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ABSTRACT: A polyaniline-supported copper(I) composite has been
synthesized using a one-step chemical synthesis route under ambient
conditions. The composite material was characterized using microscopic
and spectroscopic techniques. The Cu(I)−polymer composite material
was employed as a sensing material for a nonenzymatic glucose sensor.
Compared with pure polyaniline, Cu(I)−polyaniline showed improved
electrocatalytic activity toward glucose oxidation due to the integration of
Cu(I) and that exhibited the enhanced anodic current.
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■ INTRODUCTION

Diabetes is a metabolic disorder resulting from insulin
deficiency, reflected by blood glucose concentrations, and
associated with long-term damage and failure of various organs
especially the heart, kidney, eyes, and blood vessels.1 The early
as well as sensitive detection of abnormal glucose level in the
blood is very important for proper treatment to reduce the
above risks.
There are many approaches that have been developed to

measure glucose concentration, such as optical,2−4 capacitive
detection,5 electro-chemiluminescence,6 colorimetric7 and
electrochemical techniques, but among them electrochemical
sensing methods have received enormous attention due to their
high sensitivity, simple instrumentation, low production cost,
and rapid response speed.
The electrochemical method using glucose oxidase,8−11 an

enzymatic catalyst, has been widely used for glucose biosensor
fabrication, and the activity of the enzyme can be easily affected
by temperature, pH, humidity, and toxic chemicals.12 There are
also some disadvantages of the enzyme-modified electrodes (for
enzymatic electrochemical experiment), such as instability, high
cost of enzymes, complicated immobilization technique, and
critical operating procedure. Therefore, considerable attention
has been paid to develop the nonenzymatic electrochemical
detection method to solve these problems that seems to be an
extremely attractive alternative technique free from the above-
mentioned drawbacks.
Recently, numerous nanostructured materials have been

reported for developing nonenzymatic glucose sensors. The
electrochemical detection of glucose using different noble metal
nanoparticles as the electrocatalyst such as platinum13,14 and

gold15,16 has been explored to develop enzyme-free sensors for
glucose. Poly(vinyl alcohol)-stabilized silver nanoparticles also
showed a viable alternative as a catalyst for electrochemical
detection of glucose.17 Various bimetallic systems such as Pt−
Ir,18 Pt−Pb,19,20 and Pt−Ru21 have also been involved as
important strategic materials for the construction of non-
enzymatic glucose sensors. Highly ordered nickel nanowire
arrays were reported as the electrode material for electro-
chemical detection of glucose with good reproducibility and
long-term stability.22 Copper-based nanostructures, such as
nanorods,23 nanofibers,24 and nanoclusters,25 also offer
excellent performance and have shown good catalytic activity
for nonenzymatic oxidation of glucose. The unique properties
of nanostructured materials are directly related to their size and
are significantly different from their corresponding bulk
materials.26,27 Besides precise control of size, the stability of
nanoparticles is an extremely important issue. To prevent the
agglomeration of the nanomaterials, it is essential to have a
robust support system for the particles to remain as individual.
Carbon-based materials, such as carbon nanotubes, single-
walled carbon nanotubes,28 multiwalled carbon nanotubes,29

and graphene,30,31 provide excellent support for different
nanostructured materials for glucose detection.
Besides the carbon-based solid support, polymers have also

been employed to promote stabilization of the nanoparticles.
There is growing interest in conducting polymers, which have
shown numerous features for high performance biosensors.
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Among the known conducting polymers, polyaniline and its
derivatives have attracted intensive interest due to their
excellent electronic properties, such as their π-conjugated
backbone facilitating electron transfer and their doping
adjustable electrical properties and metal-like transport proper-
ties at both room and low temperatures.32 Polyaniline33 and the
polyaniline−hydrogel34 system act as potential supports of
metal nanoparticles for efficient detection of glucose. The
incorporation of metal in the form of ionic particles or
nanoparticles into polyaniline provides enhanced performance
for both the host (polymer) and the guest (particle) that could
lead to different physical properties and important potential
applications. The paramagnetic property in highly protonic
acid-doped polyaniline has been reported at low temperature,35

whereas a similar magnetic behavior has also been reported by
introducing metal nanoparticles36,37 or metal ions38 in the
polyaniline matrix at room temperature. The Hall effect
measurement of the gold−polyaniline sample confirms the
conductivity characteristics of the polyaniline changed from
“near insulator” to “low charge carrier density semiconductor”
due to the addition of gold nanoparticles.39

