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a  b  s  t  r  a  c  t
An  electro-catalysis  non-enzymatic  electrode  is  proposed  based  on  alloyed  Pt/Ni  nanowire  arrays  (NWAs)
for the  detection  of glucose.  The  Pt/Ni  NWAs  were  prepared  by  pulse  electrodeposition  of  Pt  and  Ni
within  a nano-pore  polycarbonate  (PC)  membrane  followed  by  a chemical  etching  of  the  membrane.  The
electrode structure  is characterized  by  scanning  electron  microscopy  (SEM)  and  transmission  electron
microscopy  (TEM).  The  resulting  Pt/Ni  NWAs  electrode  shows  high  electrocatalytic  activities  towards  the
oxidation  of glucose  in  alkaline  solution.  Consequently,  a sensitive  amperometric  detection  of glucose
is  achieved  under  0.45  V  vs.  SCE  with  a  low  detection  limit  of  1.5  �M within  a  wide  linear range from
2  �M  to  2  mM  (R =  0.997).  Furthermore,  the  oxidable  species  such  as  ascorbic  acid  and  uric acid  show  no
significant  interference  in  determination  of  glucose.  Finally,  the  experiment  results  reveal a  very good
reproducibility  and  high  stability  for the  proposed  Pt/Ni  NWAs  electrode.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Glucose sensing is extremely important in diabetes patients. The
risk for renal, retinal and neural complications is directly related to
the magnitude of chronic elevations of blood glucose. In this regard,
the demands for a fast and reliable glucose sensor with high sensi-
tivity, good response, high stability and low cost have drawn many
attentions [1–5]. Numerous glucose detection techniques such as
spectrophotometry and capillary electrophoresis have been pro-
posed [6,7]; among which, electrochemical biosensors based on
immobilization of the enzyme glucose oxidase (GOx) have played
a leading role [8–13].

However, the most important problem of the enzymatic glu-
cose biosensors is the insufficient stability and loss of enzyme
activity during immobilization process, which affects the sensi-
tivity and reproducibility of the sensors [14]. Another limitation
is the interference from redox-active species such as ascorbic
acid and uric acid that are usually present in physiological sam-
ples [14,15].  Therefore, the development of non-enzymatic glucose
biosensors has received great attentions because of the sensitivity,∗ Corresponding author. Tel.: +98 21 66165259; fax: +98 21 66165717.∗∗ Corresponding author. Tel.: +86 731 88821848; fax: +86 731 88821848.
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selectivity and the prevention of fouling by enzyme-aging and
adsorbed intermediates.

In recent years, the electrochemical sensors based on nano-
materials have attracted much attention due to their special
physical and chemical properties, increased surface area, mass
transport and catalytic activity [14]. In this regard, efforts have
been made for high performance glucose detection using modi-
fied sensors with metallic nanostructures. Among which, metallic
nanowires possesses unique physical and electrical properties with
potential applications in nanoelectronic devices, nanosensors, cat-
alysts and information storage systems [16,17]. The properties of
nanowires are strongly depended on the distribution of nanowires
in the array as well as the orientation of each individual wire. In
order to control the electron transfer through the wires and thereby
enhance their functionalities, great efforts have been made to cre-
ate dense and aligned nanowire arrays [18].

Moreover, different metals such as Pt, Au, alloys containing Pt,
Pb, Au, Pd and Rh have been explored as electrode materials to
develop non-enzymatic glucose sensors [15]. Platinum is one of the
mostly researched noble metals as its potential applications have
been demonstrated in the fields of sensors and catalysts. In par-
ticular, its stability in electrochemical reactions and its prominent
catalytic activity are the most attractive parameters for the fabri-
cation of sensor devices [19–21].  On the other hand, Ni electrode
has also been the most widely utilized non-enzymatic electrode for

0013-4686/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2011.09.083



Author's personal copy

552 S.S. Mahshid et al. / Electrochimica Acta 58 (2011) 551– 555

determining glucose in alkaline media. There are several reports on
Ni nanoparticles/nanowires based enzyme-free electrodes which
showed great enhancement in the electro-oxidation of glucose
[14,15,22,23].  The mechanism for its response involves Ni2+/3+ cou-
ple on the oxidized nickel surface [15]. Furthermore, it has been
reported that Pt and Pt-based alloys serve as anode catalysts to
enhance the poison tolerance and reactivity of the catalyst [24,25].
Therefore, it is believed that the combination of both Pt and Ni met-
als as bi-metallic catalysts can improve their sensor application. The
study of Pt-based bimetallic catalysts has been started since 1990s,
and the application of Pt–Ni alloy in fuel cell has been reported pre-
viously [26–30].  However, to the best of our knowledge there is no
report on combination of the two metals as Pt/Ni NWAs in sensor
applications.

