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Abstract The multiwalled carbon nanotubes thin-film-based electrode was fabricated by electrophoretic deposition and
modified with copper (Cu) nanoparticles to fabricate Cu/CNTs nanocomposite sensor for nonenzymatic glucose detection.
The expensive glassy carbon electrode was replaced by fluorine-doped tin oxide glass containing CNTs film to confine the
Cu nanoparticles growth by electrodeposition through cyclic voltammetry (CV). The ultraviolet visible and X-ray
diffraction analysis revealed the successful deposition of Cu nanoparticles on the CNTs-modified electrode. The atomic
force microscopy images confirmed the morphology of electrodeposited Cu on CNTs film as uniformly dispersed particles.
The electrocatalytic activity of electrode to the glucose oxidation was investigated in alkaline medium by CV and
amperometric measurements. The fabricated sensor exhibited a fast response time of less than 5 s and the sensitivity of
314 pA mM ™' cm ™2 with linear concentration range (0.02-3.0 mM) having detection limit 10.0 pM. Due to simple
preparation of sensor, Cu/CNTs nanocomposite electrodes are a suitable candidate for reliable determination of glucose
with good stability.

KEY WORDS: Electrophoretic deposition (EPD); Fluorine-doped tin oxide (FTO) substrate; Carbon
nanotubes; Copper nanoparticles; Nonenzymatic electrocatalysis; Glucose sensor

1 Introduction

Diabetes mellitus is an extremely extensive disease which
transports metabolic disorders and affects about 220
million people around the world. The mortality and
morbidity caused by hyperglycemia and insulin deficiency
is imitated by higher or lower concentration of blood
glucose as compared to the normal range (4.5-6.5 mM)
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[1]. Therefore, to establish a simple and rapid glucose
sensing system is of significant importance having high
stability, sensitivity and selectivity to distinguish different
levels of glucose [2—4]. The electrochemical glucose
sensors, widely used till today, are enzymatic with high
sensitivity and good reliability. However, the catalytic
response of the enzyme glucose oxidase (GOx) is sensi-
tive to chemical reagents, pH, temperature and humidity,
causing the instability and enzyme damage. Therefore,
highly selective nonenzymatic glucose sensors, based on
direct glucose oxidation on the surface of electrode
without using enzyme, are desired. The nonenzymatic
biosensors based on nanostructures [5, 6] have attractive
benefits of simple and inexpensive fabrication with good
reproducibility and high stability. Most of these nonen-
zymatic glucose sensors are amperometric.

The nanocomposite-based electrodes with highly active
surface area play an important role in the glucose
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electroxidation. Therefore, nanomaterials such as transition
metallic nanoparticles and carbon nanotubes (CNTs) have
been utilized extensively in biosensors. CNTs are of great
importance because of its high chemical stability [7-10]
and remarkable physical and electrical properties. Transi-
tion metallic nanoparticles (NPs) increase the electro-
chemical activities due to high surface area, enhanced
catalysis and good biocompatibility [10-12]. Hence, it is a
significant approach to use them for nonenzymatic glucose
sensors, such as Pt NPs- [13, 14], Cu NPs- [15, 16], Au
NPs- [17, 18], Ni NPs- [19], CNTs-modified electrodes
[20, 21] and Cu NPs with CNTs [22, 23]. The fast
amperometric glucose detection and high sensitivity have
been reported owing to the increase in electroactive surface
area. This provides more electron transfer during oxidation
reactions of glucose. The electrode materials for glucose
analysis based on Cu nanoparticles are of primary interest
for its better catalytic activity, detection limit, range of
response and mainly stability [24]. It has been revealed that
the catalytic properties can be improved by varying the
surface profile, grain size and texture. Therefore, it is a
critical requirement to produce nanosized catalysts with
improved activities [25]. Continuous efforts have been
made to fabricate effectively dispersed Cu/CNT compos-
ites with increased catalytic activity; however, during
recent years, a few reports developed the nonenzymatic
glucose sensor with the highly dispersed Cu/CNTs
nanocomposite electrodes.

