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S
ynthesis of Pt nanocrystals (NCs) with
controlled sizes and shapes is one of
the most attractive goals in develop-

ing highly active Pt catalysts for many types
of industrial reactions such as fuel cell reac-
tions, CO oxidation in a catalytic converter,
nitric acid production, and petroleum crack-
ing, etc.1�3 Effectively controlling the mor-
phology of Pt nanostructures can provide a
great opportunity to improve their catalytic
properties and increase their activity on a
mass or specific basis.3 Inspired by this in-
tention, a variety of chemical protocols have
been developed for achieving partial con-
trol of NC shapes in a cube,4,5 tube,6,7

wire,8�11 tetrahexahedral Pt,12 mesoporous
nanostructure,13�16 and dendrite,17�20

among which Pt nanodentrites are of par-
ticular interest in catalysis due to their po-
rous structure, high surface area, and high
catalytic activity. For instance, Yamauchi et
al.19 reported that dendritic NCs could be
synthesized in high yield via a block-
copolymer-mediated reduction process.
The as-prepared dendritic NPs gave a sur-
face area of 56 m2 g�1, which is the highest
for unsupported Pt materials. Therefore, us-
ing Pt-based nanodendrite as a catalyst,
one would expect that less Pt is needed in
the fuel cell reactions, a goal that has long
been sought for commercialization of the
fuel cell technology.

On the other hand, hybridization pro-
vides an effective strategy for enhancing
the functionality of materials.21 In order to
further maximize the activity of Pt and mini-
mize the use of previous Pt, it is very
necessary to load Pt nanostructures with

high activity on the surface of supporting
nanomaterials with low cost, high surface
area, and good electrical conductivity,
which not only maximize the availability of
nanosized electrocatalyst surface area for
electron transfer but also provide better
mass transport of reactants to the electro-
catalyst. The recent emergence of graphene
nanosheets has opened a new avenue
for utilizing 2D new carbon material as a
support because of its high conductivity
(103�104 S/m), huge surface area
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ABSTRACT Graphene nanosheet, the hottest material in physics and materials science, has been studied

extensively because of its unique electronic, thermal, mechanical, and chemical properties arising from its strictly

2D structure and because of its potential technical applications. Particularly, these remarkable characteristics

enable it to be a promising candidate as a new 2D support to load metal nanoparticles (NPs) for application in

fuel cells. However, constructing high-quality graphene/bimetallic NP hybrids with high electrochemical surface

area (ECSA) remains a great challenge to date. In this paper, we demonstrate for the first time a wet-chemical

approach for the synthesis of high-quality three-dimensional (3D) Pt-on-Pd bimetallic nanodendrites supported

on graphene nanosheets (TP-BNGN), which represents a new type of graphene/metal heterostructure. The

resulting hybrids were characterized by atomic force microscopy (AFM), transmission electron microscopy (TEM),

high-resolution TEM (HRTEM), energy-dispersive X-ray (EDX) spectroscopy, X-ray photoelectron spectroscopy (XPS),

thermogravimetric analysis (TGA), Raman spectroscopy, and electrochemical technique. It is found that small

single-crystal Pt nanobranches supported on Pd NCs with porous structure and good dispersion were directly grown

onto the surface of graphene nanosheets, which exhibits high electrochemical active area. Furthermore, the

number of nanobranches for Pt-on-Pd bimetallic nanodendrites on the surface of graphene nanosheets could be

easily controlled via simply changing the synthetic parameters, thus resulting in the tunable catalytic properties.

Most importantly, the electrochemical data indicate that the as-prepared graphene/bimetallic nanodendrite

hybrids exhibited much higher electrocatalytic activity toward methanol oxidation reaction than the platinum

black (PB) and commercial E-TEK Pt/C catalysts.