In this work, taking advantages of one-dimensional nanostruc-
tured arrays together with advanced features of the metallic Pt and
Ni, have developed a modified non-enzymatic glucose sensor based
on Pt/Ni NWAs. The proposed electrode has the ability of highly sen-
sitive, stable and fast amperometric detection of glucose while the
interferences such as ascorbic acid and uric acid were effectively
avoided.

2. Experimental methods

2.1. Reagents

Polycarbonate templates (PCT) (200 nm pore diameter and 6 �m
thickness) were purchased from Whatman Ltd. Hexachloroplatinic
(IV) acid, nickel sulfite, boric acid, glucose, ascorbic acid and uric
acid of analytical reagent grade were purchased from commer-
cial sources and used as supplied. Double distilled water was  used
throughout the experiments.

2.2. Instrumentation

The cyclic voltammetry (CV), amperometric pulse deposition
and i–t transients for the catalyst measurements were carried out
by a CHI660B electrochemical workstation (CH Instruments Inc.,
Austin, TX). The electrochemical cell was assembled with a con-
ventional three-electrode system: a glassy carbon (GC) electrode
modified with Pt/Ni nanowires as the working electrode, a Pt foil
as the counter electrode and a saturated Calomel electrode (SCE) as
the reference electrode (0.241 V vs. SHE). The morphological char-
acterization of samples was examined using a scanning electron
microscope (SEM) (Hitachi, model S-4800, Japan) and transmis-
sion electron microscope (TEM) (Tecnai, model F20, America). An
energy dispersive X-ray (EDX) spectrometer fitted to SEM was  used
for elemental analysis.

2.3. Fabrication of Pt/Ni NWAs electrode

A thin film of gold (∼50 nm)  was sputtered on the bottom of
the PC template to make it conductive. In a typical experiment, the
membrane was attached gold-side down on the surface of a glassy
carbon (GC – 4 mm  diameter) electrode and covered by a rubber O-
ring. Pt and Ni were electrodeposited on the PCT by immersing the
GC electrode in a mixture of 1.5 M NiSO4, 5 mM H2PtCl6 and 0.4 M
H3BO3. An amperometric pulse deposition was carried out for 100
cycles (total time of 800 s), in which each pulse consisted of two
deposition steps of −1.5 and −0.35 V vs. SCE with deposition time
of 1 and 5 s, respectively. Between each deposition step, a relax-
ation time of 1 s was designed at −0.01 V vs. SCE to allow the ions
travel near the deposition sites. After deposition, the PC template
was dissolved by immersing the electrode in dichloromethane. The
resulting GC electrode modified by Pt/Ni NWAs was washed with
deionized water.

The electrocatalytic activity of the Pt/Ni NWAs electrode was
determined by cyclic voltammetry (CV) and i–t transients tech-
niques under stirring condition. The supporting electrolyte in all
electrochemical investigations was  0.1 M pH 13 NaOH buffer solu-
tion. Solutions of glucose were prepared daily using double distilled
water and then were directly used for the detection. All the exper-
iments were conducted at room temperature.

3. Results and discussion

3.1. Characterization of the Pt/Ni NWAs electrode

The Pt/Ni NWAs electrode was  fabricated by electrodeposition
of Pt and Ni into the pores of a polycarbonate membrane and
subsequent chemical etching of the template. Fig. 1 shows the
microstructure and elemental analysis of Pt/Ni NWAs. As shown
in Fig. 1a and b, uniform Pt/Ni NWAs were fabricated with a length
of 4 �m and an average diameter of 200 nm which corresponds to
the size of template nanopores. As pointed before, such a deposi-
tion process inside pores is under diffusion control [31–33].  As a
result, the deposition rate is constant inside each pore resulting in
formation of nanowires with a similar size. In addition, periodic
bumps in nanowire walls (shown by arrows in Fig. 1b) are associ-
ated to the potential change after each pulse step. The density of
nanowires is about 3 × 108 cm−2 estimated by counting the num-
ber of wires in SEM images. The EDX spectrum of Pt/Ni NWAs in
Fig. 1c indicates the presence of 9.48 wt.% Ni and 72.99 wt.% Pt.
TEM images of the Pt/Ni NWAs are shown in Fig. 1d and e. Two
straight nanowires can be seen in Fig. 1d, with diameter of about
200 nm,  which is in accordance with the SEM images. The periodic
bumps shown in SEM images are also obvious in Fig. 1d, pointed
by arrows. These SEM and TEM images also confirm that there are
a large number of metallic nanoparticles making compact layers
upon each other (obviously seen in Fig. 1e by dashed arrow), con-
structing uniform nanowires. Zhang et al. observed the same fact
that Pt nanotubes were formed by inhomogeneous accumulation
of nanoparticles [34].

