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a b s t r a c t

Novel snowflake-like Pt–Pd bimetallic nanoclusters (Pt–PdBNC) were synthesized on a screen-printed

gold nanofilm electrode (SPGFE) substrate by electrochemically reducing precursors with a new

constant potential/multi-potential step deposition strategy. The electrocatalytic behavior of the

modified electrode (SPGFE/Pt–PdBNC) towards H2O2 was investigated. The results indicate that the

as-prepared Pt–PdBNC significantly enhances the electrochemical reduction of H2O2 in neutral media,

exhibiting preferable electrocatalytic performance compared to Pt and Pd monometallic nanoclusters.

Under optimum conditions, SPGFE/Pt–PdBNC offers linear responses for H2O2 in the concentration

range from 0.005 to 6 mM with an ultrahigh sensitivity of 804 mA M�1 cm�2 and excellent selectivity.

Furthermore, glucose oxidase was immobilized on the Pt–PdBNC structure, and the fabricated

biosensor presents favorable properties for glucose sensing.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays there is still a great demand for developing glucose
biosensors due to their applications in blood sugar monitoring
(Berhan et al., 2011). Many approaches have been explored for
glucose sensing in the past decades, and the glucose oxidase
method is generally considered as an efficient route to detect
glucose because of its high sensitivity and preeminent selectivity.
In addition, H2O2 sensing, which can be used to determine the
blood glucose content, is also of great importance and attracts
considerable attention (Chen et al., 2011).

Intense efforts have been paid on nanostructured materials
due to their distinctive properties (Willner and Willner, 2010). As
an outstanding electrode material, nanostructured Pt is of parti-
cular interest for applications in catalysis and sensing owing to its
favorable electrochemical stability and prominent catalytic activ-
ity (Chen and Holt-Hindle, 2010). Similarly, Pd is well known as a
conventional metallic catalyst, and has gained widespread appli-
cations in the fields of organic synthesis (Wu et al., 2011), direct
fuel cell (Bianchini and Shen, 2009), etc. Compared to monome-
tallic catalysts, multi-metallic composites are more promising
candidates for practical applications because the latter exhibit
preferable catalytic properties with synergistic effects (Becerik
ll rights reserved.

ax: þ86 21 64252947.

ao),
et al., 1999; Xu et al., 2011). Among these composites, Pt–Pd
alloys have drawn much interest. Lim et al. (2009) find that Pt–Pd
composites enhance the electrocatalytic reduction response of
oxygen. Wang et al. (2011) also demonstrate that Pt–Pd alloy
nanoparticles provide better catalytic performance for H2O2

reduction and nitrite oxidation. These encouraging results attract
growing attention on the study of multi-metallic catalysts.

In recent years, three-dimensional (3D) nanostructures have
specially obtained much attention because of their beneficial skele-
tons (Zhao et al., 2007; Thompson and Brook, 2008). Generally, 3D
structures can expose abundant active sites. Besides, electroconduc-
tive 3D framework offers sufficient electron transfer pathways. Xiao
et al. (2011) propose a 3D Pt nanoflower-modified electrode to
electrocatalyze glucose, and find that the decorated electrode offers
a high sensitivity for glucose sensing. It is believed that 3D multi-
metallic nanostructures, integrating advantages of the 3D structure
with beneficial synergistic effects of alloy catalysts, can also provide
attractive catalytic qualities. There are, however, few reports invol-
ving the intensive investigation of 3D multi-metallic catalysts.

Here we propose a new electrodeposition strategy to synthe-
size snowflake-like Pt–Pd bimetallic nanoclusters (Pt–PdBNC)
on a screen-printed gold nanofilm electrode (SPGFE) substrate.
The 3D Pt–PdBNC structure was obtained by electrochemically
reducing precursors with a constant potential at first and later
multi-potential step deposition. The electrocatalytic behavior of
the fabricated SPGFE/Pt–PdBNC towards H2O2 was discussed.
Furthermore, glucose oxidase (GOx) was immobilized on the
proposed structure to prepare glucose biosensors.
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2. Experimental

2.1. Chemicals and apparatus

H2PtCl6 �6H2O (Aladdin Chemistry Co.) and PdCl2 (Sinopharm
Chemical Reagent Co.) were commercially obtained. H2O2 (Sino-
pharm Chemical Reagent Co.) was stored at 4 1C and diluted to
required concentrations before use. GOx (from Aspergillus niger,
EC 1.1.3.4, type VII, 192,000 unit/g, Sigma-Aldrich Co.) solution
was also prepared before use. b-D(þ)-glucose (Sigma-Aldrich Co.)
solution was left overnight to allow equilibration of anomers.
0.1 M phosphate buffer solution (PBS, pH¼6.9) was employed as
the supporting electrolyte.

