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a  b  s  t  r  a  c  t

Novel  nickel  and  copper  nanoparticles  decorated  multi-walled  carbon  nanotubes  (Ni/Cu/MWCNT)  have
been  successfully  fabricated  for  sensitive  nonenzymatic  glucose  detection  by the sequential  electro-
deposition  of nickel  and  copper  nanoparticles  (NPs)  on  an  MWCNT-modified  electrode.  X-ray  diffraction
(XRD)  and  atomic  force  microscopy  (AFM)  analyses  reveal  that  the Ni  and  Cu NPs  were  successfully
deposited  on  the MWCNTs  in  this  hybrid  composite.  The  electrode  shows  good  activity  towards  glucose
oxidation  with  low  over-potential  and  a current  response  that  is  2.5–20  times  greater  than  that  obtained
using  Ni/GCE,  Cu/GCE,  Ni/Cu/GCE,  Ni/MWCNT/GCE,  and  Cu/MWCNT/GCE.  The  optimised  conditions  basedom

.cn

opper
ickel
anoparticles
arbon  nanotubes

on  current  response  are  a Ni:Cu  ratio of  1:1 and  pH  13.  Amperometry  (Eapp. =  +0.575  V)  indicates  a  short
response  time  of 1 s; two  specific  linear  ranges  of  2.5 × 10−8–8  ×  10−4 M  and  2  ×  10−3–8  × 10−3 M,  with
high  sensitivities  of  2633  �A mM−1 cm−2 and  2437  �A  mM−1 cm−2, respectively;  and  a  low  detection
limit  of  2.5  × 10−8 M (S/N  =  3).  This  electrode  can effectively  analyse  glucose  concentration  in human
serum  samples,  avoiding  interference,  and  is  a promising  nonenzymatic  glucose  sensor  due  to  its  low
overpotential,  high  sensitivity,  good  selectivity,  good  stability,  fast response,  and  low  cost.m.c
. Introduction

For diabetic patients, regular measurements of blood glucose
evels are required to determine whether the treatments are

orking effectively [1]. Enzyme-modified electrodes have some
isadvantages, such as instability, the high cost of enzymes, compli-
ated immobilisation procedures, and critical operating conditions.
herefore, considerable attention had been paid to developing
onenzymatic electrodes to overcome these problems. As a result,
here is an ever-growing demand to create electrochemical glu-
ose sensors with high sensitivity, high reliability, short response
imes, good recyclability, and low cost, especially nonenzymatic
mperometric biosensors [2], which are currently the most popular.

The direct electrocatalytic oxidation of glucose at a nonenzy-
atic electrode would have advantages over enzymatic electrodes.

ecently, efforts to develop a practical nonenzymatic glucose
ensor have been centred on achieving a breakthrough in electro-
atalysis. In this context, different substrates, such as platinum [3],
old [4], copper [5], alloys (containing Pt, Pb, Au, Pd, Ir, and Ru)

www.sp
6–9], and metal oxidates (IrO2, MnO2, and CuO) [10–12], have been
tudied. The most important finding in this area to date is that the
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highly active surface area of the electrode material plays a key role
in the electrooxidation of glucose.

During recent years, nanomaterials, such as carbon nanotubes
(CNTs) and transition metallic nanoparticles (NPs), have been
widely applied in sensors and biosensors. CNTs are an attractive
material for electroanalysis due to their high surface/volume ratio
and chemical stability [13–16]. Transition metallic NPs, including
gold (Au), platinum (Pt), palladium (Pd), copper (Cu), nickel (Ni),
and silver (Ag), can be used to increase electrochemical activities.
Sensors and biosensors modified with metallic NPs have demon-
strated good performances due to their increased surface area
and enhanced mass transport and catalysis as well as good bio-
compatibility, with control over the microenvironment, relative to
macroelectrodes [16–18]. Therefore, their use has been an impor-
tant strategy in the construction of glucose nonenzymatic sensors
with nanomaterials, such as nanoporous Pt electrodes [19,20] and
electrodes modified with CNTs [21,22], Ni NPs [23], Au NPs [24,25],
Cu NPs [26,27], and CNTs with Cu NPs [28,29]. High sensitivity and
fast amperometric detection of glucose had been reported using
the methods mentioned above due to an increase in the electrocat-
alytic active area and the promotion of electron transfer in glucose
oxidation reactions.
However, pure metal NPs (such as Ni NPs and pure Cu NPs) are
difficult to prepare and have poor stability for electroanalysis due to
their ready oxidisation in air and solution [18]. The reported meth-
ods for the synthesis of colloidal Cu NPs, such as the use of reverse

dx.doi.org/10.1016/j.electacta.2013.02.098
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:smchen78@ms15.hinet.net
dx.doi.org/10.1016/j.electacta.2013.02.098
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Scheme 1. Preparation of Ni/Cu/MWCNT hybrid composite modified electrode

icelles, microemulsions, and radiation techniques, are complex
nd involve multiple solvent systems [18,28].