In this work, a new, inexpensive and facile route has
been employed for the Cu/CNTs composite fabrication for
the nonenzymatic sensing of glucose and it delivered fairly
high sensitivity, good selectivity and reproducibility and
fast current response. In fact, the fabrication of pure Cu
nanoparticles is difficult, as they provide poor stability
during electroanalysis and easily oxidized in air [12]. The
published fabrication methods of Cu nanoparticles, like
microemulsions, reverse micelles and radiation procedures,
are complex as all include various solvents [12, 22]. In this
project, Cu nanoclusters were electrodeposited by cyclic
voltammetry on CNTs-modified electrode fabricated by
electrophoretic deposition. Carboxylic acid (COOH)-
functionalized CNTs were treated with SDS (sodium
dodecyl sulfate) to get the most stable suspension for CNTs
electrode fabrication through electrophoretic deposition
(EPD). The rigid control of deposition rate and film
thickness during EPD provides an excellent film uniformity
and strong adhesion on electrode surface which is not
possible in drop casting and other wet chemical techniques
for thin-films fabrication [26—28]. This fabricated Cu/
CNTs composite provides more uniform Cu deposition on
CNTs electrode with better sensing parameters as
compared to previously published works with other
techniques.
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2 Experimental
2.1 Reagents and Materials

Multiwalled carbon nanotubes (MWCNTSs, diameter
~10-20 nm, length ~10-30 um, purity >95%) were pur-
chased from Jinzhou Hancheng Import & Export Co., Ltd. in
China and used as received. The chemicals, sodium dodecyl
sulfate (SDS), copper sulfate (CuSQy,), sodium hydroxide
(NaOH), potassium ferricyanide (K3 [Fe(CN)¢]) and
reagents nitric acid (HNO3) and sulfuric acid (H,SO,) were
purchased from Merck India. Deionized (DI) water was
utilized throughout the experiment for aqueous solutions.

2.2 Preparation of Cu/CNTs Nanocomposite
Electrode

The CNTs were COOH functionalized through refluxing at
60 °C for 6 hin HNO3/H,SO4 (1:3, 50 ml) mixture. The acid
mixture was then re-suspended in DI water and followed by
centrifugation at 8500 rpm for 30 min. The centrifugation
was performed repeatedly to achieve the neutral pH solution.
The residue was then dried at 25°C for 24 h to yield the
COOH-functionalized MWNTs (f-CNTs). To get the effec-
tive stable suspension for EPD, f-CNTs were dissolved in
aqueous micellar solutions of the anionic surfactant SDS.
EPD was conducted using a DC power supply by applying
optimized DC voltage (35 V/cm) for 3-min deposition time at
room temperature. The working electrode was fluorine-doped
tin oxide (FTO) substrate and the graphite used as counter
electrode. Both electrodes in the EPD cell were fixed parallel
to each other. DC voltage was applied at a constant distance
between electrodes. The CNTs-coated FTO substrate was
cleaned with DI water to remove any contaminants and dried
atroom temperature. The obtained electrode was arranged for
electrodeposition of Cu. The Cu electrodeposition was car-
ried out in sulfuric acid solution of copper sulfate (Cu,SO,4)
by cyclic voltammetry. The scan rate was 100 mV/s and
performed in the potential window of 0.5 to —0.6 V. The
cyclic number was kept 30 to achieve the high reproducibility
and sensitivity of the electrodes. The fabricated Cu/CNTs
composite electrode was stored at room temperature.

2.3 Characterization Techniques

The CNTs and Cu/CNTs composite electrode was char-
acterized by 2001 Bruker AXS diffractometer using CuKa
radiation. The absorption spectrum of both electrodes was
recorded using ultraviolet visible (UV-Vis) spectropho-
tometer. The surface morphology of the modified elec-
trodes was characterized by atomic force microscopy
(AFM). To study the electrochemical properties of the
modified electrode, cyclic voltammetry was conducted
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using the Princeton 263 A electrochemical work station
having three-electrode configurations with graphite as a
counter electrode, a saturated calomel reference electrode
and CNTs film electrode as working electrode.

