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This paper reports a nontoxic, rapid, one-pot and template-free synthesis of three-dimensional (3D) Pt
nanoflowers (PtNFs) with high yield and good size monodispersity supported on graphene oxide (GO)
nanosheets. The key synthesis strategy employed a low-cost, green solvent, ethanol as the reductant and
an advanced, powerful 2D carbon material, GO nanosheets as the stabilizing material. The resulting
PtNFs-GO nanosheets were characterized by transmission electron microscopy (TEM), high-
resolution TEM, energy-dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, and
electrochemical techniques. It was found that the monodispersed, porous PtNFs supported on GO
nanosheets were a uniform size of 30 nm and each was composed of numerous “clean” and small (4 nm)
Pt nanoparticles, which revealed an unusually high activity for methanol oxidation reaction compared
to commercial Pt black. Furthermore, based on a systematic study of the PtNFs growth conditions,
a possible mechanism, and especially the importance of GO in the formation was proposed. Our study
demonstrates that GO is a promising support material for developing next-generation advanced Pt
based fuel cells and their relevant electrodes in the field of energy.
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Introduction

The fabrication of complex nanostructures with controlled
morphology, orientation and dimensionality has attracted
significant attention since such control is crucial for the deter-
mination of structure-property relationships in many
processes.’™ As a famous catalyst in proton exchange membrane
fuel cells (PEMFCs), nanoplatinum is widely used for hydrogen
oxidation and oxygen reduction reactions, which relies heavily
upon their sizes and shapes.>” Therefore, there is strong interest
in the synthesis of nanoplatinum of various controlled dimen-
sionality. Many recipes for the synthesis of zero-dimensional
(0D, e.g., cubes® and spheres®), one-dimensional (1D, e.g., wires®
and rods'’), two-dimensional (2D, e.g., plates’) and complex
three-dimensional (3D, e.g. dendrites'? and nanoflowers'® (NFs))
Pt nanostructures have been reported over the past decades.
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Among these nanostructures, well-controlled 3D nanostructures
with high yield are particularly interesting in catalysis because of
their porous structure, high surface area, and high catalytic
activity. For instance, Yamauchi et al'* have successfully
synthesized Pt nanodendrites with a surface area of 56 m> g~!,
which is much higher than other unsupported Pt materials.
Therefore, the use of 3D nanoplatinum as a catalyst means less Pt
is needed, which could reduce the cost of PEMFCs to make them
viable in many new commercial applications.

Towards this aim, great effort has been made to synthesize 3D
nanoplatinum.'>!*15-18 Ag a recently developed concept, the self-
assembly technique has been shown to be an efficient “bottom-
up” route in the fabrication of 3D nanostructures. In this
process, a template or specific capping agent such as liposome,
polyvinyl pyrrolidone (PVP), and cetyltriethylammonium
bromide (CTAB) was usually needed to guide the formation or
induce anisotropic growth of 3D Pt nanostructures. However,
the presence of these agents around the nanoplatinum leads to
a decrease of their active sites, which severely affect their chem-
ical activities. Therefore, it is a big challenge to develop a simple
and reliable method for hierarchically self-assembled 3D Pt
nanostructures with a “clean” surface and controlled
morphologies.

Recently, the emergence of a multifunctional material, gra-
phene oxide (GO), has received considerable interest.'**' Since
abundant functional groups on the surface of GO can be used as
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anchoring sites for metal nanoparticles, it opened a new avenue
for using them as a new 2D carbon support to produce GO-based
hybrid nanomaterials.?> More and more examples of the
synthesis of GO-Pt hybrids have been demonstrated to date,>*2¢
however, the nanoplatinum rarely had a 3D nanostructure, and
the surface area of the obtained hybrids is relatively low.