KEYWORDS: graphene nanosheet · bimetallic
nanostructure · nanodendrite · nanoelectrocatalyst · fuel cell
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(calculated value, 2630 m2/g), unique graphitized

basal plane structure, and potential low manufacturing

cost.22�24 The integration of graphene and certain func-

tional particles (such as Pt NCs) presents special fea-

tures in the new hybrids, useful, for example, in optics,

electronics, catalysis, sensors, and so on. However, only

a few examples25�27 of the synthesis of graphene/Pt hy-

brids have been demonstrated to date, in which the ob-

tained Pt NPs have relatively wide size range on the sur-

face of graphene, and particularly, the surface area of

the obtained hybrids is relatively low. In addition, bime-

tallic NPs have been attracting more and more atten-

tion due to their enhanced catalytic properties relative

to individual NPs.28�34 For instance, Au/Pt bimetallic NPs

could significantly increase the surface area of Pt, which

is an essential factor in improving the catalytic activity

of Pt.29,30 Therefore, the synthesis of a new type of high-

quality graphene nanosheet/3D bimetallic nanoden-

drite hybrids (combining the advantages of graphene

nanosheet and bimetallic nanodendrite) with high sur-

face area as a high-efficiency nanoelectrocatalyst is

highly desirable and technologically important.

In this paper, we demonstrate for the first time a

wet-chemical approach for the synthesis of high-quality

three-dimensional (3D) Pt-on-Pd bimetallic nanoden-

drites supported on graphene nanosheets (TP-BNGN),

which represents a new type of graphene/metal hetero-

structure with several important benefits. (a) Small

single-crystal Pt nanobranches supported on Pd NCs

with porous structure and good dispersion were di-

rectly grown onto the surface of graphene nanosheets.

The corresponding hybrids exhibit high electrochemical

active area (81.6 m2/g). (b) The number of branches for

Pt-on-Pd bimetallic nanodendrite on the surface of

graphene nanosheets could be easily controlled via

simply changing the synthetic parameters, thus result-

ing in the tunable catalytic properties. (c) The as-

prepared graphene/bimetallic nanodendrite hybrids

exhibited much higher electrocatalytic activity toward

methanol oxidation reaction than the platinum black

(PB) and commercial E-TEK Pt/C catalysts.

RESULTS AND DISCUSSION
The whole preparation strategy for constructing

the TP-BNGN is shown in Scheme 1 (for detailed experi-

mental steps, please see Experimental Section). In the

first step, a simple wet-chemical route was employed

for preparing poly(N-vinyl-2-pyrrolidone) (PVP)-

functionalized graphene nanosheets through the heat-

ing reduction of graphene oxide in the presence of

hydrazine. Figure 1A shows the typical atomic force mi-

croscopic (AFM) image of PVP-functionalized graphene

nanosheets. It is observed that the mica substrate is

covered with a number of nanosheets with high pu-

rity. The corresponding cross-sectional view (Figure

S1A, Supporting Information) of the typical AFM image

of graphene nanosheets (Figure 1A) indicates that the

average thickness of nanosheets is about 2 nm. It

should be noted that the colloidal suspensions of

graphene sheets decorated by PVP show high stability

in water, ethanol, and dimethylformamide (data not

shown), which can be ascribed to the strong ��� inter-

actions between graphene and PVP molecules.31 In the

second step, PVP-functionalized graphene nanosheets

were used to load small Pd nanoparticles (NPs) for pro-

Scheme 1. Procedure to design graphene nanosheet/Pt-
on-Pd bimetallic nanodendrite hybrids.