3.2. Electrochemical properties of the Pt/Ni NWAs electrode

CV is a powerful technique for electrochemical characteri-
zation of electrochemically active species. Fig. 2a presents the
CVs of Pt/Ni NWAs electrode towards oxidation of glucose at
different scan rates. The electrochemical experiment conducted
in 0.1 M NaOH solution containing 2 mM glucose. As illustrated
in Fig. 2a, both the anodic and the cathodic peak currents
increase with the scan rate. A linear relationship between peak
current and square root of the scan rate (inset of Fig. 2a)
demonstrates a diffusion controlled process [14,15]. The stability
of the Pt/Ni NWAs electrode was investigated with consec-
utive CV detection in 0.1 M NaOH solution containing 2 mM
glucose at scan rate of 10 mV  s−1. Fig. 2b shows no obvious
changes in both the peak potential and the current in 20
consecutive CV detections, implying no contamination of the elec-
trode.

The oxidation of glucose and the electrode property are pH-
dependent. It is expected that the electrode shows different
electrocatalytic activities towards glucose oxidation in media
with different acidities. Fig. 3 shows the CVs obtained at the
Pt/Ni NWAs electrode in 0.5 M H2SO4 (Fig. 3a), 0.1 M pH 7 PBS
(phosphate buffer solution) (Fig. 3b) and 0.1 M NaOH (Fig. 3c)
solutions containing different concentrations of glucose. Fig. 3a
shows no significant changes in the current with increasing the
concentration of glucose in acidic solution. The sharp peak near
0.5 V vs. SCE is ascribed to the oxidation of Ni [35]. As the
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Fig. 1. (a and b) SEM images of Pt/Ni NWAs electrodeposited by pulse method, (c) elemental analysis by EDX spectrum, and (d and e) TEM images of the Pt/Ni NWAs. Solid
arrows  show the periodic bumps and dashed arrow shows the nanoparticles.

electrochemical dissolution of Ni happens in acidic solution, little
catalytic activity of the electrode is observed. In neutral solu-
tion, however, the change in current is still insignificant with
increasing the glucose concentration (Fig. 3b). The as-prepared
electrode shows a high electrocatalytic activity towards the

oxidation of glucose in alkaline solution as shown in Fig. 3c. A
pair of well-defined redox peaks located at 0.42 V (anodic peak)
and 0.3 V (cathodic peak) vs. SCE assigned to the Ni2+/Ni3+ redox
couple is observed (curve 1) [15]. Upon the addition of glucose
(curves 2 and 3), a great enhancement in anodic peak current is

Fig. 2. CVs (a) of Pt/Ni NWAs in 0.1 M NaOH containing of 2 mM glucose at different scan rates ranged from 10 to 200 mV s−1. Inset shows the linear relationship between
square  root of scan rate and the oxidation (curve A) and reduction (curve B) peak current, and (b) upon 20 consecutive cycles in the same solution at scan rate of 100 mV s−1.
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Fig. 3. CVs of Pt/Ni NWAs in (a) 0.5 M H2SO4, (b) 0.1 M PBS, and (c) 0.1 M NaOH
solution in the absence (curve 1) and presence of 2 mM (curve 2), and 4 mM (curve
3)  glucose.

appeared. The response increased with increasing the concentra-
tion of glucose. The electrode process can be illustrated as below
[14,15]:

NiO + OH− → NiO(OH) + e− (1)

or

Ni(OH)2 + OH− → NiO(OH) + H2O + e− (2)

NiO(OH) + glucose → Ni(OH)2 + glucolactone (3)

In this case, the presence of NiO or Ni(OH)2 species are due to
the oxidation of Ni to Ni2+ ions at more negative potentials [15,35].

In acidic and neutral solutions, Ni was oxidized and then dis-
solved without formation of NiO(OH) on electrode [35], showing
no catalytic activity towards the oxidation of glucose. In order to
confirm this speculation, three kinds of electrode of (1) Pt NWAs, (2)
Ni NWAs and (3) Pt/Ni NWAs were fabricated. Their CVs were mea-
sured in 0.1 M NaOH solution containing 2 mM glucose and shown
in Fig. 4. As expected, the Pt NWAs electrode (curve 1) shows no

Fig. 4. CVs of (a) Pt NWAs and Ni NWAs compared to Pt/Ni NWAs in 0.1 M NaOH
containing 2 mM glucose; scan rate: 100 mV s−1.

response while the Ni NWAs electrode (curve 2) shows catalytic
activity but the response is significantly less than that observed on
Pt/Ni NWAs electrode (curve 3) due to the higher conductivity of
Pt/Ni NWAs.

The impact of applied potential on the amperometric response
of the electrode was  investigated through a series of constant
potential chronoamperometry in the presence of 2 mM glucose
solution. The results indicate that while the potential (in 0.05 V
steps) changes between 0.3 and 0.65 V vs. SCE, the steady-state
current gradually increases until it reaches a maximum at 0.45 V vs.
SCE. Therefore, 0.45 V vs. SCE was identified as the applied potential
for amperometric detection of glucose.