In this work, we, for the first time, reported a green, rapid
and template-free synthesis of 3D Pt nanoflowers (PtNFs) with
high yield and good size monodispersity supported on GO
nanosheets. As a low-cost and green solvent, ethanol was used
as the reductant and dispersant in the preparation. In addition,
GO was not only used as a support material and stabilizing
agent for the deposition of PtNFs, but also increased the elec-
trochemical active surface areas (ECSAs) and effectively accel-
erated the electron transfer in the methanol electro-oxidation.
Inspired by this, the characterization and electrocatalytic
applications of PtNFs-GO sheets in methanol oxidation are
investigated in this study. Based on the results, the as-prepared
hybrids showed a higher electrocatalytic activity and better
tolerance towards CO poisoning than Pt black, which may
provide an insightful way to develop advanced electrocatalysts
for fuel cell applications.

Experimental
Reagents

K,PtCl; was purchased from Wake Pure Chemicals, Co. Ltd.
(Japan); graphite powder and ethanol were from Lvyin Co.
(China); 5% Nafion ethanol solution and Pt black catalyst were
from Aldrich Chem. Co. (USA) and rod glassy carbon electrodes
(GCEs) were from BAS Co. Ltd. (Japan). All other reagents were
of analytical grade and were used without further purification.
The pure water for solution preparation was from a Millipore
Autopure WR600A system (USA).

Instrumentation

The morphologies and crystal structures of the PtNFs-GO sheets
observed by TEM and HRTEM were performed on a JEM-2100
transmission electron microscope with an acceleration voltage of
200 kV. All TEM samples were prepared by depositing a drop of
dilute suspension in ethanol on a copper grid coated with carbon
film. UV-vis spectra of K,PtCl, were obtained using a DU-7400
UV-visible spectrophotometer. The phases of the as-prepared
products were determined by means of the powder XRD pattern,
recorded on a Panalytical X-pert diffractometer with Cu-Ko
radiation. The electronic binding energies of C;; and Pty were
measured by XPS analysis which was performed on a PHI
Quantum 2000 Scanning ESCA Microprobe with a mono-
chromatised microfocused Al X-ray source. All of the binding
energies were calibrated by Cs as the reference energy (Cis =
284.6 eV). The composition of the PtNFs-GO sheets was deter-
mined by inductively coupled plasma mass spectroscopy
(ICP-MS). Cyclic voltammetry (CV) measurements were per-
formed with a CHI 660B electrochemical analyzer. The
conventional three-electrode system included a GCE coated with
catalyst film, a silver auxiliary electrode and an Ag/AgCl refer-
ence electrode.

Procedures

GO was prepared according to a modified Hummers method.”
50 mg of as-synthesized GO was dispersed in 100 mL of water to
obtain a yellowish-brown aqueous solution with the aid of
ultrasonication. In a typical synthesis of PtNFs-GO, a homoge-
neous GO suspension (0.5 mL, 0.5 mg mL™"), and K,PtCl, (0.65
mL, 10 mM) aqueous solution were firstly mixed in a vial and
then 1.15 mL of ethanol was dropped in under vigorous stirring.
The mixture was kept stirring for 60 min at 30 °C. Then, the
reaction mixture was washed with pure water and centrifuged to
remove the remaining reagents. Before the preparation of the
catalyst modified GCE, the GCE was polished with 1, 0.3 and
0.05 um a-Al,O3, sequentially. Water dispersions of the purified
products were then deposited on the polished GC electrode. For
stably coating the catalysts, 2 uL of 0.5% Nafion ethanol solution
was placed on the GC electrode surface and it was subsequently
dried for 4 h in air at room temperature.