Figure 1. AFM images of PVP-functionalized graphene nanosheets (A), graphene/Pd NC hybrids (B), and graphene/bimetallic nano-
dendrite hybrids (C).
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ducing graphene/Pd NP hybrids
via a simple and surfactantless
route at room temperature. Fig-
ure 1B shows the AFM image of
graphene/Pd NP hybrids. The re-
sult shows that the as-obtained
hybrids have a rougher surface
than the pristine graphene
nanosheets (Figure 1A), indicat-
ing Pd NPs were facilely ad-
sorbed on the surface of
graphene nanosheets (Figure
S1B). The transmission electron
microscopy (TEM) images of the
as-prepared graphene/Pd NP hy-
brids are shown in Figure 2. It is
observed that small Pd NPs sup-
ported on the surface of
graphene nanosheeets have a
size of about 3 nm (Figure 2B).
The high-resolution TEM (HR-
TEM) images (Figure 2C) of Pd
NPs indicate that they are single
crystal with many (111) facets. In
the third step, single-crystal Pd
NCs supported on graphene nanosheets were used as
seeds to direct the dendritic growth of Pt upon the re-
duction of K2PtCl4 by ascorbic acid in an aqueous solu-
tion. Figure 1C shows the AFM image of TP-BNGN
(sample 1). The result indicates that the as-obtained hy-
brids have a much rougher surface (the corresponding
cross-sectional view of Figure 1C is shown in Figure S1C)
than the graphene/Pd NPs hybrids (Figure 1B), indicat-
ing that Pt has grown onto the surface of Pd NPs (Pd
and Pt have a lattice mismatch of only 0.77%).20 Typi-
cal TEM images (Figure 3A�C) of the product revealed
that several Pt branches had grown from a Pd core
into dendritic tendrils. The Pt-on-Pt bimetallic nano-
dendrites had an average size of 15 nm. In order to fur-
ther reveal the detailed struc-
ture of Pt-on-Pd nanodendrites,
HRTEM images of typical nano-
dendrites are shown in Figure
3D,E and Figure S2, which clearly
show overgrowth of Pt branches
at multiple sites on the Pd seed
(Pt and Pd have contrast differ-
ence with a darker Pd center sur-

rounded by several lighter
branches in the nanodendrites).

For the Pt branches, the diam-
eter was 3�5 nm. HRTEM image
of individual Pt branches (circled
part, Figure 3E or the corre-
sponding part in Figure S2B)
shows their single-crystalline
structure with highly ordered,

continuous fringe patterns. The measured interplanar

spacing for the lattice fringes is 0.23 nm, which corre-

sponds to the (111) lattice plane of face-centered cubic

(fcc) Pt. While the fast Fourier transform (FFT) pattern (Fig-

ure 3F) of the HRTEM image (circled part, Figure 3E) fur-

ther indicates that the Pt nanobranch is a single crystal.

The formation of TP-BNGN was further character-

ized by energy-dispersive X-ray (EDX) spectroscopy

(Figure 4A), X-ray photoelectron spectroscopy (XPS, Fig-

ure 4B�E), thermogravimetric analysis (TGA, Figure 5),

and Raman spectroscopy (Figure 6). The correspond-

ing EDX spectrum (Figure 4A) of TP-BNGN shows the

peaks corresponding to C, N, Pd, and Pt elements, con-

firming the existence of bimetallic Pd�Pt NPs on the

surface of PVP-functionalized graphene nanosheets.

Figure 2. TEM (A) and HRTEM (B,C) images of graphene/Pd NP hybrids. Reaction conditions: 500 �L
of graphene solution and 250 �L of 56.4 mM H2PdCl4.

Figure 3. TEM (A�C) and HRTEM (D,E) images of TP-BNGN at different magnifications. The circled
parts in panel D denote Pd NPs. FFT pattern (F) of the HRTEM image shown in panel E (circled part).
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Furthermore, XPS patterns of the resulting TP-BNGN

show significant Pt4f signals corresponding to the bind-

Figure 5. TGA of TP-BNGN. The black line (a) shows
the change in weight, while the red line (b) shows the
derivative of the change in weight with respect to
temperature.

Figure 6. Raman spectroscopy of graphene nanosheet (trace
a) prepared according to ref 36, PVP-functionalized
graphene (trace b) and TP-BNGN (trace c).

