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ABSTRACT: Hollow AuPd (hAuPd) alloy nanoparticles (NPs) were prepared through simultaneous reduction of HAuCl4 and
Na2PdCl4 using Co NPs as sacrificial template (i.e., reductant). Then, the hAuPd NPs were assembled on nitrogen-doped
graphene (NG) to prepare an NG−hAuPd hybrid film. The obtained NG−hAuPd composite showed higher electrocatalytic
activity toward the reduction of H2O2, compared with graphene−hAuPd hybrid, NG−solid AuPd hybrid, and hAuPd NPs. The
enhanced performance was related to the hollow structure of hAuPd NPs and the synergistic effect between NG and hAuPd NPs.
Under optimum conditions, the NG−hAuPd hybrid film showed a linear response to H2O2 in the range of 0.1−20 μM, with a
sensitivity of 5095.5 μA mM−1 cm−2and a comparable detection limit of 0.02 μM (S/N = 3). These results demonstrated that the
NG−hAuPd composite was a promising electrocatalytic material for constructing sensors, etc.
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■ INTRODUCTION
Hydrogen peroxide plays an important role in clinical, food,
pharmaceutical, and environmental fields,1,2 so the precise and
rapid detection of H2O2 is essential. Recently, the Pd
nanoparticles (NPs) based nonenzymatic H2O2 sensors have
drawn wide attention, because Pd showed excellent catalytic
activity toward H2O2 and did not have the drawbacks of high
cost and poor stability of enzymes.3−6 For example, Jia et al.4

reported a novel sensing platform for H2O2 based on
immobilized palladium−helical carbon nanofiber (Pd−
HCNF) hybrid nanostructures with Nafion on a glassy carbon
electrode (GCE). The modified electrode exhibited sensitive
response toward H2O2. Bian et al.6 loaded Pd NPs on novel
mesoporous carbon nanospheres (MCNs), which possessed
high specific surface area and large pore volume. The resulting
Pd NPs/MCNs hybrid exhibited good electrocatalytic activity
toward the reduction of H2O2, excellent stability and anti-
interference capability for the detection of H2O2. Furthermore,
the addition of Au to Pd reportedly promoted overall catalytic
activity, selectivity, and stability of Pd.7−10 For instance, Yang et
al.11 synthesized Au−Pd alloy NPs supported on carbon fiber

cloth (Au−Pd NPs/CFC), and the obtained hybrid exhibited
excellent catalytic property and good stability for H2O2
electroreduction in acid solution, and it outperformed pure
Au and Pd catalyst supported on CFC.
On the other hand, the catalytic performance is largely

dependent on catalyst structures. Currently, synthesis and
application of metal NPs with interior cavities and controlled
shell architectures are attracting considerable interest. In
comparison with their solid counterparts, hollow NPs have
larger surface area and lower density, and thus are highly
desirable nanostructures for catalysis and sensing.12−15 Wang et
al.12 reported the facile synthesis of PtPd bimetallic nanocages
with a hollow interior by selective chemical etching of Pd cores
of dendritic Pt-on-Pd NPs. The obtained PtPd nanocages
showed superior catalytic activity for methanol oxidation
reaction compared with the original Pt-on-Pd nanodendrites.
Hong et al.13 synthesized PdPt alloy nanocrystals (NCs) with
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hollow structures by a galvanic replacement method using
uniform Pd NPs as sacrificial template, and the obtained hollow
NCs exhibited considerably enhanced catalytic activity to
oxygen reduction. However, so far, hollow AuPd (hAuPd) NPs
have never been used for the electrocatalytic reduction of H2O2.
As is well-known, to enhance the catalytic efficiency of an