Results and discussion
Characterization of the PtNFs-GO sheets

The preparation strategy of the PtNFs-GO sheets is shown in
Scheme 1. The PtNFs-GO sheets could be obtained easily by
stirring the mixture containing GO, the Pt precursor and ethanol
at room temperature (30 °C) for 1 h. In our previous research,
some carbon materials could act as a reductant in some
syntheses.?>?%3% In view of this, we attempted to synthesize
PtNFs-GO sheets in the absence of ethanol, but it failed. This
result revealed that ethanol is an effective and necessary agent for
the reduction of the Pt precursor. Fig. 1A-D show the repre-
sentative transmission electron microscopy (TEM) images of the
product at different magnifications. The low-magnification TEM
images (Fig. 1A-C) show that all the PtNFs are uniformly
distributed on the GO surface. The absence of isolated PtNFs in
the product indicates a strong interaction between GO and the
PtNFs. Furthermore, GO possesses a large surface area, and the
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Scheme 1 Schematic illustration of the proposed mechanism for PtNFs
formation onto GO nanosheets.
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Fig.1 Representative TEM (A-D) and HRTEM (E) images of PtNFs-
GO hybrids synthesized by the reduction of the PtCl,>~ ion in GO ethanol
solution. (F) The EDX spectra of the PtNFs-GO hybrids.

PtNFs can be deposited on both sides of these GO sheets.
Additionally, by functioning as a “spacer”, these PtNFs attached
onto the GO surface can prevent the GO from aggregation and
restacking, and both of the faces of GO are accessible in their
applications. The magnified image (Fig. 1D) shows that each of
the as-synthesized PtNFs was composed of many small spherical
Pt nanoparticles. The average overall size of these PtNFs was
found to be about 30 nm. The high-resolution TEM (HRTEM)
image (Fig. 1E) indicates that each Pt nanoparticle in the PtNFs
presented a single-crystalline structure. The interplanar spacing
is 0.224 nm, which agrees well with the (111) lattice spacing of
face-centered-cubic (fcc) Pt (0.225 nm). Fig. 1F shows a typical
energy dispersive X-ray spectroscopy (EDX) analysis of the
prepared PtNFs-GO sheets, in which an obvious Pt peak could
be found, suggesting that the PtNFs were successful attached on
the GO sheets.

The formation of PtNFs-GO sheets was further characterized
by X-ray diffraction (XRD) (Fig. 2A) and X-ray photoelectron
spectroscopy (XPS) (Fig. 2B-D). In the XRD spectra, the strong
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Fig. 2 (A) XRD patterns of the as-synthesized PtNFs-GO hybrids. (B-
D) XPS spectra of Pt 4f (B) and the deconvolution of Cls of the PtNFs-
GO hybrids (D) and GO (C).

diffraction peaks at 26 = 39.6°, 46.2°, 67.5°, and 81.4° can be
assigned to the characteristic (111), (200), (220), and (311) crys-
talline planes of Pt (JCPDS: 87-0647), respectively. XPS patterns
of the resulting PtNFs-GO sheets show significant Pt4f signals
corresponding to the binding energy of Pt (Fig. 2B) and signifi-
cant Cls signals corresponding to the binding energy of C
(Fig. 2D), which further supported the conclusion that the PtNFs
were effectively assembled on the GO surface. To learn more
about the function of GO in the synthesis of the PtNFs-GO
sheets, XPS was also performed on the GO surface. As shown in
Fig. 2C, two main peaks at binding energies of 284.6 and 286.6
eV, are assigned to C-C with sp?> and C-O with sp* orbitals,
respectively. In addition, the weak peak at 288.2 eV represents
the C=O0 functional group on the GO surface. After reaction,
the peaks associated with C—C become predominant, while the
additional peak of the oxygenated functional groups is
substantially reduced. These results indicate that GO has been
deoxygenated in the PtNFs-GO hybrids. Moreover, based on
XPS data, the atomic ratio of C to O is 2.17 and 3.58 before and
after PtNF treatment, which also confirms that GO has been
deoxygenated in the preparation. In addition, since the ratio of C
to O is just 3.58, which is lower than that of the entirely reduced
GO nanosheets, it can be deduced that GO has been partially
reduced in the PtNFs-GO hybrids. Specifically, the deoxygen-
ation process of GO in the synthesis is very important because it
could improve the conductivity of the PtNFs-GO sheets in the
electrocatalysis. Additionally, based on the XPS data, the Pt
content was estimated to be 28 wt%, which was close to that by
the ICP analysis (22 wt%).