Figure 4. EDX (A) and XPS (B�E) patterns of TP-BNGN: (B) Pt, (C) Pd, (D) C, (E) N.
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ing energy of Pt (Figure 4B), signifi-
cant Pd4f signals corresponding
to the binding energy of Pd (Fig-
ure 4C), significant C signal corre-
sponding to the binding energy of
C (Figure 4D), and N signal (Figure
4E) corresponding to the binding
energy of N (originate from poly-
mer, PVP), which further support
the conclusion that bimetallic
Pd�Pt NPs have been effectively
assembled on the surface of PVP-
functionalized graphene
nanosheets. TGA of TP-BNGN, as shown in Figure 5, dis-
plays the weight loss of sample 1 (trace a in Figure 5)
and the corresponding derivative of the weight loss
with respect to temperature (trace b in Figure 5). The
derivative peak seen at temperatures of �230 °C could
be ascribed to the decomposition of the polymer, PVP.35

The derivative peak at �420 °C exhibiting large loss
of weight could be attributed to the oxidation of
graphene nanosheets. The above TGA result further
supports the conclusion that TP-BNGNs have been fac-
ilely obtained. In addition, whether the structural
changes occurred during the chemical processing from
graphene36 to PVP-functionalized graphene, and then
to TP-BNGN or not, is reflected in their Raman spectra
(Figure 6). The peaks at 1348 and 1585 cm�1 could be as-
cribed to the D and G bands of graphene, respectively.37,38

The D band corresponds to defects in the curved
graphene sheet, and staging disorder, while the G band
is related to the graphitic hexagon-pinch mode. It is found
that after functionalization with PVP, and even bimetallic
nanodendrite, the D/G intensity
ratio did not change obviously,
suggesting that the functionaliza-
tion of graphene nanosheets did
not reduce the size of in-plane sp2

domains greatly (determining
the electrical conductivity of
graphene nanosheets). It should
be noted that the as-obtained TP-
BNGN has high stability (the nano-
dendrites will not fall off when
sonicating the TP-BNGN solution),
which could be ascribed to
the strong coordination interac-
tion between poly(N-vinyl-2-
pyrrolidone) (PVP, existing on the
surface of graphene) and
nanodendrites.8�11

We have attempted to synthe-
size Pt nanodendrites supported
graphene nanosheets in the ab-
sence of Pd NPs, but it failed; only
foam-like Pt nanospheres with
sizes of 20�80 nm supported on

graphene nanosheets were obtained (Figure 7), indicat-

ing that Pd seeds play an important role in constructing

the dendritic nanostructure here. The observed dendritic

growth of Pt branches can probably be attributed to the

high-rate reduction and (111) facet epitaxial growth of Pt

as mediated by Pd seeds with many (111) facets, which is

in accordance with the previous report20 and HRTEM re-

sults (the nucleation sites for Pt appear to be distributed

over the entire surface of Pd seed, as shown in Figure S2

of the Supporting Information). It is interestingly found

that the number of Pt branches on nanodendrites (sup-

ported on graphene nanosheets) could be easily con-

trolled via simply changing reaction parameters. For

instance, bimetallic nanodendrites with more Pt nano-

branches (low concentration of graphene leads to rela-

tively low amounts of Pd NPs adsorbed on the surface of

graphene nanosheets) are effectively supported on the

surface of graphene nanosheets (sample 2) when 250 �L

of graphene aqueous solution was added into the mix-

ture (Figure 8) under identical conditions used for prepar-

Figure 7. TEM images of graphene/Pt nanosphere hybrids in the absence of Pd seeds at dif-
ferent magnifications.

Figure 8. TEM images of TP-BNGN (sample 2) at different magnifications. Reaction conditions: 250
�L of graphene solution, 250 �L of PVP (1 M), and 0.5 mL of K2PtCl4 (0.1 M).
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ing sample 1. When increasing the amounts of Pt precur-

sor to 1 mL (sample 3) and 1.5 mL (sample 4) under

identical conditions used for preparing sample 1, the den-

sity of Pt nanobranches can further increase, as shown in

Figure 9A�D and Figure 9E�H, respectively. Thus, the

electrocatalytic activity of TP-BNGN can be facilely tuned

by changing the above reaction parameters.

Inspired by their attractive structure and special

property (high solubility in water, Figure S3 in the

Supporting Information), the TP-BNGNs were tested as

nanoelectrocatalysts for studying their catalytic activity.