In the present study, an effective nonenzymatic sensor, namely,
n MWCNT-modified electrode decorated with Ni and Cu NPs was
ntroduced for the catalytic oxidation of glucose. Nickel and copper
Ps were sequentially deposited on an MWCNT-modified elec-

rode using a simple electrochemical method. All MWCNTs were
unctionalised with carboxylic groups [30] to improve their dis-
ersion and immobilisation on the electrode surface. The MWCNTs
ere drop-casted to form MWCNT-modified electrodes before the

lectro-deposition of Ni and Cu. The negative charge of the MWCNT
ttracts the positively charged Ni and Cu ions, which deposit on the
WCNT to form a Ni/Cu/MWCNT hybrid composite. This hybrid

omposite was characterised by XRD and AFM and applied to
nvestigate the electrocatalytic oxidation of glucose at different pH
nd compare it with that of other modified electrodes, including
i/GCE, Cu/GCE, Ni/Cu/GCE, Ni/MWCNT/GCE, Cu/MWCNT/GCE, and
i/Cu/MWCNT/GCE. It was also used to analyse the glucose con-
entration in real human blood serum samples. Its performance
s a sensor was studied and compared with other nonenzymatic
lucose sensors in the literature in terms of sensitivity, selectivity,
tability, current response, and reproducibility.

. Experimental

.1. Reagents

D-(+)-glucose, dopamine (DA), L-ascorbic acid (AA), uric acid
UA), D-fructose, lactose sucrose, and multi-walled carbon nano-
ubes (MWCNTs) were purchased from Sigma–Aldrich (USA) and
sed as received. All other chemicals (Merck) used were of analyti-
al grade (99%). Double-distilled deionised water (>18.1 M� cm−1)
as used to prepare all solutions. All other reagents were of

nalytical grade and used without further purification. The electro-
hemical measurements were performed in 0.1 M NaOH solution.

.2. Apparatus and measurements

The  Ni/Cu/MWCNT hybrid composite was characterised by

www.sp
tomic force microscopy (AFM) and X-ray diffraction (XRD). The
lectrochemical experiments were conducted using a CHI 1205a
lectrochemical workstation (CH Instruments, USA) with a conven-
ional three-electrode setup using the Ni/Cu/MWCNT/GCE as the
are, (b) MWCNT, (c) Cu/MWCNT, and (d) Ni/Cu/MWCNT modified electrodes.

working electrode, an Ag/AgCl (3 M KCl) reference electrode, and
a platinum wire counter electrode. A BAS (Bioanalytical Systems,
Inc., USA) glassy carbon electrode (GCE) with a diameter of 0.3 cm
was used for all electrochemical experiments except the ampero-
metric experiment, which used a GCE electrode with a diameter
of 0.6 cm.  All potentials reported in this paper were referred to a
Ag/AgCl electrode. The buffer solution was completely deaerated
using a nitrogen gas atmosphere. The electrochemical cells were
kept properly sealed to avoid interference with oxygen from the
atmosphere. The composite was analysed by XRD, and its mor-
phology was characterised by AFM using a tapping-mode scanning
probe microscope (Being Nano-Instruments CSPM-4000, China).
Indium tin oxide (ITO) was used as the substrate for various films
in the AFM and XRD analyses.

2.3.  Preparation of the Ni, Cu, Ni/Cu, Ni/MWCNT, Cu/MWCNT,
and Ni/Cu/MWCNT modified electrodes

GCE and ITO substrates were coated with different com-
posites, including Ni, Cu, Ni/Cu, Ni/MWCNT, Cu/MWCNT, and
Ni/Cu/MWCNT.

Using a previously published method [31], the Ni electro-
deposition was  easily carried out in a tetraborate solution (pH 9)
containing 0.05 M nickel chloride by consecutive cyclic voltam-
metry in the potential range of 0.5–1.1 V with a scan rate of 0.1 V s−1

and 30 scan cycles. This method was  used to prepare Ni, Ni/Cu,
Ni/MWCNT, and Ni/Cu/MWCNT modified electrodes.