Growth mechanism of PtNFs-GO

Since there is no surfactant or capping agent in our synthesis,
ethanol and GO employed in the synthesis are believed to play an
important part for the formation of the PtNFs. To further
understand their effects, a series of investigations was carried
out.

First, if the reactant system excluded ethanol, no Pt nano-
particles could be seen on the GO surface, and the synthesis
failed. This result indicated that ethanol was taken as a reductant
in the formation of PtNFs. This hypothesis could also be verified
by the result obtained when the reactant solution contained only
ethanol and Pt precursor (Fig. S1t). Moreover, it is amazing that
the product morphology changed gradually when the ethanol
amount decreased. Fig. 3A shows the TEM image of the sample
obtained when the volume ratio of ethanol to water (VR) in the
reactant solution reached 10. This result clearly demonstrated
that the product was composed of a large amount of highly
dispersed nanocrystals. When the VR value decreased to 5, the
agglomeration of Pt nanocrystals started to occur (Fig. 3B). As
the amount of ethanol was further reduced, the product obtained
maintained the flower-like nanostructure (Fig. 3C). These results
indicate that ethanol may act not only as a reductant, but also as
a dispersant in the formation of the PtNFs. This dispersive effect
can also be supported by further reducing the amount of ethanol
in the synthesis, and larger and more tightly packed PtNFs could
be found in their TEM images (Fig. 3D and 3E).

From the results shown in Fig. 1 and Fig. S1,T we found that
GO is beneficial for improving the dispersion of PtNFs. Keeping
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Fig. 3 Representative TEM images of PtNFs-GO hybrids formed with

different volume ratios of ethanol to water: (A)10: 1; (B)5:1; (O)1 : 1
(D)1 :5;(E)1:10

the VR value at 1 with all other experimental conditions
constant, the effects of various GO amounts on the morphology
of the product was investigated (Fig. 4). When the weight ratio of
GO to Pt was above 1, the product was found to consist of Pt
nanocrystals of 2 nm in size (Fig. 4A and 4B). Decreasing the
weight ratio of GO to Pt, the density of the Pt nanocrystals
became higher and more agglomerations began to emerge
(Fig. 4C and 4D). These results indicated that GO might act as
a stabilizer in the preparation. Due to the large 7 conjugation
on the GO surface, small nanocrystals might share their high
surface energy with GO, resulting in the reduction of any further
agglomeration. Since a lower amount of GO could not supply
enough ability to stabilize the Pt nanocrystals, the nanocrystals
tended to agglomerate in order to reduce the overall surface
energy, signaling the beginning of a flower-like nanostructure.
Additionally, the progress of the reaction was followed by
time-course measurements of the UV-vis spectra (Fig. 5). The
color of the reaction mixture changed slowly in 20 min, and
quickly from yellowish-brown to brown, and then to black in the

Fig.4 Representative TEM images of PtNFs-GO hybrids formed using
different weight ratios of GO to Pt: (A)10: 1;(B)5: 1;(C) 1 : 1;(D)1 : 10
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Fig.5 UV-Vis absorption spectra of the centrifugal solution in different

reaction periods. The inset shows the photos of the color changes in the
reaction and the UV-Vis absorption spectra of 10 uM K,PtCl,.

following 10 min. This result is also in agreement with the UV-
Vis absorption results. As shown in the inset of Fig. 5, a strong
absorption band at 230 nm in 10 uM K,PtCly solution could be
found, which corresponds to the absorption of PtCl,*". In the
first 20 min, the absorption intensity at 230 nm decreased slowly,
indicating the initial nucleation of the Pt nanocrystals (Fig. S27).
After 20 min, the intensity decreased greatly, and in 40 min, the
absorption peak at 230 nm disappeared completely, indicating
the complete reduction of K,PtCly.