Polyaniline also acts as an excellent platform for electro-
catalysis reactions. A polyaniline film-modified electrode, doped
with platinum group metals, was reported for the electro-
oxidation of methanol and other C-1 molecules.40 The
sandwich structure of Pd−polyaniline−Pd acts as an efficient
electrocatalyst for the oxidation of ethanol.41 The gold−
polyaniline hybrid system performs as an electrocatalyst for the
electrochemical oxidation of ascorbic acid and glucose
oxidase.42 Mercapto succinic acid-capped gold nanoparticle-
doped polyaniline has been reported for excellent electro-
catalytic efficiency with regard to the oxidation of β-
nicotinamide adenine dinucleotide43 and also for the detection
of DNA hybridization using both electrochemical and surface
plasmon-enhanced fluorescence spectroscopy methods.44 The
composite hollow structure of polyaniline and gold nano-
particles is an interesting material for the detection of
dopamine, an important neurotransmitter in mammalian
central nervous systems.45

In the present communication, we report an in situ synthesis
technique for the preparation of Cu(I)−polyaniline supra-
molecular composite material by applying an “in situ polymer-
ization and composite formation” (IPCF) type of reaction46−50

using copper sulfate as an oxidizing agent for polymerizing
aniline. During the polymerization process, each step is
associated with a release of electrons and that reduces the
Cu(II) ion to form Cu(I) ion. The Cu(I) ion, which acts as the
catalytic center, binds with the chain nitrogen of the polyaniline
and has been used as an electrocatalyst for the nonenzymatic
detection of glucose.

■ EXPERIMENTAL SECTION
Materials. Aniline was distilled at a reduced pressure over zinc

metal. The middle fraction was collected and stored at ∼10 °C under
argon. Ultrapure water (specific resistivity >17 MΩcm) was used to
prepare the solution of CuSO4, 5H2O (10−2 mol dm−3). All the other
chemicals were used as received.
Characterization Techniques. Scanning electron microscopy

(SEM) studies were undertaken in a FEI FEG Nova 600 Nano lab at 5
kV. Transmission electron microscopy (TEM) studies of the particles
were carried out at an accelerated voltage of 197 kV using a Philips
CM200 TEM equipped with a LaB6 source. An ultrathin windowed
energy-dispersive X-ray spectrometer (EDS) and a Gatan imaging
filter (GIF) attached to the TEM were used to determine the chemical

composition of the samples. The UV−vis spectra were recorded using
a Shimadzu UV-1800 UV−vis spectrophotometer with a quartz
cuvette. Infrared (IR) spectra were collected utilizing a Shimadzu
IRAffinity-1 with a resolution of 0.5 cm−1. The X-ray diffraction
(XRD) patterns were recorded on a Shimadzu XD-3A X-ray
diffractometer operating at 20 kV using Cu Kα radiation (k =
0.1542 nm). The X-ray photoelectron spectra were collected in an
ultrahigh vacuum chamber attached to a Physical Electronics PHI 560
ESCA/SAM system.

Electrochemical measurements were carried out with an Autolab
PGSTAT 910 potentiostat connected to a data controller. A three-
electrode system was used in the experiment with a “bare” and a
“modified” glassy carbon electrode (GCE) as the working electrode.
An Ag/AgCl electrode and a Pt wire electrode were used as the
reference and counter electrodes, respectively. Prior to the electrode
modification, the GCE was mechanically polished with α-Al2O3
powder in ethanol and water, respectively. The polished GCE was
then electrochemically cleaned by cyclic voltammetry between −0.6 V
to +0.6 V at 50 mV S1− in a 0.05 M phosphate buffered saline (PBS)
solution until stable cyclic voltammogram were obtained.