Using another previously published method [32,33], the Cu
electro-deposition was  easily carried out in sulphuric solution (pH
1.5) containing 0.025 M copper sulphate by consecutive cyclic vol-
tammetry in the potential range of 0.5 to −0.6 V with a scan rate of
0.1 V s−1 and 30 scan cycles. This method was used to prepare Cu,
Ni/Cu, Cu/MWCNT, and Ni/Cu/MWCNT modified electrodes.

Prior  to the preparation of MWCNT-modified electrodes, all
MWCNTs were functionalised with carboxylic groups to con-
fer good dispersion in the prepared solution [30]. This MWCNT
solution was drop-casted on the electrode surface to form an
MWCNT-modified electrode. Based on our estimation, 2 �L and
8 �L of the MWCNT solution were dropped on GCEs with diam-

.co
m.c
eters of 0.3 cm and 0.6 cm,  respectively. Ultimately, 10 �L of the
MWCNT solution was used in this work to ensure coverage of
the entire electrode surface. Next, the effluent from the effective
surface area was  carefully removed. The electrodes were cleaned
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nd dried in an oven at 40 ◦C. The MWCNT-modified electrodes
MWCNT/GCE and MWCNT/ITO) were easily prepared using this

ethod. Metal-MWCNT films were successfully formed based on
he preparation of related composites [30–33]. Using the concept
llustrated in Scheme 1 [33], Ni and Cu NPs can be sequentially
eposited on MWCNT.

The  relative amounts of Cu and Ni electro-deposited in the
i/Cu/MWCNT hybrid composite were set by varying the scan

egment. These composites’ electrocatalytic activities towards glu-
ose oxidation were analysed as a function of the Cu:Ni ratio.
he optimal Cu:Ni ratio and pH conditions were also determined.
ll modified electrodes, namely, the Ni, Cu, Ni/Cu, Ni/MWCNT,
u/MWCNT, and Ni/Cu/MWCNT electrodes, were stored at room
emperature before use.

.  Results and discussion

.1.  Characterisation of the Ni/Cu/MWCNT nanocomposite

A simple electrochemical synthesis of Ni/Cu/MWCNT hybrid
omposite was presented in this work. This hybrid composite can
e easily prepared by the electrochemical reduction of Ni ions and
u ions using an MWCNT-modified electrode with suitable poten-
ial control. To verify the identity of the product, the composite was
repared on an ITO surface and examined by XRD.

Fig. 1 shows the XRD patterns for (A) Ni/Cu/MWCNT/ITO, (B)
i/MWCNT/ITO, (C) Cu/MWCNT/ITO, (D) MWCNT/ITO, and (E) ITO.
hese composites can be clearly identified using the standard pat-
erns (Fig. 1F–H) for Cu, Ni, and ITO, respectively. When the MWCNT
as immobilised on ITO, it exhibited patterns (Fig. 1D) almost

dentical to those of ITO (Fig. 1E). When Cu was  further elec-
rodeposited on the MWCNT/ITO to form Cu/MWCNT/ITO (Fig. 1C),
hree characteristic peaks were observed for Cu at 2� = 43.4◦,
0.4◦, and 74.2◦, corresponding to Miller indices (1 1 1), (2 0 0), and
2 2 0), respectively. The peak positions were in good agreement
ith the literature values for face-centred cubic Cu [27,34]. This

esult proves that the resultant particles are pure Cu NPs. For the
i/MWCNT/ITO electrodes, three characteristic peaks were found
t 44.5◦, 51.8◦, and 76.5◦ (Fig. 1B), indicating that Ni also has a
ace-centred cubic structure in the borate bath. The nickel deposit
xhibits a (1 1 1) growth orientation with (2 0 0) and (2 2 0) reflec-
ions assigned [35,36] as well. The proposed composite exhibited
atterns (Fig. 1A) corresponding to Ni, Cu, and ITO. One can con-
lude that Ni and Cu NPs can be immobilised on the MWCNT well
o form a Ni/Cu/MWCNT modified electrode.