On the basis of the above investigations, a three-step growth
model could be proposed for the formation of such a flower-like
nanostructure (Scheme 1). After oxidation from graphite,
abundant oxygenated functional groups were generated on the
GO surface, which greatly improved the hydrophilic abilities of
GO. When hydrophilic PtCl,*>~ was added, they adsorbed onto
the GO surface firstly, and were reduced by ethanol in the
following steps. Strong supporting evidence for this absorption
hypothesis was the absence of isolated PtNFs in the product
(Fig. 1A). The second step was the nucleation of the Pt nano-
crystals, which might act as the primary particles for the
formation of PtNFs. Ethanol acted as both a reducer and
dispersant in this process, which was verified in the experiments
(Fig. 3). After nucleation, the unstable primary nanocrystals
became agglomerated in order to reduce the overall surface
energy; GO acted as a stabilizer to prevent them from further
agglomeration, which resulted in the formation of PtNFs-GO.
Although the growth mechanism of the flower-like nano-
structures needs to be further investigated, we believe that the
process may be related to three distinguishable stages: the
adsorption of PtCly*>~ onto the GO surface; the reduction of
PtCl,* to primary Pt nanocrystals and the agglomeration of the
primary Pt nanocrystals into PtNFs.

Methanol electro-oxidation

Inspired by the attractive structure, the PtNFs-GO sheets were
tested as electrocatalysts to study their catalytic activity. Cyclic
voltammetry (CV) is a convenient and efficient tool used to
estimate the ECSAs of Pt catalysts on an electrode. Commercial

This journal is © The Royal Society of Chemistry 2012
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20 wt% Pt black was used as a reference for comparison. Fig. 6
shows the characteristic peaks for the formation and reduction of
Pt oxide. In the potential region of —0.2 to 0.1 V, typical
hydrogen adsorption and desorption peaks were observed on the
electrodes modified with PtNFs-GO sheets and Pt black. The
integrated area under the adsorption peak in the CV curves
represents the total charge concerned in H* adsorption, Qy, and
is used to measure the ECSAs of the PtNFs-GO sheets and Pt
black.?' Our calculation results indicate that the PtNFs-GO
sheets have higher ECSAs (72.1 m? g') than that of Pt black
(21.4 m? g'). Since the 3D nanostructures of the PtNFs with
“clean” surfaces and their dispersion on GO with high surface
area, the PtNFs-GO sheets could produce more active Pt sites,
which had a very important role in improving their catalytic
activities in electrocatalytic reactions.

In order to investigate the electrocatalytic performance of the
PtNFs-GO sheets, the methanol oxidation reaction (MOR) was
studied. Fig. 7 shows the CV curves of the MOR for the PtNFs-
GO sheets and Pt black in a 0.5 M H,SO, solution containing
1 M methanol. All CV profiles consist of two strong anodic
peaks: the forward peak and the backward peak, which are well-
known to originate from the electro-oxidation of methanol and
the intermediate carbonaceous species, respectively. The onset
potential of methanol oxidation for the PtNFs-GO sheets was 0.2
V, while that for Pt black was 0.3 V. In principle, with respect to
the mechanism of alcohol electro-oxidation on the Pt catalyst,
the onset potential is related to the breaking of C-H bonds
and the subsequent removal of intermediates such as CO,q4 by the
oxidation with OH,4 supplied by Pt-OH sites or other sources.**
This reveals that the PtNFs-GO sheets exhibited better perfor-
mance for the promotion of C-H breaking and CO,4 tolerance in
the methanol electro-oxidation. Moreover, the significantly
higher methanol oxidation currents in both the forward and
subsequently reversed scans for the PtNFs-GO catalyst clearly
demonstrate a higher mass activity of Pt metal in the PtNFs-GO
catalyst, mainly due to the higher utilization of “clean” Pt sup-
ported on the GO surface, which is consistent with the results of
the ECSAs. In addition, after 200 CV cycles, the PtNFs-GO
sheets still showed a higher mass current density and a lower loss
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Fig. 6 Cyclic voltammograms of PtNFs-GO (black line) and commer-
cial Pt black (red line) at 50 mV s~ in 0.5 M H,SO,. The electrochemical
surface area (ECSA) for PtNFs-GO and Pt black are 72.1 m* g~ and 21.4
m? g~', respectively.
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Fig. 7 Cyclic voltammograms of PtNFs-GO (black line) and commer-
cial Pt black (red line) at 50 mV s~' in 0.5 M H,SO, solution containing 1
M methanol. The I{/I}, ratio was estimated to be 1.20 and 0.81 for PtNFs-
GO and Pt black, respectively.