Scanning electron microscopy (SEM, JSM-6360LV) was used to
observe the morphology of nanostructures, and energy dispersive
X-ray spectrometer (EDS, Falcon) was used to determine the
elemental component. All electrochemical experiments were
carried out on a CHI 440 A electrochemical station (CHI Instru-
ments Inc.) at room temperature (2572 1C). A conventional
three-electrode configuration consisting of a screen-printed
working electrode, a Pt wire counter electrode and a saturated
Ag/AgCl reference electrode was employed.
2.2. Preparation of SPGFE/Pt–PdBNC

The preparation of SPGFE has been described in previous work
(Teng et al., 2009; Niu et al., 2011), and the thickness of the gold
film is 7575 nm. Firstly, a SPGFE was immersed into a mixture of
1 mM H2PtCl6 and 1 mM PdCl2 for 5 min to make the precursor
solution wet the substrate; then a constant potential (CP) of
�0.4 V was applied to reduce Pt(IV) and Pd(II) for 20 s; after-
wards, a multi-potential step (MPS) deposition from þ0.5 V
(0.2 s) to �0.4 V (10 s) for 50 cycles was carried out; finally, the
electrode was carefully rinsed with adequate water and dried. For
comparison, Pt monometallic nanoclusters (PtMNCs) and Pd
monometallic nanoclusters (PtMNCs) were also prepared with
similar processes, and 2 mM H2PtCl6 and 2 mM PdCl2 precursor
solutions were used in the deposition section, respectively.
Furthermore, preparations of Pt–Pd nanostructures with only
either CP (�0.4 V for 530 s) or MPS (from þ0.5 V (0.2 s) to
�0.4 V (10 s) for 50 cycles) deposition were carried out.
2.3. Fabrication of glucose biosensor

A cross-linking method with glutaraldehyde and bovine serum
albumin (BSA) was adopted to immobilize GOx on the as-
prepared SPGFE/Pt–PdBNC. 500 mL GOx (5 mg/mL) was well
mixed with 100 mL BSA (10 mg/mL) and 100 mL glutaraldehyde
(2 wt%); then 10 mL of the mixture solution was dropped on the
SPGFE/Pt–PdBNC working area and allowed to dry overnight at
4 1C; afterwards, the GOx-modified electrode was carefully rinsed
with 0.1 M PBS to get rid of the poorly adsorbed GOx. The
obtained SPGFE/Pt–PdBNC/GOx was stored in a 0.1 M PBS
(pH¼6.9) solution at 4 1C when not in use.
2.4. Electrochemical measurements

All electrochemical experiments were accomplished on the
aforementioned station. The electrocatalytic properties of differ-
ent electrodes for H2O2 were evaluated with cyclic voltammetry
and chronoamperometry. All amperometric measurements were
implemented by successive addition of analytes into 0.1 M PBS
(pH¼6.9) with a constant stir.
3. Results and discussion

3.1. Characterization of SPGFE/Pt–PdBNC

The SEM image (Fig. 1(A)) reveals that the as-prepared Pt–Pd
composites are well dispersed on the substrate surface, and the
higher resolution image indicates that a snowflake-like cluster
structure with a diameter of approximately 800 nm is obtained.
The formation of this 3D Pt–Pd nanostructure can be explained by
the heterogeneous seeded growth mechanism (Lim and Xia,
2011). In the Pt(IV)/Pd(II) bath, the initial constant potential of
�0.4 V for 20 s induces the formation of numerous crystal seeds,
then the following multi-potential step electrodeposition pro-
motes the growth of colloidal nanostructures on the previously
formed seeds. Owing to the close lattice match between these two
metals (Pt and Pd have a lattice mismatch of only 0.77%), the
seeded growth is easily undergone (Lim et al., 2009; Peng and
Yang, 2009), finally producing 3D snowflake-like Pt–Pd nanoclus-
ters. This capacious and poriferous structure provides large sur-
face areas and abundant active sites, and is beneficial for
heterogeneous catalysis. The EDS pattern (Fig. 1(B)) displays the
typical diffractions of Pt and Pd, revealing the successful prepara-
tion of Pt–Pd composites using the electrodeposition method.
Fig. 1(C) presents cyclic voltammograms of different electrodes in
0.5 M H2SO4 solutions. The bare SPGFE offers a specific peak of Au
at þ0.8 V. At SPGFE/PtMNC and SPGFE/PdMNC, the Au peak is
seriously reduced. Both the two electrodes provide a remarkable
peak at around þ0.3 V, assigned to Pt and Pd oxides (Qu et al.,
2007). The proposed SPGFE/Pt–PdBNC also offers a similar
expanded peak of the Pt–Pd composite. Besides, cyclic voltammo-
grams in the common ferricyanide system (Fig. 1(D)) reveal that
SPGFE/Pt–PdBNC exhibits enhanced performance for promoting
electron transfer than other electrodes.