By using hydrogen adsorption�desorption methods in

conjunction with cyclic voltammetry (CV), the ECSA of TP-

BNGN, E-TEK Pt/C, and platinum black (PB) catalysts were

measured (see Figure 10A and Table 1). It is found that

the ECSA value of TP-BNGN (81.6 m2/g) is higher

than those of E-TEK catalyst (54.7 m2/g), PB (19.2 m2/

g), graphene/Pt NP hybrids (44.6 m2/g),26 and re-

Figure 9. TEM images (A�D) of TP-BNGN (sample 3) at different magnifications. Reaction conditions: 500 �L of graphene solution, 500
�L of PVP (1 M), and 1 mL of K2PtCl4 (0.1 M). TEM images (E�H) of TP-BNGN (sample 4) at different magnifications. Reaction conditions:
500 �L of graphene solution, 750 �L of PVP (1 M), and 1.5 mL of K2PtCl4 (0.1 M).

Figure 10. (A) CVs of PB (trace a), E-TEK catalyst (trace b), and TP-BNGN (trace c) modified GC electrodes in a N2-sparged 0.5 M H2SO4 so-
lution at the scan rate of 20 mV/s. CVs (B) and linear sweep voltammetry (C) of PB (trace a), E-TEK catalyst (trace b), and TP-BNGN (trace c)
modified GC electrodes in a 0.5 M H2SO4 solution containing 1 M methanol at the scan rate of 50 mV/s. (D) Potential-dependent current
density of methanol electrooxidation on the PB catalyst (a), E-TEK catalyst (b), and TP-BNGN (c). (E) Electrocatalytic cycling stability of
E-TEK catalyst (curve a), PB (curve b), and TP-BNGN (curve c). All of the above data were normalized to the peak current of first cycle.

A
RT

IC
LE

VOL. 4 ▪ NO. 1 ▪ GUO ET AL. www.acsnano.org552



cent state-of-art Pt-based nanomaterials such as
Pd�Pt bimetallic nanodendrite (57.1 m2/g),20 car-
bon nanotube (CNT)/ionic liquid/Pt NP hybrids (71.4
m2/g),39 mesoporous Pt with giant mesocage (74 m2/
g),13 and dendritic Pt NPs (56 m2/g),19 etc., most likely
a result of the particular structure of bimetallic nan-
odendrites and their better dispersion on the
graphene nanosheets with high surface area. This re-
sult also reveals that the TP-BNGNs are electrochemi-
cally more accessible, which is very important for
the electrocatalytic reactions.

Methanol was selected as a model molecule for study-
ing the electrocatalytic performance of TP-BNGN. Figure
10B,C shows the CVs (B) and linear sweep voltammetry (C)
of PB (trace a), E-TEK catalyst (trace b), and TP-BNGN (trace
c) modified glassy carbon (GC) electrodes in a 0.5 M H2SO4

solution containing 1 M methanol. The mass current den-
sity for CH3OH oxidation in TP-BNGN (Figure 10B) was
found to be about 3.0 and 9.5 higher than those of E-TEK
and PB catalysts, respectively. It should be noted that the
mass activity of TP-BNGN (Figure 10B, line c) is also higher
than those of recent state-of-art Pt-based nanomaterials
such as carbon nanofibers or CNT-supported Pt NPs,40

CNTs/ionic liquid/Pt NPs hybrids,39 CNT/Pt composite
catalysts,41,42 polyaniline/Pt NPs hybrid,43 and grap-
hene/Pt NPs hybrids,26 etc. (indexing 1 M methanol). Fur-
thermore, as indicated by dashed lines in Figure 10C, the
corresponding potential on TP-BNGN is much lower than
that on E-TEK or PB catalyst at a given oxidation current
density. It means that TP-BNGN exhibited better perfor-
mance for methanol electrooxidation than the E-TEK and
PB catalysts at all applied potential (from 0.3 to 0.7 V), as
shown in Figure 10D. Thus, all of the above data reveal
that the TP-BNGNs exhibit much enhanced catalytic activ-
ity for MOR. It is worthwhile to say that higher activity in