in electrocatalytic activity than Pt black (Fig. S31), indicating the
high catalytic ability and good stability of the PtNFs-GO sheets.
Goodenough er al®* report that the reverse anodic peak for
MOR is attributed to the removal of the incompletely oxidized
carbonaceous species formed in the forward scan. Hence, the
ratio of the forward peak current () to the reverse anodic peak
current (1), I/ I, can be used to evaluate the catalyst tolerance to
the intermediate carbonaceous species accumulated on the elec-
trode surface. The I{/I, ratio was estimated to be 1.20 and 0.81
for the PtNFs-GO sheets and Pt black, respectively. A low Ii/I,
ratio indicates poor oxidation of methanol to carbon dioxide
during the anodic scan and the excessive accumulation of
carbonaceous residues on the catalyst surface. This result thus
suggested that PtNFs-GO sheets have less carbonaceous accu-
mulation and hence are much more tolerant towards CO
poisoning. A possible bifunctional effect between the PtNFs and
the remaining oxygenated groups is similar to the commonly
accepted bifunctional mechanism of methanol electro-oxidation
between Pt and Ru.?6**34 In the forward scan (Fig. 7), when the
potential reached 0.3 V, methanol molecules adsorbed on the
surface of Pt and Pt-CO could form after a dehydrogenation
process. Then, the remaining functional groups, like —-COOH
and —OH groups, in the GO nanosheets might be responsible for
improving the tolerance to CO poisoning in the PtNFs-GO
hybrids. Thus, all of the above data suggest that the PtNFs-GO
catalyst exhibits much enhanced catalytic activity for MOR. The
superior electrocatalytic activity of the advanced material can be
attributed to four factors: (i) the small size of the component Pt
nanoparticles, which is comparable to commercial nanocatalysts;
(ii) the “clean” surface of the PtNFs, which may offer more active
sites in the electro-oxidation; (iii) the 3D nanostructures of the
PtNFs could provide high ECSAs, thus leading to a high elec-
trocatalytic activity; (iv) GO has a high surface area and can
improve the tolerance towards CO poisoning.

Conclusions

In conclusion, we presented a facile, rapid, template-free and
environmental benign strategy to deposit 3D PtNFs on 2D GO
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nanosheets using an ethanol-water system. The average size of
the PtNFs was tunable by controlling the composition of the
initial reaction mixture. The formation of the flower-like nano-
structures went through three identifiable stages: the adsorption
of PtCl,*>~ onto the GO surface; the reduction of PtCl?~ to
primary Pt nanocrystals and the agglomeration of the primary Pt
nanocrystals into PtNFs. The PtNFs-GO hybrids were found to
exhibit distinctly superior electrocatalytic activities towards
methanol oxidation with a larger ECSA, lower onset potential,
and higher I{/I, ratio and methanol oxidation current compared
to the majority of other Pt-C based electrodes, thus showing
substantial promise as low cost and highly efficient electro-
catalysts in direct methanol fuel cells.
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