electrocatalyst, a suitable support is required, which can
promote the efficient dispersion of catalyst particles. Owing
to its unique physical and chemical properties, graphene has
opened a new avenue for utilizing carbon supports.16−20 When
PtNi alloy NPs were loaded on graphene nanosheets, they
showed significantly improved performance in nonenzymatic
amperometric detection of glucose.17 Chen et al.19 synthesized
ultrafine AuPd NPs monodispersed on graphene by a one-pot
green method, and the as-prepared AuPd NPs/graphene hybrid
exhibited a high activity toward the reduction of 4-nitrophenol.
Furthermore, several reports have shown that the electro-
chemical behavior and electron transport capability of graphene
can be improved further by doping N atoms.21−25 Thus,
nitrogen-doped graphene (NG) would be a better support than
graphene for loading catalyst particles. For example, the
catalytic activity of Pt NPs loaded on NG was much higher
than that loaded on undoped graphene for oxygen reaction26

and methanol oxidation.27 However, hitherto, there are no
reports on the controllable assembly of hAuPd NPs on NG
films.
Herein, we prepared an NG−hAuPd hybrid material by

assembling hAuPd NPs on NG. The resulting nanohybrid
showed remarkable electrocatalytic activity toward the reduc-
tion of H2O2.

■ EXPERIMENTAL SECTION
Reagents. HAuCl4·4H2O, Na2PdCl4, CoCl2·6H2O, NH3·H2O,

NaOH, sodium citrate dehydrate, NaBH4, Na2HPO4·12H2O,
NaH2PO4·2H2O, uric acid, ascorbic acid, and glucose were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Graphene oxide (GO) came from Xianfeng Reagent Co. Ltd.
(Nanjing, China). Other reagents were of analytical grade and used
as received. The water used was redistilled.
Apparatus. Cyclic voltammetry and electrochemical impedance

spectroscopy (EIS) were performed with a CHI 604D electrochemical
workstation (CH Instrument Company, Shanghai, China). The
amperometric measurement was carried out with a CHI832C
electrochemical workstation. A conventional three-electrode system
was adopted. The working electrode was a modified GCE (diameter: 2

mm), and the auxiliary and reference electrodes were a platinum wire
and a saturated calomel electrode (SCE), respectively. The trans-
mission electron microscope (TEM) images were obtained using a
JEM-2100 (HR) TEM (JEOL Ltd., Japan). The energy dispersive X-
ray spectroscopy (EDX) was obtained using a Hitachi X-650 SEM
(Hitachi Co., Japan). X-ray diffraction data (XRD) were recorded with
a Bruker D8 diffractometer (Germany) using Cu Kα radiation (40 kV,
40 mA) with a Ni filter. X-ray photoelectron spectroscopy (XPS)
analysis was carried out on a KRATOS XSAM800 X-ray photoelectron
spectrometer with Mg Kα X-ray radiation for excitation.