electrochemical performance observed here can prob-
ably be attributed to three major factors: (i) The size of Pt
nanobranches is small (Pt NPs with small and proper size
own higher electroactivity than that with big size), which
is comparable to commercial nanocatalysts;20 (ii) The bi-
metallic dendritic NPs could provide high ECSA, thus lead-
ing to high electrocatalytic activity. (iii) Better dispersion
of dendritic NPs on the graphene nanosheets with high
surface area should be also emphasized. Furthermore,
more detailed data comparisons for different hybrids,
E-TEK and PB, such as ECSA, Pt surface area of the cata-
lyst (APt) and mass activity, etc., are shown in Table 1. It is
found that bimetallic nanodendrites with proper
branched degrees supported on graphene nanosheets
have the highest electrocatalytic activity.

In addition, the ratio of the forward oxidation cur-
rent peak (If) to the reverse current peak (Ib), If/Ib, is an
important index of the catalyst tolerance to the poison-
ing species, PtACAO.40�42 A higher ratio indicates
more effective removal of the poisoning species on
the catalyst surface. As shown in Figure 10B, the If/Ib ra-
tio of TP-BNGN is 1.25, which is higher than those of
the PB (0.95) and E-TEK catalysts (0.70), showing better
catalyst tolerance of TP-BNGN. The electrocatalytic cy-
cling stabilities of the TP-BNGN and commercial cata-
lysts in 1 M CH3OH � 0.5 M H2SO4 solution have also
been compared by using CV cycling, as shown in Fig-
ure 10E. It can be seen that the loss of the electrocata-
lytic activity for TP-BNGN is lower than those of E-TEK
and PB catalysts, further indicating that the present TP-
BNGN has good stability.

CONCLUSIONS
In summary, we have developed a facile wet-

chemical procedure to synthesize graphene
nanosheet/3D Pt-on-Pd bimetallic nanodendrite hy-
brids using 2D graphene nanosheet as a support. The
bimetallic nanodendrites with controllable size or differ-
ent numbers of Pt branches adhere to graphene
nanosheets, which exhibit an enlarged ECSA. Most im-
portantly, the present study shows that TP-BNGNs have
a much higher catalytic activity than conventional E-TEK
Pt/C and PB electrocatalysts for methanol electrooxida-
tion, demonstrating a new and powerful approach for
the development of high-performance Pt-based elec-
trocatalysts for fuel cells.

EXPERIMENTAL SECTION
Materials: Poly(N-vinyl-2-pyrrolidone) (PVP · K30, molecular

weight � 30 000�40 000), PdCl2, H2SO4, HCOOH, ascorbic acid
(AA), and ethanol were purchased from the Shanghai Chemical
Factory (Shanghai, China) and used as received without further
purification. Graphite and K2PtCl4 were purchased from Alfa Ae-
sar. Water used throughout all experiments was purified with the
Millipore system.

Apparatus: TEM measurements were made on a HITACHI
H-8100 EM with an accelerating voltage of 200 kV. HRTEM im-

ages were obtained with a JEM-2100F high-resolution transmis-
sion electron microscope operating at 200 kV. Thermogravimet-
ric analysis (TGA) of sample was performed on a Pyris Diamond
TG/DTA thermogravimetric analyzer (Perkin-Elmer Thermal
Analysis). Sample was heated under an air atmosphere from
room temperature to 900 at 10 °C/min�1. XPS measurement was
performed on an ESCALAB-MKII spectrometer (VG Co., United
Kingdom) with Al K� X-ray radiation as the X-ray source for exci-
tation. AFM image was taken by using a SPI3800N microscope
(Seiko Instruments, Inc.) operating in the tapping mode with