3 Results and Discussion

3.1 Characterization of Cu/CNTs Nanocomposite
Electrode

This work provides a simple and inexpensive fabrication
approach of Cu/CNTs nanocomposite. The use of elec-
trophoretically deposited CNTs electrode has advantages
of excellent film uniformity and strong adhesion.

The optical absorbance of electrodeposited Cu film on
electrophoretically deposited CNTs electrode was exam-
ined using UV-Vis analysis as shown in Fig. 1. The
absorbance peak around 530 and 270 nm indicates the
presence of Cu nanostructures and optical properties of
graphite, respectively [29, 30].

The composite electrode characterized by atomic force
microscopy (AFM) is shown in Fig. 2a, b. The Cu deposited
on the CNTs electrode exhibits spherical shape with the size
from 40 to 90 nm. This large size of Cu nanoparticles indi-
cates agglomeration of Cu nanoparticles of much finer size. As
the size increases, some adjacent particles coalesce and some
particles suffer diffusion interference due to their random
distribution resulting in aggregation [31]. The AFM image of
electrophoretically deposited CNTs electrode is also shown in
Fig. 2c. The image shows a tubular structure with outer
diameter of 100 = 5 nm and length range 1000—1200 nm.

The Cu/CNTs nanocomposite crystal structure was
confirmed by using X-ray diffraction (XRD) determination
(Fig. 3). The XRD pattern indicates three peaks at 43.60°,
50.63° and 74.02°, corresponding to the planes {111},
{200} and {220}, respectively, which corresponds to the
fcc Cu lattice. The peak at 32.4° is assigned to the [002]
plane of the CNTs [32]. These results clearly show that the

3

N

Absorbance (a.u.)

200 400 600 800
Wavelength (nm)

Fig. 1 UV-Vis spectrum of Cu/CNTs nanocomposite electrode

Cu nanoparticles have been successfully electrodeposited
on the CNTs-modified electrodes. Based on the experi-
mental results and Scherrer formula, the average crystallite
size of Cu was calculated to be 6.8 nm.

Therefore, the Cu nanoparticles size of 20-80 nm, per-
ceived from the SEM images, was assembled by the average
Cu nanocrystalline size of 6.8 nm. This indicates that large
surface areas of CNTs-modified electrode incorporate the
more compact deposition of Cu nanoparticles [33, 34].

The growth of Cu nanoparticles on CNTs-modified
substrates provides Cu/CNT nanocomposites having por-
ous structure, thus providing a perfect interface for utilizing
in nonenzymatic electrochemical biosensor.

3.2 Electrochemical Characterization of Cu/CNTs
Electrode

Figure 4 shows the comparison of cyclic voltammograms of
CNTs-modified FTO substrate with Cu/CNTs-modified
FTO in 0.5 mM K;3Fe(CN)g and 0.1 M KCl at 50 mV/s. The
reversible one-electron redox behavior of ferricyanide was
observed. The voltammetric behavior of ferricyanide redox
couple on the CNTs electrode was found due to the high
aspect ratio and surface with electrocatalytic activity. For the
Cu/CNTs nanocomposite electrode, the cyclic voltammetric
response was comparable to that of the CNTs electrode. The
voltammograms showed that Cu was efficiently immobi-
lized on CNTs-coated FTO surface providing the essential
conduction paths to promote the transfer of electron at the
interface of electrode and analyte like an electrode at
nanoscale. With the Cu nanoparticles deposition on CNTs-
modified electrode, peak current I, has been increased and
peak separation (4E,) decreased as compared to those of the
CNTs-modified electrode. This indicates that the Cu nan-
oclusters have increased the electrocatalytic active surface
area. Thus, the morphology of the nanostructures played a
significant role in revealing the electrochemical activity.

The active surface area was calculated from the Randles—
Sevcik equation (I, = 2.69 x 10° ACV”ZD”Z), where I,
is the redox peak current (A), n is the electron transfer number
(= 1), A is the surface area of the electrode (cm?), D is the
diffusion coefficient (0.76 x 1073 cm2/s), C is the concen-
tration of electroactive species (K3Fe(CN)g, M/L) and v is the
scan rate (V/s). The calculated active surface areas of CNTs-
modified FTO and Cu/CNTs were 0.75 and 1.32 cm?,
respectively. These results clearly showed the increased active
surface area of Cu/CNTs nanocomposite electrode.

