blocks, and there are interactions be-

tween the oxygen groups from PG and the copper dimers.

Separate agglomerates with stacked PG layers are found with

increasing GO ratio in the composite (Fig. 3c). In fact, this part

of PG did not interact with the MOF units and was responsible

for the obvious decrease in porosity of the HPG10 composite.

It is well known that HPG0 is extremely sensitive to the

electron beam and the structure could collapse after a few

minutes [30]. However, the lattice images of HPG0 crystals

were observed successfully in our materials. This can be

attributed to the fact that the incorporated PG component

retained the crystalline structure of HKUST-1 by dissipating

electrostatic charges, as observed in the MOF-5/CNTs com-

posite [31]. For the HPG5 composite, the dark spots of Ptmetals

with particle size of about 3.5 nm arewell-dispersed on the GO

layers embedded with HPG0 units (Fig. 4a). It is noticeable that

agglomerates with stacked distorted graphene-based layers

are observed in HPG10. In addition, the lattice image of HPG0

appeared (Fig. 4b), similar to that found in the GO/HKUST-1

Fig. 3 e SEM images of (a) HPH0, (b) HPG5 and (c) HPG10.

Fig. 4 e HRTEM images of (a) HPG5 and (b) HPG10, in which the wrinkled PG layers, crystals or lattice images of HKUST-1 are

shown and indicated by arrows.
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composite [18]. It should be noted here that only the ratios of

the added GO component in the finalmaterials before the heat

treatment were shown for all GO/MOF composites reported in

literatures [15,17e20], and the actual contents of GO in as-

synthesized composites are not determined owing to the

extreme difficulties. Similarly, the definitive content of PG in

our composites can also not be given, based on structural

complexities of such systemand the fact that both oxygen and

carbon elements are involved in two components (PG and

MOF). Considering above reasons, EDS analyses of HKUST-1

and composites were carried out to roughly assume the con-

tent of Pt in composites, as listed in Table S1. The contents of

Pt were evaluated based on the maps of elements collected

from four spots. The increase of PG component in composites

has been confirmed by the increase in the percentage of Pt

(from 1.46 wt% in HPG5 to 3.38 wt% in HPG10). Furthermore,

the elementmaps show that C, O, Cu and Pt arewell-dispersed

on a larger scale of w300 microns (Figs. S6eS8), suggesting

that PG and MOF components in composites are well mixed

throughout the whole samples. Simultaneously, element

mapping images of both composites at a small scale (w6 mi-

crons) (Figs. S9 and S10) also indicate that these elements are

uniformly dispersed in the micro/nano region. This result is

well consistent with that observed from SEM and TEM images.

3.4. Textural characterization

Textural parameters of materials were evaluated from nitro-

gen adsorption measurements at 77 K (Fig. 5). PG exhibited a

significantly low and negligible porosity. The parent material

HPG0 and both composites exhibit a type-I isotherm with a

hysteresis loop at relative pressure from 0.45, indicating the

predominant microporous character of such materials. The

hysteresis loop observed for HPG0 suggests the presence of

mesopores between small MOF crystals, while the loops found

for both composites might be caused by the larger pores be-

tween composites particles, as well as at the interface be-

tween GO flakes and MOF units. As shown in Table S2, the

Vmeso/Vtot ratio of samples increases from 0.19 (HPG0) to 0.36

(HPG10) via 0.33 (HPG5) upon increasing the PG content. The

BET surface area of 937 cm2 g�1 for HPG0 is in the range of

values reported previously [25,32,33]. The BET values of

composites decrease from 848 cm2 g�1 (HPG5) to 676 cm2 g�1

(HPG10) with the increase of PG content. An obvious decrease

observed in the HPG10 composite can be ascribed to the

following facts: 1) the pore volume of HPG10 is reduced by

high-content PG with much low porosity; 2) the introduction

of excessive PG caused low crystallization of products, which

has been confirmed by decreased intensities of XRD peaks for

HPG10; 3) excessive PG flakes in the HPG10 composite remain

as agglomerates, which caused the obvious reduction of the

total pore volume of 0.45 cm3 g�1, compared to 0.53 cm3 g�1 of

HPG0.

3.5. Hydrogen storage capacities

Low-pressure hydrogen adsorption measurements of the

parent materials and composites were carried out at 77 K and

1.1 bar. As shown in Fig. 6, PG has a negligible adsorption ca-

pacity of 0.2 wt% comparable to 1.8 wt% for HPG0. The HPG10

composite exhibited a notable decrease in hydrogen storage

capacity because of the significantly low surface area. The

adsorption uptake of HPG5 was identical to that of HPG0 in

spite of some loss in surface area caused by the incorporation

of PG component. It is noteworthy that the valuemeasured for

HPG5 is higher than the ‘‘hypothetical’’ one (Fig. 7). The latter

ones were calculated assuming the physical mixture of the

composite components PG and HKUST-1 alone, taking into

account the percentage of each component in composites.