TABLE 1. Catalyst Characterization and Catalytic
Performance Characteristics of Different Graphene/Pt-on-
Pd Bimetallic Nanodendrite Hybrids, E-TEK Catalyst, and
Platinum Black

catalyst sample 1 sample 2 sample 3 sample 4 E-TEK
platinum

black

APt (m2/gPt) 81.6 72.0 68.1 63.4 54.7 19.2
im-peak (mA/mgPt)a 647.2 582.7 538.6 486.5 239.9 70.8

aMass activities, im-peak, determined at the peak potential and in the condition of
0.5 M H2SO4 solution containing 1 M methanol.
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standard silicon nitride tips. Typically, the surface was scanned
at 1 Hz with the resolution of 256 lines/image. Raman spectra
were obtained on a J-Y T64000 Raman spectrometer using an
Olympus microscope and a 50� long working distance objec-
tive to focus the laser beam onto a spot of about 1 �m2. The Ra-
man band of a silicon wafer at 520 cm�1 was used to calibrate
the spectrometer. The composition of TP-BNGN was determined
by inductively coupled plasma mass spectroscopy (ICP-MS, X Se-
ries 2, Thermo Scientific USA). CV experiments were performed
with a CHI 832 electrochemical analyzer (CH Instruments, Chen-
hua Co., Shanghai, China). A conventional three-electrode cell
was used, including a Ag/AgCl (saturated KCl) electrode as refer-
ence electrode, a platinum wire as counter electrode, and modi-
fied GC as working electrode.

Preparation of PVP-Functionalized Graphene: First, the graphite ox-
ide was synthesized from natural graphite powder according to
the literature.36 Then, exfoliation of graphite oxide to graphene
oxide (GO) was achieved by ultrasonication of the dispersion for
40 min (1000 W, 20% amplitude). Finally, a homogeneous GO
aqueous dispersion (0.5 mg/mL) was obtained. In a typical pro-
cedure for chemical conversion of graphene oxide to PVP-
functionalized graphene, 400 mg of PVP was added into 100
mL of homogeneous GO dispersion (0.25 mg/mL), followed by
stirring for 12 h. Then, to the resulting dispersion were added 35
�L of hydrazine solution (	50% w/w) and 400 �L of ammonia
solution (25% w/w). After being vigorously shaken or stirred for
a few minutes, the mixture was stirred for 1 h at 95 °C. Finally, the
stable black dispersion was centrifuged one time and dissolved
in 12.5 mL of water (completely derived from 25 mg of GO).

Preparation of Graphene Nanosheet/Pd NP Hybrids: Amounts of 250
and 500 �L of PVP-functionalized graphene aqueous solution
were dissolved with water (the final total volume of water is 1.5
mL), followed by the addition of 250 �L of H2PdCl4 (56.4 mM) and
0.35 mL of HCOOH. The mixture was stored at room tempera-
ture until the Pd precursor was reduced completely. Then, the
solution was centrifuged and washed several times with double-
distilled water and dissolved in 3.8 mL of water.

Preparation of Graphene Nanosheet/Pt-on-Pd Bimetallic Nanodendrite
Hybrids: The as-prepared suspension of graphene/Pd NP hybrids
(3.8 mL), 250 �L of PVP aqueous solution (1 M), and 1.45 mL of
ascorbic acid (AA) aqueous solution (0.2 M) were added into a 10
mL flask. The mixture was heated to 90 °C in air under mag-
netic stirring. Meanwhile, 0.5 mL of K2PtCl4 aqueous solution
(0.1 M) was then rapidly injected into the flask by pipet. The re-
action mixture was heated at 90 °C in air for 3 h and then cooled
to room temperature. The product was collected by centrifuga-
tion and washed several times with water for further electro-
chemical measurements.

Electrocatalytic Experiment: Prior to the surface coating, the GC
electrode was polished carefully with 1.0, 0.3, and 0.05 �m alu-
mina powder and rinsed with deionized water, followed by son-
ication in acetone and doubly distilled water successively. Then,
the electrode was allowed to dry under nitrogen. For MOR, 5 �L
of graphene nanosheet/bimetallic nanodendrite hybrid or E-TEK
catalyst or PB solution was dropped on the surface of the GC
electrode and dried with an infrared lamp. Then, 5 �L of Nafion
(0.2%) was placed on the surface of the above material modified
GC electrode and dried before electrochemical experiments.
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