The morphology of the different composites was studied by
FM. Fig. 2 shows the AFM images of different metal species
eposited on electrode surfaces with/without MWCNTs. The par-
icle sizes for single and multi-composites were estimated and
ompared with those for the deposited material on the same scale.
he average particle sizes were 80.69 nm,  162.78 nm, 53.96 nm,
0.33 nm,  94.53 nm,  and 73.2 nm for Ni, Cu, Ni/Cu, Ni/MWCNT,
u/MWCNT, and Ni/Cu/MWCNT, respectively. Based on this com-
arison, both Ni and Cu particles are smaller when deposited on
n MWCNT electrode. The local particle sizes of Ni and Cu in the
i/Cu/MWCNT hybrid composite were also measured using the
FM images of the Ni/MWCNT, Cu/MWCNT, and Ni/Cu/MWCNT
amples. The smallest particles, corresponding to Ni, have a diame-
er of 6.9 nm,  and the largest, corresponding to Cu, have a diameter
f 477 nm.  We believe that Cu had more space to deposit on
oth the MWCNT and the electrode surface because its deposition

www.sp
ccurred before the Ni deposition. Consequently, larger Cu clusters
re found in the Ni/Cu/MWCNT composite. These findings indicate
hat Ni and Cu can be sequentially deposited on MWCNT-modified
lectrodes.
Fig. 1. X-ray diffraction patterns of (A) Ni/Cu/MWCNT/ITO, (B) Ni/MWCNT/ITO, (C)
Cu/MWCNT/ITO, (D) MWCNT/ITO, and (E) ITO. (F)–(H) are standard patterns (01-
071-3761, 01-071-4654, 00-056-0827) for Ni, Cu, and ITO, respectively.

Based on the XRD results, Cu and Ni are separate particles
in the Ni/Cu/MWCNT hybrid composite. From the AFM images,
both Ni/Cu and Ni/Cu/MWCNT hybrid composites contain smaller
particles than Ni, Cu, Ni/MWCNT, and Cu/MWCNT. Referring to
previous results [31,32], this phenomenon might indicate that a
more compact structure is formed in both Ni/Cu and Ni/Cu/MWCNT
hybrid composites, as shown in Scheme 1. It also indicates that
the MWCNT-modified electrode incorporates greater amounts of
Ni and Cu by creating a more compact structure, providing more
space. One can conclude that the steric structure and large surface
area of the MWCNTs facilitate the deposition of Ni and Cu NPs in a
more compact structure on the nanoscale.

Fig. 3A shows the voltammograms of Ni/Cu/MWCNT/GCE exam-
ined in 0.1 M NaOH (pH 13) at a scan rate (v) in the range
of 10–1000 mV s−1. Both anodic and cathodic peak currents are
directly proportional to the scan rate (inset of Fig. 3A) via the
linear regression equation of Ipa(�A) = −41.94 to 0.48v (mV  s−1)
(R2 = 0.9841) and Ipc(�A) = 5.87 + 0.289v (mV  s−1) (R2 = 0.9977),
respectively. These results indicate that the electrochemical kinet-
ics are surface-controlled rather than diffusion-controlled at these

scan rates, suggesting an ideal case for quantitative analysis in
practical applications. Meanwhile, the cathodic and anodic peaks
shifted away from one another, leading to better peak-to-peak sep-
aration, as the scan rate increased. These results might be due to the
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ig. 2. AFM images of (A) Ni/ITO, (B) Cu/ITO, (C) Ni/Cu/ITO, (D) Ni/MWCNT/ITO, (E) Cu

ucleation of NiO(OH) and the subsequent increase in the preva-
ence of activation sites (Ni2+ or Ni3+).

i(OH)2 + OH− → NiO(OH) + e− + H2O (1)

Fig.  3B displays the pH-dependent voltammetric response of the
i/Cu/MWCNT modified electrode obtained in solutions with pH
alues ranging from 9 to 13. As seen in Fig. 3B, only one redox cou-
le is observed for the Ni/Cu/MWCNT hybrid composite, and it is
imilar to that of single Ni composite. This finding indicates that
he deposited Cu species exhibit no obvious redox couple under
hese pH conditions. Furthermore, the formal potential (E◦′) is pH
ependent and shifts negatively with the increase in pH value. The
eak current is much higher than that under acidic solutions, indi-
ating that the film is stable in the pH range of 9–13. The inset of
ig. 3B shows the formal potential of Ni/Cu/MWCNT plotted over

www.
 pH range of 9–13. The plot has a slope of −87.1 mV pH−1, which
s close to that predicted by the Nernst equation. In this case, a
i(III)/(II) redox process involving a single electron transfer is pro-
osed for this electrochemical system.
NT/ITO, and (F) Ni/Cu/MWCNT/ITO. Tapping mode, scan scale = 2000 nm × 2000 nm.

3.2.  Electrocatalysis of glucose at the Ni/Cu/MWCNT electrode

To  explore the analytical applicability of the metal-MWCNT
hybrid composites, the electrocatalytic activity of the different
composite modified electrodes towards glucose oxidation was
investigated by cyclic voltammetry. All cyclic voltammograms were
obtained for the modified electrodes in deoxygenated NaOH solu-
tion.