Preparation of Cu(I)−Polyaniline Composite Catalyst. In a
typical experiment, a required amount of aniline (10−2 mol dm−3) was
diluted in 25 mL methanol in a conical flask. To this, a CuSO4, 5H2O
solution in water (10−2 mol dm−3) was added by maintaining a molar
concentration ratio 1:1 (aniline and copper sulfate) slowly under
continuous stirring conditions. During the addition, the solution took
on a green colorization, while at the end, a parrot green precipitation
was formed at the bottom of the conical flask. The entire reaction was
performed at room temperature and under open atmosphere. The
material was allowed to settle for 10 min after which 5 μL of the
colloidal solution was taken from the bottom of the conical flask and
pipetted onto lacey, carbon-coated, Ni-mesh grids for TEM character-
ization. Subsequent to the TEM study, the same grids were sputter
coated with a conducting layer of Au−Pd a few nanometers thick and
was viewed by scanning electron microscopy (SEM). The required
amount of material was used for UV−vis and IR spectroscopy studies.
A total of 2 mL of the above colloidal solution was transferred from
the conical flask to a small sample vial for the electrochemical glucose
detection experiment. The remaining portion of the compound was
dried under vacuum at 60 °C and used for XRD and XPS
characterization.

Fabrication of Modified Electrode. The working electrode was
modified by the “drop and dry” method using the Cu(I)−Polyaniline
composite as an electrocatalyst and then allowed to dry at room
temperature. After every run, the electrode was washed, and an equal
amount (5 μL) of new catalyst was applied on the electrode for the
next study.

■ RESULTS AND DISCUSSION

Optical and Microscopic Properties of the Cu(I)−
Polyaniline Composite Material. We have examined the
spectroscopic behavior of the dried material by IR analysis
within the spectral range from 2000 to 500 cm−1 (Figure 1A).
IR analysis is useful for examining the resonance modes of the
benzenoid and quinoid units and the bonds, such as out-of-
plane C−H and C−N of the polyaniline compound. In the IR
spectra of the resultant compound, the peak at 1635 cm−1

corresponds to the group N=Q=N (where Q represents a
quinoid ring), while the N−B−N group (where B represents a
benzenoid ring) absorbs at 1500 cm−1. A small peak, with an
equivalent intensity of the N−B−N group, observed at 1398
cm−1is due to the presence of the C−N+ polaron conducting
species in the polyaniline structure.51 The peaks at 1110 and
1018 cm−1 correspond to the aromatic C−H in-plane bending
vibration of permigraniline state of polyaniline, whereas the
vibrational band at 1265 cm−1 is related to the protonated C−
N group.52,53 The bands at 765 and 708 cm−1 are due to an
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aromatic out-of-plane C−H deformation vibration and are
related to the substituted benzene ring. These results are in
good agreement with previously reported IR-spectroscopic
characterization data of polyaniline.51−53 In the UV−vis spectra
(Figure 1B), for both of the samples, Cu(I)−polyaniline and
pure polyaniline, a shoulder-like feature has appeared in the
range of 300−330 nm that corresponds to the π−π* transition
of benzenoid rings. A prominent broad peak at about 400 nm
has also been observed in both the samples that represent the
polaron−bipolaron transition of the polymer. A weak
absorption band has been observed within the range between
500−750 nm, which indicates the benzenoid to quinoid
excitonic transition in both samples.54 The UV−vis spectrum
also corroborates with the previously reported spectrum data of
polyaniline.55

The SEM image (Figure 2A) of the resultant polyaniline-
based material illustrates the Aloe vera leaf-like morphology.
From the TEM image in Figure 2B, no evidence has been
found for the presence of copper nanoparticles in the resultant
material. The sample was also characterized with X-ray
diffraction (XRD) analysis (Figure 2C). The XRD pattern
confirms the crystalline character of the polyaniline, and there is
no indication for the formation of the metallic copper. The
EDS spectra (Figure 3A) derived from placing the electron

beam in the different areas of the material and the presence of a
copper peak with almost equal intensity indicates the
homogeneous distribution of copper within the sample. The
Ni peaks are derived from the TEM support grid. The XPS
spectrum shows the asymmetric nature of the Cu 2p3/2 peak
that suggests the presence of more than one valence state of
copper is present in the sample (Figure 3B, inset). The main
peak at 932.45 eV corresponds to Cu(I), and a shoulder-like
appearance at 933.65 eV represents the presence of a minute
amount of unreacted Cu(II).56,57 Area calculations indicate that
92% of the Cu(I) ions were present in the sample, with the
remaining 8% being unreacted Cu(II) ions. Considering the
results from the optical and microscopic characterization, we
have conclude the formation of the Cu(I)−polyaniline
composite material.