Preparation of NG−hAuPd Hybrid Film. The preparation of
NG−hAuPd hybrid film is illustrated in Figure 1. First, NG was
prepared through a solvothermal process.23 In a typical synthesis, 40
mg of GO was dispersed in 25 mL of water, and then 15 mL of NH3·
H2O (25%) and 300 mg of NaOH were added to create a
homogeneous solution. This mixture was transferred to a 50 mL
Teflon-lined autoclave for reaction at 200 °C for 12 h. Afterward, NG
was collected by centrifugation and washed with HCl solution to
remove residual NH3, followed by water and ethanol repeatedly for six
times. The final product was dried in a vacuum oven at 70 °C for 3 h.
Undoped graphene (G) was prepared by the same method, but NH3·
H2O was absent. Second, hollow Au1Pd4 (hAu1Pd4) NPs were
fabricated as follows: 4.25 mg of CoCl2·6H2O and 10.0 mg of
trisodium citrate dehydrate were dispersed in 25 mL of water, and the
mixture was stirred under a nitrogen atmosphere at room temperature
for 30 min. Then, 10 mL (1 mg mL−1, in water) of NaBH4 was added
and the solution changed from colorless to dark brown, demonstrating
the formation of Co NPs. This solution was further stirred under
nitrogen for about 30 min until hydrogen evolution ceased to ensure
all NaBH4 had hydrolyzed. Then, 80 μL of 25 mM HAuCl4·4H2O and
320 μL of 25 mM Na2PdCl4 were synchronously dropwise added to
the above solution. Upon completion, the solution was stirred for
another 15 min, allowing the full reaction between Co NPs and
HAuCl4 and Na2PdCl4. Then, the nitrogen flow was stopped and the
vessel was opened to the ambient conditions to oxidize any remaining
Co metal in the solution. Subsequently, the solution was centrifuged to
eliminate the dissolved Co template, which was oxidized by HAuCl4
and Na2PdCl4 to Co(II). The sediment was dispersed in 5 mL of
water. Similarly, other hAuPd materials were synthesized by varying
the molar ratio of HAuCl4 and Na2PdCl4 (such as 1:0, 1:2, 1:6, and
0:1). It should be pointed out that the total concentration of HAuCl4·
4H2O and Na2PdCl4 in the mixed solution was kept at 0.4 mM. The
obtained hollow NPs were donated as hAu1Pd4, hAu, hAu1Pd2,
hAu1Pd6, and hPd NPs, respectively. Solid Au1Pd4 (sAuPd) NPs
were synthesized through a similar method, but 10 mL of NaBH4 was
replaced by 1 mL of 0.1 M ascorbic acid and the Co template was
absent. Third, for the preparation of NG (or G)−AuPd hybrid films,
the obtained AuPd NPs suspension was mixed with 3 mg of NG or G.

Figure 1. Scheme of the preparation of NG−hAuPd hybrid film.
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The mixture was stirred for 12 h at room temperature, and then
centrifuged. The sediment was redispersed in 5 mL of water.
Construction of Modified Electrodes. A 3 μL as-prepared

suspension was dropped onto a freshly polished GCE and let to dry in
air; thus a working electrode was obtained. Working electrodes of
other control groups were also fabricated by this way except that the
NG−hAuPd hybrid was accordingly replaced.

■ RESULTS AND DISCUSSION
Characterization of NG−hPdAu Composite. In this

paper, the hAuPd alloy NPs were prepared by exploiting the
reaction between Co NPs and PdCl4

2− plus AuCl4
−. As the

standard reduction potentials of AuCl4
−/Au (1.002 V vs

standard hydrogen electrode (SHE)) and PdCl4
2−/Pd (0.591 V

vs SHE) are much higher than that of Co2+/Co (−0.277 V vs
SHE), the Co NPs were immediately oxidized to cobalt ions
when the mixture of HAuCl4 and Na2PdCl4 was added into the
solution of Co NPs according to the following reaction:

+ + +

→ + + + +

− −

+ −

x y x y

x y x y

( 3 /2)Co(s) PdCl (aq) AuCl (aq)

Au Pd (s) ( 3 /2)Co 4( )Cly x

4
2

4
2

As this reaction occurred rapidly, the Pd and Au atoms
nucleated simultaneously and formed very small alloy particles,
eventually evolving into a thin shell around the Co NPs. The
shell could have an incomplete porous structure because Co2+,
PdCl4

2−, and AuCl4
− continuously diffused across the shell until

the Co NPs were completely consumed. The structure and

morphology of these hollow NPs were confirmed by TEM. As
can be seen in Figure 2A, the hAu1Pd4 NPs displayed hollow
structures and the thickness of the shell was about 2 nm. The
external surface of the NPs was irregular and flower-like. The
diameters of these NPs were about 25−35 nm. Meanwhile, the
hollow NPs were well-dispersed on the surface of NG. The size
of sAu1Pd4 NPs was similar to that of hAu1Pd4 NPs in this
case (Figure S1, Supporting Information). The structure of
hAu1Pd4 NPs was further investigated by the high-resolution
transmission electron microscopy (HRTEM) (Figure 2B). It
can be seen that the hAu1Pd4 NPs were highly crystalline with
well-defined lattice fringes. The d-spacing measured at different
points on a single NP was 2.26 Å, which was very close to the
value of the (111) planes of face-centered cubic (fcc) Pd as the
main content was Pd in the hAu1Pd4 NPs. Meanwhile, the
high-angle annular dark-field scanning TEM (HAADF-STEM)
image of hAu1Pd4 NPs was recorded and the distribution of
each element in the NPs was obtained (Figure S2, Supporting
Information). It showed that the Au and Pd atoms distributed
uniformly in the whole NPs.
The composition of hAu1Pd4 NPs was determined by EDX

