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Preparation of reduced graphene oxide/Cu
nanoparticle composites through electrophoretic
deposition: application for nonenzymatic glucose

Qian Wang,?® Qi Wang,® Musen Li,” Sabine Szunerits® and Rabah Boukherroub*@

The paper reports on the simultaneous reduction/deposition of reduced graphene oxide/copper
nanoparticles (rGO/Cu NPs) on a glass/Ti/Au electrode using an electrophoretic deposition (EPD)

technique from a colloidal suspension of graphene oxide (GO) and copper sulphate (CuSQ,) in ethanol.

The method allows controlling the nanoparticle density by adjusting the deposition time. Structural

characterization and chemical composition analysis of the modified electrode showed the simultaneous
reduction of GO with the concomitant deposition of metallic CuNPs with a Cu(OH), shell. The
electrocatalytic activity of the modified electrode was evaluated for non-enzymatic glucose sensing in

alkaline medium. While the Au electrode modified only with rGO did not show obvious electrocatalytic

activity, the electrode coated with rGO/CuNPs exhibited excellent electrocatalytic behavior towards

glucose oxidation with a high sensitivity of 447.65 pA mM~t cm™2. The response current of the sensor is
linear to glucose concentrations up to 1.2 mM with a detection limit of 3.4 uM. Furthermore, the
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interference from various oxidizable molecules such as dopamine, uric acid, ascorbic acid and

carbohydrate molecules such as fructose, lactose and galactose was negligible, indicating a good

DOI: 10.1039/c4ral4132f

www.rsc.org/advances demonstrated successfully.

1. Introduction

The development of sensitive and selective methods for glucose
detection is of significant importance not only for use in blood
sugar monitoring, but also in the food industry, bio-processing,
and in the development of renewable and sustainable fuel
cells.* The great significance of glucose sensing has generated
continuous efforts in the development of various detection
schemes based on optical, fluorescence and electrochemical
methods.>”

Electrochemical glucose sensors generally fall into two cate-
gories viz. enzymatic and non-enzymatic."*>*® Although enzy-
matic biosensors for glucose sensing display high sensitivity and
selectivity, there are several drawbacks associated with enzyme-
modified electrodes such as the high cost of enzymes, long-term
stability and complexity of immobilization.* Furthermore, the

“Institut de Recherche Interdisciplinaire (IRI, USR CNRS 3078), Université Lille 1, Parc
de la Haute Borne, 50 Avenue de Halley, BP 70478, 59658 Villeneuve d'Ascq, France.
E-mail: rabah. boukherroub@univ-lillel.fr; Fax: +33 362 53 17 01; Tel: +33 362 53 17
24

*Key Laboratory for Liquid-Solid Structural Evolution and Processing of Materials,
Shandong University, Jinan 250061, China

T Electronic  supplementary
10.1039/c4ra14132f

information  (ESI) available. See DOIL

This journal is © The Royal Society of Chemistry 2015

selectivity of detection. The application of this glucose sensor in real samples has also been

enzyme activity can be easily affected by humidity, temperature
and pH of the sensing medium.

Over the past decade, there has been an increasing interest
in the development of non-enzymatic glucose sensors.®® The
preparation of a large variety of nanomaterials of different
chemical nature and morphology has introduced a plethora of
highly selective and sensitive glucose sensors.® Even though
most of non-enzymatic glucose sensors are not selective
towards other carbohydrates such as fructose and sucrose and
need to be often operated in an alkaline medium, they have
several advantages such as low cost, simplicity, reproducibility,
fast response time, higher sensitivity and better stability than
glucose oxidase-based interfaces. Copper-based electrodes
represent an interesting class of materials for electrocatalytic
oxidation of glucose. Indeed, carbohydrate oxidation at Cu
electrode in alkaline media has been investigated in the early
90s.>' It has been suggested that Cu(u) was involved in the
electrocatalytic oxidation process of the carbohydrates. Emer-
gence of nanotechnological tools allowed the synthesis of Cu-
based nanomaterials of different shapes and morphologies
and their application for non-enzymatic glucose sensing."*