This result can be ascribed reasonably to the presence of

spillover mechanism, which enhances the hydrogen adsorp-

tion capacity. As we all know, hydrogen spillover onto MOFs

sorbents has been documented recently by several groups via

direct doping of nanoparticles (Pt, Pd) [34e39], physical mixing

with Pt/AC or Pt/C catalyst [6,7,9,13,40,41], and in-situ loading

of Pt/MWCNTs [42]. Themetal particles in these systems act as

the spillover source of hydrogen molecules and MOFs act as

the receptors. The review by Yang and coworkers has pro-

vided tremendous insights into the physical properties of

hydrogen spillover, a detailed investigated into related MOFs,

and guidance on how to improve hydrogen capacities of cur-

rent MOFs [4]. Furthermore, several computational studies

have also shed light onto the phenomenon hydrogen spillover

of MOFs [43,44]. As already observed for above systems, Pt
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nanoparticles involved in our composites undoubtedly act as

the hydrogen spillover source. In our system, more intimate

contacts between Pt particles and GO/HKUST-1 receptor have

led to a lower energy barrier for the spillover of dissociated

hydrogen from Pt to the receptor, as observed in Pt/C mate-

rials [5]. As a result, hydrogen molecules first chemisorbed

and dissociated on the surface of Pt and then migrated to the

surface of the primary spillover receptor GO. Subsequently,

hydrogen atoms further diffuse into the second spillover re-

ceptor HKUST-1 with high porosity and new pores at the

interface between GO layers and HKUST-1 units.

For the high-pressure hydrogen adsorption measurements

at 298 K, (Fig. 8) the storage capacity (0.41 wt%) at 80 bar of

HPG0 was higher than w0.27 wt% reported in the literature

under the same condition [10]. For the HPG10 composite, the

obvious decrease of hydrogen adsorption capacity induced by

the low surface area has offset the enhancement caused by

spillover effect. Surprisingly, a remarkably high hydrogen

uptake of 0.77 wt% at 80 bar is noticed for HPG5 compared to

HPG10 (0.15 wt%) and HPG0 (0.41 wt%). In fact, the hydrogen

storage capacity at 298 K observed in HPG5 is higher obviously

than 0.28 wt% (65 bar) for MOF-5 [3] and 0.43 wt% (80 bar) for

MIL-101 [45]. This phenomenon was also found in the Pt-

loaded MWCNTs@MOF-5 composites [42]. The hydrogen

storage capacity at 298 K and 100 bar was enhanced 4.2 times

higher than that of pure MOF-5 upon the incorporation of Pt-

MWCNTs, which was caused by the presence of spillover ef-

fect. The 1.9-fold enhancement in HPG5 indicates that the

spillover has played an important role in terms of hydrogen

storage at the ambient temperature. Notably, considering the

fact that Pt nanoparticles exhibit high catalytic activities at

evaluated temperatures (vs 77 K), the spillover effect at 77 K

observed in our case is not significant compared to that at

298 K. Low-pressure hydrogen adsorption experiments at

298 K were also carried out and the isotherms of these mate-

rials are shown in Fig. S11, in which the HPG5 composite has a

higher uptake than HPG0 and HPG10. So the low-pressure

adsorption trend at 298 K is well consistent with that

observed from the high-pressure adsorption result. Further-

more, the powder XRD patterns of HPG0 and both composites

after hydrogen adsorption experiments were performed to

assess the effect of outgassing on materials. As shown in

Fig. S12, the XRD patterns of the activated samples are well

agreement with those of as-synthesized products, indicating

the higher thermal stability and permanent porosity of such

system.

4. Conclusions

In this work, series of Pt-loaded GO/HKUST-1 hybrid com-

posites were prepared via in-situ synthesis method, in which

Pt nanoparticles were well-dispersive and anchored tightly

into GO/MOF units. The composites remained the same

structure as the parent HKUST-1, while the morphologies and

texture parameters of composites were induced obviously by

the Pt@GO ratio. The nearly twofold increase in hydrogen

uptake at 298 K observe in HPG5 compared to HKUST-1 can be

reasonably attributed to the spillover mechanism and the

high porosity of the secondary receptor HKUST-1. Further-

more, the imitate contact between the dissociation Pt metal

and receptor is an important factor affecting the spillover

process. The present work provides useful information for

future optimization of Pt-loaded GO/MOF as new type of

hydrogen storage candidate materials.
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ated with this article can be found, in the online version, at
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298 K of HPG0 and composites.
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