(Figure S3, Supporting Information), and the atomic ratio of
Au/Pd was about 1:4. In addition, the structure of hAu1Pd4
NPs was characterized by XRD (Figure 3A). The diffraction
peaks of hAu and hPd NPs were in line with the standard peaks
of Au (JCPDS 04-0784) and Pd (JCPDS 05-0681). It is worth
noting that the diffraction peaks of hAu1Pd4 NPs are located

Figure 2. TEM image (A) and HRTEM image (B) of hAuPd NPs assembled on NG. Inset: the magnified TEM image of hAuPd NPs assembled on
NG.

Figure 3. (A) XRD patterns of hAu (a), hAu1Pd4 (b), and hPd (c) NPs. (B) XPS spectrum of NG−hAu1Pd4 hybrid.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am507149y
ACS Appl. Mater. Interfaces 2015, 7, 122−128

124

http://dx.doi.org/10.1021/am507149y


between those of hAu and hPd NPs, confirming the formation
of AuPd alloy rather than the mixture of monometallic NPs. On
the basis of Vegard’s Law (the linear lattice constant−
concentration relation),28,29 the atomic ratio of Au/Pd was
estimated and it was about 1:4, which was in line with the result
of EDX analysis. Furthermore, the diffraction peaks of hPd NPs
were wider than that of hAu NPs, indicating the better
dispersion of Pd atoms. This was in line with the previous
report by Chai et al.14 They found that, when Co NPs were
oxidized by AuCl4

− and PdCl4
2−, Au atoms predominantly

occupied the interior closely spaced, while Pd atoms were
inclined to occupy the surface of the NPs and were more
dispersed. In this case, the content of Au was low, so the
diffraction peaks of hAu1Pd4 NPs had a similar width to that of
hPd NPs.
Figure S4 (Supporting Information) presents the XRD

patterns of GO and NG. The feature diffraction peak of GO
was at 10.4° (002), corresponding to an interlayer spacing of
0.85 nm.30 After a solvothermal process, the pattern of the
obtained NG exhibited a broad peak at 25.6°. This means that
the interlayer spacing of NG sheets decreases as a certain
amount of oxygen-containing groups have been removed,
which is consistent with the reported XRD result of graphene
sheets.31

The chemical composition of NG−hPdAu hybrid was also
characterized by XPS measurement. The XPS survey spectra
confirmed the presence of C, O, N, Pd, and Au elements
(Figure 3B). However, the content of Co was too low to be

detected (Figure S5, Supporting Information). The atomic ratio
of Au/Pd was about 1:4. The C/O ratio of NG was relatively
higher than that of GO (Figure S6, Supporting Information),
indicating the deoxygenation or reduction of GO during the
reaction. These results confirmed the formation of graphene.
Meanwhile, the existence of N atoms indicated the successful
formation of NG. The high-resolution N 1s XPS spectrum was
composed of three different types, corresponding to the
pyrrolic (398.41 eV), pyridinic (399.77 eV), and graphitic
(401.34) nitrogen.23,25