Fig. 4 displays the cyclic voltammograms of glucose oxida-
tion at the various modified electrodes: (A) Ni/GCE, (B) Cu/GCE,
(C) Ni/Cu/GCE, (D) Ni/MWCNT/GCE, (E) Cu/MWCNT/GCE, and
(F) Ni/Cu/MWCNT/GCE. Curve (a’) shows the voltammogram of
the bare electrode examined in the presence of 3 × 10−4 M glu-
cose, as shown in Fig. 4A–F. The Ni/GCE, Cu/GCE, Ni/Cu/GCE,
Ni/MWCNT/GCE, Cu/MWCNT/GCE, and Ni/Cu/MWCNT/GCE modi-
fied electrodes show an obvious oxidation peak at +0.54 V, +0.56 V,
+0.50 V, +0.63 V, +0.48 V, and +0.575 V, respectively. The oxida-

tion potentials may  correspond to a redox couple for Ni(II)/Ni(III)
[37–40] and Cu(II)/Cu(III) [27,33,41,42]. These results are in good
agreement with previous works. As indicated in the literature,
the oxidation of glucose to gluconolactone was catalysed by the
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Fig. 3. Cyclic voltammograms of Ni/Cu/MWCNT/GCE examined (A) at various scan
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Table 1
Net  current and net charge contribution for glucose oxidation using Ni/Cu/MWCNT
hybrid  composites with different Cu:Ni ratios.

Cu:Nia �Ib (�A) �Qc (�C)

20:100 77.7 50.7
40:80  82.9 50
60:60  122.7 90.8
80:40  65.5 74.59

100:20  48.44 10.56

a The ratio of scan segments for the voltammetric electro-deposition of copper
and  nickel.

b The net current estimated at the anodic peak of Epa = +0.575 V in the

m
ates (v = (a) 10 mV s−1 – (s) 1000 mV s−1, pH 13) and (B) under different pH condi-
ions  (pH = (a) 13 – (e) 9, v = 100 mV s−1). Insets: plots of peak current vs. scan rate
nd  formal potential (E◦′) vs. pH.

i(III)/Ni(II) and Cu(III)/Cu(II) redox couples according to the fol-
owing reactions:

iO(OH) + glucose → Ni(OH)2 + e− + gluconolactone (2)

uO(OH)  + glucose → Cu(OH)2 + e− + gluconolactone (3)

The  Ni/Cu/MWCNT shows a lower oxidation peak (approxi-
ately +0.45 V) for glucose oxidation (Fig. 4F). It should be noticed

hat the Ni/Cu/MWCNT voltammogram (Fig. 4F) is presented using
 current scale that is 10 times greater than that used in the
u/MWCNT voltammogram (Fig. 4E). When Fig. 4E and F are shown
sing the same current scale, the Ni/Cu/MWCNT current response is
airly high, indicating that it is the electrocatalytic oxidation current
esponse (at approximately +0.45 V) contributed by Cu/MWCNT
pecies. This oxidation peak potential is slightly lower than that
f the oxidation peak in Fig. 4E. Ni/Cu/MWCNT has two oxidation
eaks (Epa = +0.575 V and +0.45 V), which are strongly related to
he oxidation peaks of Ni(II)/Ni(III) and Cu(II)/Cu(III). This finding
ndicates that the hybrid composite maintains the catalytic activ-
ty of Ni and Cu species. In the presence of 3 × 10−4 M glucose,
he Ni/GCE, Cu/GCE, Ni/Cu/GCE, Ni/MWCNT/GCE, Cu/MWCNT/GCE,
nd Ni/Cu/MWCNT/GCE modified electrodes had net currents
f 10 �A, 20 �A, 5 �A, 40 �A, 25 �A, and 100 �A, respectively.

www.sp
ll  metal-MWCNT composites show current responses that are
pproximately 4, 1.25, and 20 times greater than those in MWCNT-
ree metal species. This phenomenon indicates that the higher
urrent response is partially due to the high conductivity of the
absence/presence of 300 �M glucose.
c The net charge estimated in the absence/presence of 300 �M glucose.