Recently, graphene has captured great interest among
physicists, chemists, and materials scientists and has brought
significant progress to applied electrochemical fields.***® In
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fact, graphene displays outstanding properties such as high
surface area, good electrical conductivity, mechanical flexibility
and chemical stability. Furthermore, chemically derived gra-
phene (and its derivatives) exhibits a high density of edge-plane-
like defect sites, which might provide many active sites for
electron transfer to chemical and biological species.” These
properties have made graphene an effective biosensing inter-
face of different biomolecules and biologically relevant mole-
cules such as H,0,, glucose, dopamine, ascorbic acid, uric acid,
protein, DNA, cholesterol, histidine, organosulfate pesticides,
nicotinamide adenine dinucleotide (NADH), etc.’* Another
important aspect is the ease of graphene functionalization
through covalent or non covalent pathways and its use as a 2D
support for loading various polymers or nanoparticles, giving
rise to nanohybrid materials with original properties. The
resulting functional nanomaterials and nanocomposites
display improved performance due to synergistic effects
interaction.

In the last few years, the preparation of Cu-based
nanostructures/graphene composites represents a burgeoning
field of research for various applications such as electrodes in
electrochemical supercapacitors,” electrochemical sensing
platform for simultaneous determination of dopamine and
ascorbic acid,” surface-enhanced Raman scattering (SERS)
active substrate,” hydrolytic dehydrogenation of ammonia
borane, and catalysis.>** Copper nanostructures/graphene
nanocomposites have also been investigated for non enzy-
matic glucose sensing.>”** The sensors showed detection limits
ranging from 80 nM to 1.3 uM, depending on the preparation
conditions and composition of the nanocomposite, the depo-
sition mode, the supporting electrode material, and the elec-
trochemical technique employed. Different strategies have been
used for the preparation of the Cu nanostructures/graphene
composites. They consist on the direct electrochemical reduc-
tion of Cu salt on GC electrode previously coated with reduced
graphene oxide (rGO),”**>** and in situ reduction of GO-Cu salt
using potassium borohydride,”” sodium borohydride,* and
glycine at 500 °C.*°

Electrophoretic deposition (EPD) is a well developed and
cost-effective technique having a number of advantages such
as high deposition rate, thickness controllability, good
uniformity and simplicity of scale up for the preparation of
thin films from charged colloidal suspensions. In a recent
report, we have shown that electrophoretic deposition (EPD)
can be applied for the preparation of Ni(OH), nanostructures
modified rGO matrices in a reproducible manner and
successfully used the resulting Ni-graphene nanocomposite
for non-enzymatic determination of glucose with a detection
limit of 15 pM.** Here, we report on the fabrication of non-
enzymatic sensor based on copper nanoparticles (Cu NPs)/
rGO nanocomposite. The nanocomposite was prepared using
EPD technique, consisting on simultaneous deposition/
reduction of Cu NPs/rGO from an ethanolic solution of GO
and Cu salt. The nanocomposite showed a good electro-
catalytic activity toward glucose oxidation with a good sensi-
tivity and detection limit.
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2. Experimental
2.1. Materials

All chemicals were reagent grade or higher and were used as
received unless otherwise specified. Graphite powder (<20
micron), potassium permanganate (KMnO,), sulphuric acid
(H,S0,), phosphoric acid (HsPO,), hydrogen peroxide (H,O,),
copper sulphate (CuSO,), sodium hydroxide (NaOH), glucose,
uric acid (UA), ascorbic acid (AA), dopamine hydrochloride
(DA), fructose, lactose, galactose, phenol, and ethanol were
purchased from Sigma-Aldrich. The water used throughout the
experiments was purified with a Milli-Q system from Millipore
Co. (resistivity = 18 MQ cm).

2.2. Preparation of graphene oxide (GO)

GO nanosheets were produced from natural graphite powder by
an improved Hummers and Offeman method. The detailed
experimental conditions are reported in a recently published
work.?* A homogeneous yellow brown suspension (0.5 mg mL ™)
of GO sheets in water was achieved by ultrasonication for 3 h.

2.3. Preparation of rGO modified gold interfaces by
electrophoretic deposition

Gold electrodes were prepared by vacuum deposition of 5 nm of
titanium and 48 nm of gold onto cleaned glass slides (76 x 26 x
1 mm?, n = 1.58 at A = 633 nm, CML, France). The electro-
phoretic deposition (EPD) was carried out using a two-electrode
cell containing the GO aqueous dispersion (0.5 mg mL™") by
applying a DC voltage (50 V) for 2 min. Platinum (Pt) foil (1 x
2 ecm?) acts as the cathode and the gold substrate as the anode.
The two electrodes are separated by 1 cm and are placed parallel
to each other in the GO dispersion. After deposition, the inter-
face was washed with deionized water (three times) followed by
blow drying with nitrogen.