3.3 Nonenzymatic Electrocatalysis of Glucose
at the Cu/CNTs Electrode

The electrocatalytic response of the CNTs and Cu/CNTs
electrode toward glucose oxidation in alkaline media was
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Fig. 2 AFM image a and histogram b of Cu/CNTs nanocomposite electrode; ¢ AFM image of CNTs-modified electrode
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Fig. 3 XRD pattern of Cu/CNTs nanocomposite electrode
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Fig. 4 Cyclic voltammetry curves of CNTs and Cu/CNTs electrode
at scan rate of 50 mV/s

examined by cyclic voltammetry in 0.1 M NaOH solution
at scan rate of 20 mV/s in the presence and absence of
0.5 mM glucose as shown in Fig. 5. The potential range
was selected from 0.0 to 0.8 V versus saturated calomel
electrode (SCE). The requirement of alkaline medium to
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improve the effect of Cu for glucose oxidation is
acknowledged. Figure 5 shows that in the glucose absence,
no redox peak appears from electrophoretically deposited
CNTs electrode and Cu/CNT composites electrode. A
predominant increase in the reaction peak current was
detected upon addition of glucose for Cu/CNTs composite
as a working electrode. The well-defined pair of redox peak
currents at 0.68 and 0.25 is observed from the voltammo-
grams corresponding to the glucose oxidation peaks for Cu
(II)/Cu (III) [8, 23]. Redox peaks from the transition of Cu
(IT) and Cu (III) have been considered as a mediator for
electron transfer. These results indicate that Cu nanopar-
ticles exhibit excellent electrocatalytic response toward
glucose oxidation and CNTs electrode provides the large
surface area and a high conductivity to increase the elec-
tron transfer rate. The detection potential was 0.68 V.
Cyclic voltammetry plot of Cu/CNTs nanocomposite
electrode in the presence of glucose (0.1 M NaOH) solu-
tion at altered scan rates of 20, 60, 80, 100 and 150 mV/s is
shown in Fig. 6. The increasing scan rates resulted in
shifting the redox peak currents to higher values with more
peak-to-peak separation. Figure 6 shows the linear varia-
tion of cathodic and anodic peak currents with increasing

square root of scan rates demonstrating that the
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Fig. 5 Cyclic voltammetry of CNTs electrode (curves a, b) and Cu/

CNTs electrode (curves c, d) before (curves a, c¢) and after (curves b,

d) adding 0.5 mM glucose in 0.1 mM NaOH solution at scan rate of

20 mV/s
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electrochemical reactions are surface controlled by the
adsorption of glucose molecule. The correlation coeffi-
cients R? of 0.992 and 0.997 for anodic and cathodic peaks,
respectively, have been observed.

3.4 Glucose Detection Response of Cu/CNTs
Electrode

Figure 7 demonstrates the amperometric results of Cu/
CNTs composite electrode at optimized potential (0.65 V).
The glucose with varying concentration was successively
added in NaOH solution of optimized concentration 0.1 M.
Each step of glucose addition generates a rise in current
and gets a steady current in less than 5 s. This indicated an
extremely rapid and subtle response of Cu/CNTs
nanocomposite electrode toward glucose along with rapid
diffusion of glucose. The electrophoretically deposited
CNTs electrode promoted fast transfer of electron provid-
ing high electroconductive performance.

The inset in Fig. 7 shows the current density (nA/cm?)
versus glucose concentration (mM) plot exhibiting linear-
ity. The plot gives correlation coefficient R* of 0.996 and
the sensitivity of Cu/CNTs nanocomposite sensor
(314 pA mM~' cm™?). The limit of detection was
10.0 uM. This can be assigned to Cu nanostructures having
high surface area and conductivity.