MWCNTs. The MWCNT-based modified electrode provides more
steric structure and a more conductive surface area to carry Ni and
Cu active species. Moreover, the Ni/Cu/MWCNT shows a uniquely
high net current that is approximately 2.5–20 times greater than
those in other modified electrodes. The current responses for Ni/Cu
and Ni/Cu/MWCNT are not the sum of those for the single species.
The lower current response of the Ni/Cu composite may  be due
to the shielding effect of the layer-by-layer stacking composite.
In the Ni and Cu electro-deposition processes, Ni ions and Cu
ions might compete with one another to deposit on the electrode
surface and occupy the effective area, resulting in a disordered
structure and less deposition. The much higher current response
of the Ni/Cu/MWCNT electrode may  be due to its uniform and
compact structure (Scheme 1). This well-dispersed functionalised
MWCNT can provide a more conductive surface area to separately
load Ni and Cu active species on the electrode surface, resulting in
a uniform, compact, and active hybrid composite. Thus, this hybrid
composite can show specific activity towards glucose oxidation.
The Ni/Cu/MWCNT composite likely has good electroactivity for
glucose oxidation due to its low over-potential and high current
response. This finding suggests that the Ni/Cu/MWCNT compos-
ite exhibits high electrocatalytic activity in the direct oxidation of
glucose.

The Cu/Ni ratio is a key parameter in the preparation of an active
hybrid composite. This ratio is related to the amounts of Cu and Ni
electro-deposited and can be controlled by different segments. All
designed composites were prepared well, as indicated by the good
current development shown in the voltammograms, and deposi-
tion occurred normally in every procedure. When these composites
were examined for the electrocatalytic oxidation of glucose, all
of them exhibited almost identical oxidation peaks regardless of
current response. The net current (�I) and net charge (�Q) were
estimated for the electrocatalytic activity towards glucose oxida-
tion by different composites. As shown in Table 1, �I and �Q were
estimated using the anodic peak current at Epa = +0.575 V in the
absence/presence of 300 �M glucose. The highest values of �I and
�Q are found for a ratio of 60:60, suggesting that this composite
exhibits high activity towards glucose oxidation. This result also
indicates that this ratio is the optimised condition for the prepara-
tion of an active Ni/Cu/MWCNT composite. The increase in surface
area is estimated as 0.169 cm2 according to a previous method
[43]. This increase in the surface area directly contributes to the
electrocatalytic performance for glucose oxidation.

The solution pH is also an important factor in determining the
activity of nonenzymatic glucose sensors towards glucose oxida-
tion. Fig. 5 shows the cyclic voltammograms of Ni/Cu/MWCNT/GCE
examined at various pH values in the absence/presence of 1 × 10−4

M glucose. The anodic peak current (Ipa) increases obviously with

.co
m.cn
increasing pH. The anodic current change (�Ipa) was the result
estimated by the Ipa value in the absence/presence of 1 × 10−4 M
glucose. The �Ipa value also increases with increasing pH. A
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Fig. 4. Cyclic voltammograms of (A) Ni/GCE, (B) Cu/GCE, (C) Ni/Cu/GCE, (D) Ni/MWCNT/GCE, (E) Cu/MWCNT/GCE, and (F) Ni/Cu/MWCNT/GCE examined in 0.1 M NaOH (pH
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3)  containing [glucose] = (a) 0 M,  (b) 1 × 10−4 M,  (c) 2 × 10−4 M,  and (d) 3 × 10−4 M
 × 10−4 M glucose. Scan rate = 0.1 V s−1.

igh �Ipa value is found for pH 13 (inset of Fig. 5), suggesting
his value as the optimised pH condition for glucose oxidation.
he Ni/Cu/MWCNT composite shows a higher oxidation current
esponse to glucose under high-pH conditions. Thus, the hybrid
omposite is better able to perform the electrocatalytic oxidation
f glucose in the hydroxide-rich solution.

.3. Amperometric response of the Ni/Cu/MWCNT electrode to
lucose

Because  two oxidation peaks are observed at +0.575 V and
0.45 V in the voltammogram, either can be selected as the working

ww
otential for the amperometric determination of glucose oxidation
sing the Ni/Cu/MWCNT electrode. In this work, the amperograms
ere obtained at Eapp. = +0.575 V due to the much higher current

esponse at this voltage, which provides the well-defined, stable,
pectively. (a′) is a cyclic voltammogram of bare GCE examined in the presence of

and  fast (response time = 1 s) amperometric response shown in
Fig. 6.