Cu(I)−Polyaniline as an Electrocatalyst for Non-
enzymatic Glucose Detection. In the present work, we

Figure 1. (A) FTIR spectrum of Cu(I)−polyaniline compound within
the spectral range from 2000 to 500 cm−1. In the IR spectra, the peak
at 1635 cm−1 corresponds to the quinoid ring, while the N−B−N
group represents the benzenoid ring at 1500 cm−1. (B) In the UV−vis
spectra, for both of the samples, (a) Cu(I)−polyaniline and (b) pure
polyaniline, a shoulder-like feature has been appeared in the range of
300−330 nm that corresponds to π−π* transition of benzenoid rings.
A prominent broad peak at about 400 nm observed in the samples
represent polaron−bipolaron transition of the polymer.

Figure 2. (A) SEM image of the Cu(I)−polyaniline composite
material, which illustrates like the Aloe vera leaf-like morphology. (B)
TEM image of the Cu(I)−polyaniline composite material with a
smooth morphology and no evidence of formation of copper
nanoparticles. (C) XRD pattern confirms the crystalline character of
the polyaniline, and there is no indication for the formation of metallic
copper.
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have compared the affinity and sensitivity of polyaniline,
synthesized using ammonium persulfate, and Cu(I)−polyani-
line for the electrochemical detection of glucose. For this, the
first cyclic voltammetry (CV) technique has been employed to
test the barrier kinetics of the catalytic interface using the
electroactive species [Fe(CN)6]

3−/4− (FCN). The extent of
kinetic hindrance to the electron transfer process increases with
increasing film thickness and decreases with the defect density
of the barrier. The CV responses of 0.5 mM of FCN at bare
GCE, polyaniline-modified GCE, and Cu(I)−polyaniline-
modified GCE at pH 7.5, operating at a scan rate of 50
mVs−1, are shown in Figure S1 (A) of the Supporting
Information. After modifying the electrode with polyaniline, a
decrease in the redox peak current was observed (curve b),
indicating that the polyaniline acts as an electron and mass
transfer blocking layer and thus hinders the diffusion of
ferricyanide toward the electrode surface. In contrast, for the
Cu(I)−polyaniline-modified electrode, the voltammetric re-
sponse of ferricyanide (curve c) is restored close to that
obtained at the bare GCE (curve a). This demonstrates that
Cu(I) has been successfully assembled on the electrode surface
and provides the necessary conduction pathway to promote the
electron transfer between the analyte (ferricyanide) and the
electrode surface. The decreasing peak height indicates the
passivation of the electrode surface. The cyclic voltammogram
of the Cu(I)−polymer-modified GC electrode in the presence
of FCN (5 mM) containing the PBS (50 mM) electrolyte with
the scan rates varying from 10 to 250 mVs−1 are shown in
Figure S1 (B) of the Supporting Information. From the figure,
it is clear that the current intensity (peak height) is directly
proportional with the scan rate, which suggest that the kinetics
of the ferrocyanide (FC) is diffusion controlled on the Cu(I)−
polyaniline-modified GCE. The peak-to-peak (anodic and
cathodic) separation becomes wider with increasing scan
rates, and the peak currents for both the anode and the
cathode increasingly shift toward high current values. The

results indicate that the surface adsorption of the FCN ion
dominates the electrochemical kinetics where the charge
transfer was under diffusion controlled.
The electrocatalytic activity of bare, polyaniline, and Cu(I)−

polyaniline-modified GC electrodes were recorded separately in
the absence (Figure 4A, inset) and the presence (Figure 4B) of

glucose at a scan rate of 50 mVs−1 in milli-Q water. In Figure
4A, curve (a), for the bare electrode, no anodic peak current
has been noticed. In curve (b), for the polyaniline-modified GC
electrode, a slight enhancement of the anodic current value has
been observed, indicating the electro-oxidation of the polyani-
line. For the Cu(I)−polyaniline-modified GC electrode, a
further increment of the anodic peak current indicates the effect
of oxidation for both the polyaniline and monovalent copper
species. In Figure 4B, with the presence of 1.0 mM glucose, no
improvement of the anodic current has been found, as
compared with the previous experiment, for the bare GC
electrode, curve (a). The polyaniline-modified electrode shows
a slight enhancement of the peak current [0.45 μA, measured at
0.650 V, Figure 4B, curve (b)] in the presence of glucose when
compared with the similar electrode in absence of glucose. The
Cu(I)−polyaniline-modified GC electrode exhibited enhanced
electrocatalytic oxidation of glucose with the anodic peak
current value 2.35 μA at the applied potential value 0.300 V
[Figure 4B, curve (c)]. These results indicated that Cu(I)−
polyaniline exhibited excellent electrocatalytic activity toward
the oxidation of glucose, and such enhanced activity is due to
the introduction of copper ion, which promotes the electron
transfer process.
Figure 5A represents the CV responses obtained from the