3.5 Stability and Reproducibility of the Electrode

The reproducibility of the nonenzymatic glucose sensor
was examined by making five Cu/CNT nanocomposite
electrodes with same fabrication technique and testing their
current responses with 0.5 mM glucose solution in 0.1 M
NaOH solution. After five successive measurements, the
reproducible generated current was evaluated having rela-
tive standard deviation (RSD) of 4.5%. The RSD of suc-
cessive 5 electrodes gives RSD of 5.9%. These results
show the high reproducibility of Cu/CNTs electrode for
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Fig. 6 Cyclic voltammetry curves of Cu/CNTs electrode at scan rate
of 20, 60, 80, 100 and 150 mV/s (curves a—e). Inset linear variation of
redox peak currents with square root of scan rate
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Fig. 7 Current time response of Cu/CNTs electrode to various
concentration of glucose in 0.1 M NaOH solution. Inset current
response versus glucose concentration

glucose detection. The stability evaluation of electrode was
performed by evaluating the current response to 0.5 mM
glucose, each with 2-day intervals, as shown in Fig. 8. The
Cu/CNTs electrode was placed in air, when it was not
measured. It was detected that the current response could
persist about 90% of its first value after storing for 20 days,
revealing that the electrode offers very good stability.
Some easily oxidized synergetic compounds such as
ascorbic acid (AA) and uric acid (UA) give interfering
current signals which are the major encounters in the
nonenzymatic detection of glucose. Although these intru-
sive species of AA (0.002 mM) and UA (0.002 mM) are
much lower in concentration than glucose (3-8 mM) in an
ordinary biological sample, they generate electrochemical
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Fig. 8 Stability of the Cu/CNTs electrode. The determination
solution is 0.1 M NaOH with 0.5 mM glucose at 0.65 V. Inset
interference test of Cu/CNTs electrode with 0.3 mM glucose and
0.002 mM each ascorbic acid (AA) and uric acid (UA)
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current values analogous to glucose. This might be due to
more transfer of electrons [13]. The inset of Fig. 8
demonstrates the measurements upon addition of
0.002 mM interfering species with continuous addition of
0.3 mM glucose in 0.1 M NaOH solution. A significant
glucose response was detected as compared to UA and AA,
thereby neglecting the effect of interfering species. This
demonstrates that the fabricated Cu/CNTs nanocomposite
electrode is precisely specific toward glucose regardless of
the intrusive species.

This work provides high sensitivity, fast response, low
detection limit and good stability as compared to previously
reported works [24, 35-38]. In comparison with other Cu/
CNTs nanocomposite electrodes, the demonstrated advan-
tages of the Cu deposition on the uniform and homogeneous
CNT films showed that these CNT films played highly
important role in glucose electrocatalytic oxidation perfor-
mance. The higher current response of the electrode can be
found due to its compact and uniform structure. The improved
performance can also be attributed to synergistic electrocat-
alytic behavior of the CNT films toward glucose oxidation
[35]. This work offers a simple and a promising approach to
functionalize the CNT thin films for possible application.

4 Conclusion

The Cu nanoparticles have been electrodeposited by cyclic
voltammetry on the CNTs film prepared on FTO substrate by
electrophoretic deposition, constructing a nonenzymatic
amperometric glucose biosensor. The prepared Cu/CNTs
electrode exhibits fast response of less than 5 s, high sta-
bility, good reproducibility and excellent sensitivity
314 pA mM ™! cm™2 with wide linear range (0.02-3.0 mM)
and low detection limit (10 uM). This value of sensitivity is
higher in comparison with previously reported Cu elec-
trodeposited nonenzymatic glucose sensors, demonstrating
the increase in electrocatalytic active surface area by
homogenous deposition of Cu nanoparticles on uniformly
coated CNTs substrate. The glassy carbon electrode can be
replaced with inexpensive FTO substrate for effective glu-
cose determination with low detection limit, low over
potential and high sensitivity. This project offers a promising
approach to incorporate the CNTs thin films, prepared
by electrophoretic deposition, for potential application.
Furthermore, nanocomposites of Ni/CNTs and Ni/Cu/CNTs
are in process of fabrication by the same technique for more
sensitive nonenzymatic glucose detection.
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