The amperometric current response of the Pt/Ni NWAs elec-
trode upon successive additions of 0.1 mM glucose at potential of
0.45 V vs. SCE is illustrated in Fig. 5. The oxidation reaction occurs
very fast and the current reaches its steady state region within less
than 3 s. The calibration plot for glucose determination is linear
in a wide range from 2 �m to 2 mM (inset 1) with a sensitivity of
920 �A mM−1 cm−2 (R = 0.997).

Considering the detection limit as 3 times of the noise level, the
limit of detection (LOD) for the proposed electrode was  obtained as
1.5 �M which is shown in inset 2 of Fig. 5. The overall performance
reveals that this electrode displays a good superiority in terms of
sensitivity and linear calibration. The comparison of Pt/Ni NWAs
electrode with different non-enzymatic glucose sensors is shown
in Table 1 [14,15,22,36–38].

Fig. 5. Current–time responses of the Pt/Ni NWAs electrode upon successive addi-
tion of 0.1 mM glucose; insets: (1) calibration curves for glucose concentration in
the range of 2 �m to 2 mM;  (2) limit of detection of glucose for the electrode with
the  S/N = 3. Applied potential: 0.45 V.
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Table 1
Comparison of various non-enzymatic glucose sensors.

Glucose sensor Detection potential (V vs. SCE) Linear range LOD (�m) Reference

Pt/Ni NWAs 0.45 0–2 mM 1.5 Present work
Ni  powder modified electrode 0.4 0.0005–5 mM 2 You et al. [23]
Pt–Pb  nanowire array electrode −0.2 −11 mM 8 Bai et al. [36]
Copper  nanocluster/MWCNT 0.65 0.7–3.5 mM 0.21 Kang et al. [37]
Nanoscale nickel hydroxide/carbon ionic liquid electrode 0.55 0.05–1 mM0.5–23 mM 6 Safavi et al. [14]
Electrospun Ni NPs/carbon nanofiber paste electrode 0.6 2 �M–2.5 mM 1 Liu et al. [22]
Highly ordered Ni NWAs 0.55 0.5 �M–7  mM 0.1 Lu et al. [15]
CuO  nanostructures 0.6 – 4 Wang et al. [38]

Fig. 6. Current–time response of 1 mM glucose (Gl) in 0.1 M NaOH in the absence
and  presence of 0.1 mM ascorbic acid (AA) and 0.1 mM uric acid (UA) at Pt/Ni NWAs
in 0.1 M NaOH; applied potential: 0.45 V.

3.3. Selectivity of the Pt/Ni NWAs electrode

The most important interferences for direct electrochemical
detection of glucose with especially non-enzymatic electrodes are
known as uric acid and ascorbic acid. The normal physiological level
of glucose is about 3–8 mM,  while those of uric acid and ascorbic
acid are about 0.1 mM [14,15,37].  In this regard, the amperometric
response of the proposed electrode towards 0.1 mM uric acid and
0.1 mM ascorbic acid was tested and compared with the response
of the electrode to 1 mM glucose addition. Fig. 6 indicates that uric
acid and ascorbic acid at the level of 0.1 mM have no significant
interference to the detection of glucose at 0.45 V vs. SCE in 0.1 M
NaOH solution.

3.4. Reproducibility of the Pt/Ni NWAs electrode

The repeatability and reproducibility of the developed sensor
were determined using amperometry and voltammetry tech-
niques. In a series of three electrodes prepared under the same
condition, a relative standard deviation (R.S.D.) of 2.8% was
obtained towards 2 mM glucose in 0.1 M NaOH at constant potential
of 0.45 V vs. SCE, indicating a relative high inter-electrode repro-
ducibility. The reproducibility of the electrode was also tested with
seven voltammetry tests, giving a R.S.D. of 5.1%. The results imply
the stability of the proposed electrode with reproducible current
as it is not poisoned with the oxidation products.

4. Conclusions

In this work, a non-enzymatic glucose sensor was fabricated
by electrochemical template deposited Pt/Ni NWAs. The Pt/Ni
NWAs electrode represents a high electrocatalytic activity towards
the oxidation of glucose in alkaline solution due to the catalytic
activity of Ni and the conductivity of Pt. The resultant glucose
sensor, working at potential of 0.45 V vs. SCE, exhibits a wide
range of linear response from 2 �m to 2 mM with a sensitivity of

920 �A mM−1 cm−2 and LOD of 1.5 �M.  The response time is of less
than 3 s. Ascorbic acid and uric acid show no significant interfer-
ence. Furthermore, high reproducibility and reliability as well as
simplicity of preparation make this electrode a suitable device for
detection.
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