3.2. Electrocatalytic detection of H2O2

Fig. 2(A) depicts cyclic voltammograms of different electrodes
in 0.1 M PBS containing 10 mM H2O2. The bare SPGFE presents no
notable response upon H2O2 in the selected potential window,
revealing that the substrate hardly exhibits electrocatalytic cap-
ability for H2O2. When PtMNC and PdMNC are introduced, both
nanostructures provide a remarkable reduction signal of H2O2 at
approximately �0.1 V, indicating that both PtMNC and PdMNC
can greatly electrocatalyze the reduction of H2O2 in neutral
media, attributing to the attractive catalytic activities of Pt and
Pd. Furthermore, a detectable but poor oxidation response of
H2O2 is observed at potentials more positive than þ0.4 V.
Compared to PtMNC and PdMNC, the Pt–PdBNC structure, which
provides a higher current response at a little more positive
potential, exhibits preferable catalytic performance for H2O2

reduction. This enhanced performance mainly results from syner-
gistic effects of Pt–Pd alloys. On the one hand, bimetallic nanos-
tructure may offer more catalytic sites for H2O2 reduction
compared to monometallic catalysts (Li et al., 2004; Wang et al.,
2009); on the other hand, the electrocatalytic activity of
each metal in alloys perhaps gets some enhancement (Wang
et al., 1996).

Fig. 2(B) shows chronoamperometric responses of different
electrodes upon successive addition of H2O2 at �0.4 V. SPGFE/
PtMNC, SPGFE/PdMNC and SPGFE/Pt–PdBNC display distinct cur-
rent increases stepwise upon H2O2 concentrations, and the latter
provides the most sensitive responses for H2O2 reduction. These
amperometric results also demonstrate enhancement of the over-
all electrocatalytic qualities of bimetallic structures in contrast to
monometallic catalysts. A comparison of Pt–Pd nanostructures
prepared with different deposition methods was further made by



Fig. 1. (A) SEM image of the as-synthesized Pt–PdBNC; (B) EDS pattern of Pt–PdBNC/SPGFE; (C) Cyclic voltammograms of different electrodes in 0.5 M H2SO4 at a scan rate

of 100 mV/s; (D) Cyclic voltammograms of different electrodes in 2 mM K3[Fe(CN)6] containing 0.5 M KCl at a scan rate of 100 mV/s.
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testing their electrocatalytic performance for H2O2 reduction.
The SEM image (Fig. S1(A), Supporting Information) indicates
that Pt–Pd composites prepared with the CP deposition exhibit
serious agglomeration, dramatically reducing surface active sites.
As a result, the modified electrode shows the least sensitive
responses upon H2O2 (Fig. S1(C)). While the MPS and integrated
CP/MPS deposition form relatively dispersed clusters (Fig. S1(B)).
Among these structures, Pt–Pd nanoclusters prepared with the
integrated CP/MPS electrodeposition exhibit the most sensitive
responses for H2O2 reduction.