Electrocatalytic Activity toward H2O2 Reduction. The
NG exhibited poor electrocatalysis toward the reduction of
H2O2 (Figure S7, Supporting Information), while H2O2

produced an obvious reduction peak on AuPd alloy NPs
modified electrodes. The electrocatalytic activity of different
electrodes was compared. As shown in Figure 4A, the blank
signals almost did not affect the detection of H2O2. When
sAu1Pd4 NPs were introduced to the NG film, a large current
signal appeared due to the high catalytic activity of AuPd alloy
NPs.11 When sAu1Pd4 NPs were replaced by hAu1Pd4 NPs,
the current density was further enhanced. This should be
ascribed to the special hollow structure of hAu1Pd4 NPs, which
made the effective surface area increase. This phenomenon was
in line with the previous reports.12,13,32 For example, Hu et al.32

synthesized hollow PtNi nanospheres for the electrooxidation
of methanol and the catalyst exhibited superior electrocatalytic
performance in comparison with solid PtNi nanospheres.

Figure 4. (A) Cyclic voltammograms (CVs) of hAu1Pd4/GCE (a), G−hAu1Pd4/GCE (b), NG−sAu1Pd4/GCE (c), and NG−hAu1Pd4/GCE (d)
in 0.1 M PBS (pH 7.0) containing 0 (black) and 1 (red) mM H2O2. (B) Amperometric responses of hAu1Pd4/GCE (a), G−hAu1Pd4/GCE (b),
NG−sAu1Pd4/GCE (c), and NG−hAu1Pd4/GCE (d) to the successive addition of 2 μM H2O2 at 0 V. (C) Chronoamperometric curves of NG−
hAu1Pd4/GCE (a) in 0.1 M PBS (pH 7.0), hAu1Pd4/GCE (b) and NG−hAu1Pd4/GCE (c) in 0.1 M PBS (pH 7.0) containing 1 mM H2O2. (D)
CVs of NG−hAu/GCE (a), NG−hAu1Pd2/GCE (b), NG−hPd/GCE (c), NG−hAu1Pd6/GCE (d), and NG−hAu1Pd4/GCE (e) in 0.1 M PBS
(pH 7.0) containing 1 mM H2O2. Scan rate: 50 mV/s. All the current densities were normalized to the total mass of available Au and Pd.
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It should be pointed out that the cathodic peak current
densities of H2O2 at NG−hAu1Pd4 hybrid, G−hAu1Pd4
hybrid, and hAu1Pd4 NPs modified electrodes followed such
order as NG−hAu1Pd4/GCE > G−hAu1Pd4/GCE >
hAu1Pd4/GCE. The reason is that graphene has a large
surface area and superior conductivity and it is propitious to
enhancing the availability of nanosized electrocatalysts. On the
other hand, some investigations have indicated that doping N
atoms in graphene can further boost its conductivity and
electrochemical performance.21−23 In this experiment, it was
confirmed by the EIS (Figure S8, Supporting Information).
When graphene was modified onto a GCE surface, the electron
transfer resistance (Rct) decreased distinctively, indicating that
graphene benefited the electron transfer between the electro-
chemical probe [Fe(CN)6]

3−/4− and the electrode. After
graphene was doped with N atoms, the Rct further decreased,
indicating that NG enhanced electron transfer efficiency.
Further more, the incorporated N atoms can facilitate the
interaction between graphene and metal NPs,22 thus improving
the synergistic electrocatalysis between graphene and hAu1Pd4
NPs. Owing to the better electrochemical performance of NG,
the NG−hAu1Pd4/GCE exhibited higher electrocatalytic
activity toward H2O2 reduction than G−hAu1Pd4/GCE.
The performance of different modified electrodes was further

evaluated through amperometric detecting H2O2. Figure 4B
shows the typical amperometric response curves of different
nanocatalysts to the addition of H2O2 at 0 V vs SCE. The
response time was less than 5 s, and the response current was
stable. The current outputs for different electrodes followed the
order of NG−hAu1Pd4/GCE > NG−sAu1Pd4/GCE > G−
hAu1Pd4/GCE > hAu1Pd4/GCE.
The sensing stability of NG−hAu1Pd4/GCE was inves-

tigated by the durable chronoamperometry test (Figure 4C). As
can be seen, H2O2 produced an obvious current signal on the
NG−hAu1Pd4 hybrid, and the steady-state current density was
much higher than that on hAu1Pd4 NPs, indicating that the
NG−hAu1Pd4 hybrid possessed a good catalytic durability.
Figure 4D displays the CVs of 1 mM H2O2 at NG−hAuxPdy/