Fig.  6A shows the amperometric response of the Ni/Cu/MWCNT
electrode examined with several additions of 25 �M glucose (once
every 50 s) spiked into 0.1 M NaOH solution. The response curve
turns downward with increasing concentration because an increas-
ing amount of intermediate species is adsorbed onto the electrode
surface, prolonging the reaction time. The calibration curve for
the glucose sensor is shown in the inset of Fig. 6A, which pro-
vides the regression equation, Ipa(�A) = –744596cglucose(�M) to
29, with correlation coefficient of R2 = 0.995. The electrode has
a linear concentration range of 2.5 × 10−8–8 × 10−4 M,  a sensi-

tivity of 2633 �A mM−1 cm−2, and a detection limit of 0.025 �M
(2.5 × 10−8 M)  (signal/noise = 3). Considering that the concentra-
tion threshold of glucose is 4.4–6.1 mM (79.2–109.8 mg  dL−1)
[44], it is further examined at higher concentrations in the
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Fig. 5. Cyclic voltammograms of Ni/Cu/MWCNT/GCE examined in the presence of
1 × 10−4 M glucose at (a) pH 13, (b) pH 12, (c) pH 11, and (d) pH 10, respectively.
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Fig. 6. Amperometric response of Ni/Cu/MWCNT/GCE examined in 0.1 M NaOH (pH
13) with sequential additions of glucose at (A) low concentration (25 �M–1.15 mM)
and (B) high concentration (1–9 mM). Insets: plots of the anodic peak cur-
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urve  (a′)–(d′) are the cyclic voltammograms of Ni/Cu/MWCNT/GCE examined in the
bsence of glucose at (a′) pH 13, (b′) pH 12, (c′) pH 11, and (d′) pH 10, respectively.
can  rate = 0.1 V s−1. Inset: plot of the anodic peak current change (�Ipa) vs. pH.

ange of 1 × 10−3–9 × 10−3 M.  The electrode provides a linear
oncentration range of 2 × 10−3–8 × 10−3 M and a sensitivity of
437 �A mM−1 cm−2 (Fig. 6B). Thus, the Ni/Cu/MWCNT electrode
an operate well in normal blood glucose levels with good sensi-
ivity. The two linear concentration ranges correspond to high and
ow ranges. Repeated testing yielded the same result. We  attribute
his phenomenon to the sensor nature; due to the variation in its
lucose concentration tolerance, the sensor has a better ability to
etermine glucose with higher sensitivity and over a broader range
t low concentrations (<1 mM glucose). Although the sensor shows
elative low sensitivity, it is still competitive over the concentra-
ion threshold of glucose relative to other sensors in the literature.
ased on these results, the Ni/Cu/MWCNT electrode is appropriate

or human blood glucose levels.
Various nonenzymatic glucose sensors are summarised in

able 2. The Ni/Cu/MWCNT modified electrode shows superior
ensitivity to those using SWCNTs, MWCNTs, and other materials,
uch as noble metals and NPs. When compared to Cu/MWCNT and
i/MWCNT electrodes, it is clear that this good performance is due

o the Ni and Cu NPs decorating the MWCNTs on the electrode sur-
ace, which significantly increases the number of electrocatalytic
ctive areas and promotes electron transfer in the oxidation of
lucose. The Ni/Cu/MWCNT nanocomposite based electrochemical
ensor exhibits high sensitivity, a low detection limit, and a broad
inear concentration range.

.4.  Reproducibility, stability, and anti-interference property of
he Ni/Cu/MWCNT electrode

The  reproducibility and stability of the sensor were evaluated.
ive Ni/Cu/MWCNT electrodes were investigated by amper-
metry (Eapp. = +0.575 V). The amperometric responses of the
i/Cu/MWCNT/GCE were obtained in 0.1 M NaOH (pH 13) with

equential additions of 1 mM glucose. The relative standard devi-

www.sp
tion (RSD) was 1.77%, confirming the high reproducibility of the
reparation method. Ten successive measurements of glucose on
ne Ni/Cu/MWCNT electrode yielded an RSD of 3.8%, indicating that
he sensor was stable. The long-term stability of the sensor was
rent  response (Ipa) vs. glucose concentration. Electrode rotation rate = 2000 rpm.
Eapp. = +0.575 V.

also evaluated by measuring its current response to glucose within
a 30-day period. The sensor was  exposed to air, and its sensitivity
was tested every 3 days. The current response of the Ni/Cu/MWCNT
electrode was  approximately 90% of its original counterpart, which
can be mainly attributed to the chemical stability of Ni and Cu in
basic solution. The current response of the Ni/Cu/MWCNT electrode
was also examined by adding 1 M KCl to the solution as a suppor-
ting electrolyte. Based on this result, the Ni/Cu/MWCNT electrode
shows a nearly constant peak current towards glucose oxidation,
indicating that the electrode is not poisoned by chloride ions.