With the optimum precursor composition (Fig. S2(A)) and
applied potential (Fig. S2(B)), the overall electroanalytical perfor-
mance of the fabricated SPGFE/Pt–PdBNC for H2O2 was evaluated.
Fig. 3(A) depicts amperometric responses of SPGFE/Pt–PdBNC
upon successive addition of H2O2 in 0.1 M PBS, and the inset
presents the amplified current details upon low concentrations of
H2O2. The fabricated electrode shows very fast response achieving
95% of the steady-state current within 2 s. The current responses
linearly increase with H2O2 concentrations from 0.005 to 6 mM
with a correlation coefficient of 0.9962 (Fig. 3(B)). The limit of
detection (LOD) is calculated to be 0.87 mM based on the signal/noise
protocol (S/N¼3). Moreover, a sensitivity of 804 mA M�1 cm�2 is
obtained. Compared to nonenzymatic electrochemical sensors fabri-
cated on other nanostructures (Table S1, Supporting Information), the
proposed Pt–PdBNC provides comparable or even better linear range
and LOD. More importantly, Pt–PdBNC offers an ultrahigh sensitivity
for H2O2 detection. Such excellent sensitivity is attributed to the
outstanding electrocatalytic activity of nanostructured Pt and Pd and
their beneficial synergistic effects. Furthermore, eight amperometric
measurements of 0.5 mM H2O2 at a single electrode result in
repeatable data with a relative standard deviation (RSD) of 4.2%.
Besides, eight duplicate electrodes are used to evaluate the reliability,
and a RSD of 7.1% is obtained for 0.5 mM H2O2 sensing. As shown in
Fig. S3, no notable influence from addition of 0.5 mM ascorbic acid
(AA), dopamine (DA), uric acid (UA) and glucose on measurements of
0.5 mM H2O2 is observed, indicating that the fabricated electrode can
selectively detect H2O2 in the presence of these common species. The
modified electrode is also demonstrated capable of detecting H2O2 in
spiked samples reliably.

3.3. Glucose biosensor based on SPGFE/Pt–PdBNC

GOx was further immobilized on SPGFE/Pt–PdBNC to fabricate
a glucose biosensor. Fig. S4 depicts amperometric responses of
the fabricated SPGFE/Pt–PdBNC/GOx for successive addition of
glucose in 0.1 M PBS. The responses increase stepwise with the
increasing concentrations of glucose. The fabricated biosensor
provides linear currents for glucose in the concentration range
of 0–16 mM with a correlation coefficient of 0.9981. The LOD is
further calculated to be 10 mM. Compared to enzyme-free or GOx-
based amperometric sensors fabricated on other nanostructures
(Table S2, Supporting Information), the proposed biosensor



Fig. 3. (A) Amperometric responses of SPGFE/Pt–PdBNC upon successive addition

of H2O2 in 0.1 M PBS at �0.4 V with a constant stir; (B) Calibration curve for the

amperometric responses upon H2O2 concentrations.

Fig. 2. (A) Cyclic voltammograms of different electrodes in 0.1 M PBS containing

10 mM H2O2 at a scan rate of 100 mV/s; (B) Amperometric responses of different

electrodes upon successive addition of 0–4 mM H2O2 in 0.1 M PBS at �0.4 V with

a constant stir.

X. Niu et al. / Biosensors and Bioelectronics 36 (2012) 262–266 265
presents wider linear range and satisfactory LOD, ascribing to the
preeminent sensitivity of SPGFE/Pt–PdBNC for H2O2 sensing.
Measurements of 5 mM glucose at six duplicate biosensors are
carried out, and a RSD of 5.1% demonstrates a good repeatability
of these biosensors. The selectivity test (Fig. S5) reveals that
0.5 mM D(þ)-galactose, D-fructose, D(þ)-xylose, D-ridose and AA
provide no interference for glucose sensing. However, it is
comprehensible that the addition of H2O2 offers a great increase
of current. Simulative blood samples prepared with a 0.1 M PBS
solution (pH¼7.4) containing 6 mM glucose, 0.1 mM AA, 0.1 mM
4-acetamidophenol (AP), 0.1 mM DA, 0.02 mM UA and 0.15 mM
chloride ions (Wang et al., 2008) are tested, and a result of
6.1370.17 mM (n¼3) reveals that the fabricated biosensor has
great potential applications for real sample measurements.
4. Conclusion

We demonstrate the facile preparation of 3D snowflake-like
Pt–PdBNC by electrochemically reducing precursors. The synthe-
sized Pt–PdBNC provides enhanced electrocatalytic performance
for H2O2 reduction in neutral media than PtMNC and PdMNC.
The as-prepared SPGFE/Pt–PdBNC exhibits wide linear range,
ultrahigh sensitivity and excellent selectivity for detecting H2O2.
The fabricated SPGFE/Pt–PdBNC/GOx biosensor also presents
favorable properties for glucose sensing.
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