GCE. Compared with NG−hAu/GCE, NG−hPd/GCE ex-
hibited an obvious reduction peak, indicating its catalytic
activity toward H2O2 reduction. It was found that, after Au
atoms were doped, the obtained AuPd alloy NPs exhibited
higher catalytic activity than individual Pd NPs. This could be
attributed to the synergistic effect between Au and Pd. H2O2 is
reduced at the Pd NPs according to the following equations:33

+ ↔ ‐ +− −Pd OH Pd OH e

‐ + ↔ ‐ ‐Pd OH H O Pd OH H O2 2ads 2 2ads

‐ ‐ + ‐ ‐

→ ‐ + +

Pd OH H O Pd OH H O

2Pd O 3H O 0.5O
2 2ads 2 2ads

2 2

‐ + + → +− −Pd O H O 2e Pd 2OH2

When Au atoms are doped into Pd, the co-metal Au on the
Pd can adsorb OH− species and enhance their concen-
tration,34,35 favoring the reduction of H2O2 absorbed on the
Pd surface. However, excess incorporation of Au makes the
active Pd sites decrease. In this case, the hAu1Pd4 alloy
presents the highest activity.
Figure 5 shows the amperometric response of NG−

hAu1Pd4/GCE to H2O2. A linear response range of 0.1−20
μM (linear equation: I (μA) = 0.192 + 0.36 c (μM) (R =

0.999)) was obtained. The detection limit was 0.02 μM (S/N =
3), and the sensitivity was estimated to be 5095.5 μA mM−1

cm−2. This is better than that reported for other Pd based
electrodes (Table S1, Supporting Information).1,3,6,7,33 The
superior electrochemical performance of NG−hAu1Pd4/GCE
should be attributed to the following reasons. First, the hollow
nanostructure can offer more effective surface area and,
therefore, lead to the high catalytic activity. Second, the
synergistic effect between Au and Pd enhances the electro-
catalytic activity of Pd toward H2O2. Third, chemical doping
graphene with N atoms can improve the electrochemical
performance of graphene and facilitate the interaction between
graphene and hAuPd NPs.
In order to study the selectivity, at 0 V vs SCE, 10-fold

glucose, 1-fold ascorbic acid (AA), and uric acid (UA) were
added, but they showed negligible influence on the response of
5 μM H2O2 (Figure S9, Supporting Information). This was
related to the relative low applied potential. The stability and
reproducibility were also investigated. Ten successive measure-
ments of 2 μM H2O2 yielded a relative standard deviation
(RSD) of 3.2%. Meanwhile, after the modified electrode was
scanned in PBS for 50 cycles at 50 mV/s, the peak current of
H2O2 retained 97.7% of its initial value. After 3 weeks storage in
air, the peak current retained 93.4% of its initial value for the
identical concentration of H2O2. A RSD of 3.9% was obtained
for the measurements of 2 μM H2O2 with seven electrodes
prepared under the same conditions. This reflects the
satisfactory stability and reproducibility of the catalyst.

■ CONCLUSIONS
In summary, hollow AuPd alloy NPs were prepared and loaded
on nitrogen-doped graphene. The material exhibited remark-
able electrocatalytic activity, satisfactory stability and reprodu-
cibility to the reduction of H2O2. This was correlated with the
hollow structure of AuPd alloy NPs, nitrogen doping of
graphene, and the synergistic effect between Au and Pd.
Therefore, this work provides a promising way for preparing
good catalysts for electrocatalysis and sensing applications.
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