different concentrations of glucose at the Cu(I)−polyaniline-
modified electrode at a scan rate of 50 mVs−1 in milli-Q water.
With increasing the amount of glucose concentration, 1, 2, 4, 6,
8, and 10 mM, to the electrolyte, the periodic enhancement of
the anodic peak current with a regression coefficient (R2) of
0.9902 suggests that the electrocatalytic activity of Cu(I)−
polyaniline is dependent on the analyte concentration (Figure
5A). The increase in anodic current is attributed to the electro-
oxidation of glucose to glucolactone, which is accompanied by
the oxidation of Cu(I) to Cu(II). As the electro-oxidation of

Figure 3. (A) EDX spectrum obtained from the electron beam being
focused onto various locations of the polymer surface indicates the
presence of copper all over the polymer in similar concentrations. (B)
X-ray photoelectron spectroscopy (XPS) analysis shows the
asymmetric nature of the Cu 2p3/2 peak that suggests the presence
of more than one valence state of copper is present in the sample
(inset). The main peak at 932.45 eV corresponds to Cu(I), and a
shoulder-like appearance at 933.65 eV represents the presence of
Cu(II). Area calculation indicates that 92% of the Cu(I) ions were
present in the sample, with remaining 8% being unreacted Cu(II) ions.

Figure 4. Cyclic voltammograms of (a) bare GCE, (b) polyaniline-
modified GCE, and (c) Cu(I)−polyaniline-modified GCE in the
absence (A), inset, and (B) in the presence of glucose (1.0 mM) in
milli-Q water under the scan rate of 50 mV−1.
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glucose consumes Cu(II), a slight decrease in the cathodic peak
current occurs. The electrocatalytic properties of Cu(I)−
polyaniline was also studied by a square wave voltammetry
(SWV) technique using various amounts of glucose concen-
tration at the frequency of 10 Hz. Our result indicates that the
SWV technique is not as sensitive as the CV technique for the
detection of low concentration of glucose using the composite
material as a catalyst. At higher glucose concentration, clear and
distinct current peaks (with R2 = 0.95236) can be seen at
around ∼0.365 V for the analyte concentrations of 4 mM
(curve b), 6 mM (curve c), and 8 mM (curve d) (Figure 5B).
In the absence of glucose, no characteristic peak has been
observed in the potential zone (Figure 5B, curve a). Figure 5C
illustrates the current response, with the successive addition of
glucose, as a function of time at a constant voltage of (+) 0.200
V in the presence of the Cu(I)−polyaniline-modified working
electrode. A steady increase in current response has been
observed with the addition of glucose to the electrolyte (milli-Q

water) from 0.4 to 4.0 mM, which is much lower than the
normal physiological level of glucose (4.4 to 6.6 mM),58 with a
sensitivity value of 0.4744 μA mM−1 cm−2. The comparative
performance of different electrocatalysts used for the non-
enzymatic detection of the glucose is summarized in Table 1 of
the Supporting Information. The above results indicate that the
Cu(I)−polyaniline composite could be a potential material for
the fabrication of a nonenzymatic glucose sensor device in
terms of performance and sensitivity. We have also performed
the “effect of pH” study of the catalyst and found that the
Cu(I)−polyaniline composite is tolerant under acidic and basic
conditions within a pH range from 2 to 12 for the detection of
glucose.

■ CONCLUSIONS
In summary, an efficient route for the synthesis of a polyaniline-
supported copper(I) composite material has been described
under ambient conditions. The supramolecular material was
successfully applied as an electrocatalyst, with high sensitivity,
fast response, low detection limit, and good stability, for the
nonenzymatic electrochemical detection of glucose. The simple
preparation procedure and use of a low-cost precursor of the
composite could mean the material is a promising candidate for
the fabrication of an economical glucose-sensing device. We
envision that the above-mentioned organic−inorganic hybrid
system could be highly useful for a wide range of applications in
bioelectronics and future generation energy storage electrodes
for nonenzymatic glucose fuel cells.
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