Anti-interference studies are also important and necessary for
sensors. Some easily oxidative species, such as ascorbic acid (AA),
dopamine (DA), and uric acid (UA), usually co-exist with glucose in
human blood. Thus, the electrochemical response of the interfering
species was  also examined at the Ni/Cu/MWCNT electrode. Consid-
ering that the glucose concentration in human blood is at least
30 times greater than that of interfering species, the interference
experiment was carried out by the successive injection of glucose
and interfering species in 0.1 M NaOH solution. The amperometric

response of Ni/Cu/MWCNT/GCE was examined in 0.1 M NaOH (pH
13) with sequential additions of 10 �M glucose with 1 �M inter-
ferents (DA, AA, and UA). A well-defined glucose response was
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Table  2
Performance comparison of the Ni/Cu/MWCNT electrode and other nonenzymatic glucose sensors.

Electrode Detection potential (V) Sensitivity (�A mM−1 cm−2) Linear range (M)  Detection limit (�M) Reference

Porous Au 0.35 11.8 2 × 10−3–1 × 10−2 5 [4]
MnO2/MWCNT 0.3 33.2 �A mM−1 1 × 10−5–2.8  × 10−2 – [11]
CuO  nanowires 0.33 0.5 4 × 10−7–2 × 10−3 0.049 [12]
Mesoporous  Pt 0.4 9.6 0–1 × 10−2 – [19]
MWCNT 0.2  4.4 2 × 10−6–1.1  × 10−2 1 [21]
Cu  nanoparticles 0.65 – 1 × 10−6–5 × 10−3 0.5 [27]
Ni  nanowires 0.55 1043 5 × 10−7–7 × 10−3 0.1 [37]
Cu/MWCNT  0.65 251.4 7 × 10−4–3.5  × 10−3 0.21 [33]
Freestanding  SWCNT film 0.6 248.6 1 × 10−5–2.16 × 10−3 10 [45]
Pt  nanotubes 0.4 0.1 2 × 10−3–1.4  × 10−2 1 [46]
Pt–Pb/CNTs  0.3 17.8 Up–1.1 × 10−2 1.8 [47]
Au  nanoparticles – 160 5 × 10−4–8 × 10−3 – [48]
CuO/MWCNT  0.4 2596 4 × 10−7–1.2  × 10−3 0.2 [49]
Ni–MWCNT  0.6 67.19 3.2 × 10−6–1.75 × 10−2 0.89 [50]
Ni/Cu/MWCNT 0.575 2633 2.5 × 10−8–8 × 10−4 0.025 This work

0.575 2437 

Table 3
Amperometric glucose sensor applied to human blood serum samples.

Sample Concentration (mM)  RSDa (%) Added (mM) Recovery (%)

1 11.7 1.2 0.1 100.60
2 7.8 2.3 0.1 98.97
3 4.3 1.8 0.1 99.21
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a RSD (%) calculated from three separate experiments.

btained, and insignificant responses were observed for interfer-
ng species. Compared to glucose, the interfering species yielded
urrent response ranging from 1.7% (uric acid) to 8.6% (dopamine)
t +0.575 V. These small responses for DA, AA, and UA can be
eglected. In other words, the Ni/Cu/MWCNT electrode shows good
electivity for glucose detection.

.5.  Human serum samples measurement

In an attempt to assess the feasibility of using the Ni/Cu/MWCNT
lectrode for practical applications, the sensor was  applied to deter-
ine glucose in human blood serum samples from diabetic and

ealthy people. At an applied potential of +0.575 V, 25 �L of the
erum sample was added to 10 mL  of 0.1 M NaOH solution and
he current response was recorded. The recovery of glucose was
etermined by the standard addition of pure glucose to the solu-
ions containing the serum samples, and the corresponding results
ere presented in Table 3. The Ni/Cu/MWCNT sensor showed exact

ecovery (≥95%). The results demonstrated herein support the
otential application of the Ni/Cu/MWCNT sensor for the deter-
ination of glucose in biological fluids.

. Conclusions

We  have successfully deposited Ni and Cu nanoparticles on
he MWCNT modified electrode by cyclic voltammetry. The
i/Cu/MWCNT electrode, a novel nonenzymatic glucose sensor,
resents attractive analytical features, such as high sensitivity,
trong stability, good reproducibility, and selectivity as well as short
esponse times. The Ni/Cu/MWCNT electrode can also be used as an
mperometric sensor for the routine analysis of glucose in human
erum samples. Based on the nonenzymatic glucose determination

www.sp
iterature, it is competitive for the effective determination of glu-
ose with low cost, low over-potential, a low detection limit, and
igh sensitivity.

[

2 × 10−3–8 × 10−3 0.025
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