2.4. Preparation of rGO/Cu NPs-modified gold interfaces by
electrophoretic deposition

The EPD was carried out in a two-electrode cell, where the two
electrodes are placed parallel to each other and are separated by
a distance of 1 cm. A platinum foil (1 x 2 cm?) acts as the anode
and the gold substrate as the cathode. GO/CuSO, suspensions
were ultrasonicated for 30 min before use. The electrophoretic
cell was then filled with a solution of GO (0.5 mg mL~")/CuSO,
(0.5 mg mL ") in ethanol and a DC voltage of 50 V was applied
for 2 min. After deposition, the interfaces were rinsed with
deionized water (three times) followed by blow drying with
nitrogen. The modified electrodes were activated by cycling 15
times between —1 to and +0.2 V in NaOH (0.1 M) at a scan rate of
50 mv s .

2.5. Preparation of CuNPs modified gold interfaces by
electrophoretic deposition

The EPD was carried out using a two-electrode cell containing
the CuSO, ethanolic dispersion (0.5 mg mL™ ") by applying a DC
voltage (50 V) for 2 min. Platinum (Pt) foil (1 x 2 cm?) acts as the

This journal is © The Royal Society of Chemistry 2015
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anode and the gold substrate as the cathode. The two electrodes
are separated by 1 cm and are placed parallel to each other in
the CuSO, dispersion. After deposition, the interface was
washed with deionized water (three times) followed by blow
drying with nitrogen. The modified electrodes were activated by
cycling 15 times between —1 to and +0.2 V in NaOH (0.1 M) at a

scan rate of 50 mv s~ ..

2.6. Determination of glucose content in human serum
(colorimetric method)

A standard calibration curve for glucose was generated by
mixing aliquots of aqueous phenolic solution (5 wt%, 1 mL) and
concentrated H,SO, (5 mL) to a series of 1 mL aqueous glucose
solution (20, 40, 60, 80, 100 ug mL~'). After shaking continu-
ously for 10 min, the absorption spectrum (450-550 nm) was
recorded using a phenol-H,SO,-water mixture as a blank. The
absorbance (Anax = 490 nm) difference was plotted against the
glucose concentration. 50 pL of the human serum were diluted
to 250 pL in water and mixed with 250 pL phenol/1.25 mL H,SO,
for glucose determination.?**”

2.7. Sample characterization

2.7.1. Scanning electron microscopy (SEM). Scanning
electron microscopy images and energy dispersive X-ray (EDX)
spectra of the films were obtained using an FEI Nova NanoSEM
450 scanning electron microscope with FEG (field emission
gun, Schottky type) system equipped with an energy dispersive
X-ray analyzer at an accelerating voltage of 20 kv.

2.7.2. X-Ray diffraction (XRD). The X-ray diffraction (XRD)
patterns were recorded in the range of 10-90° on a Rigaku D/
Max-kA X-ray diffractometer using Cu Ko radiation (2 =
1.54 A) at 40 kV and 30 mA.

2.7.3. X-Ray photoelectron spectroscopy (XPS). XPS
measurements were performed with an ESCALAB 220 XL spec-
trometer from Vacuum Generators featuring a monochromatic
Al Ka X-ray source (1486.6 €V) and a spherical energy analyzer
operated in the CAE (constant analyzer energy) mode (CAE =
100 eV for survey spectra and CAE = 40 eV for high-resolution
spectra), using the electromagnetic lens mode. The detection
angle of the photoelectrons is 30°, as referenced to the sample
surface. The Auys at 84 eV was used to calibrate the other
elements. After subtraction of the Shirley-type background, the
core-level spectra were decomposed into their components with
mixed Gaussian-Lorentzian (30 :70) shape lines using the
CasaXPS software. Quantification calculations were performed
using sensitivity factors supplied by PHI.

2.7.4. Zeta potential measurements. The zeta potential of
GO and GO/CuSO, (20 pg mL ™" in ethanol) was measured using
the electrophoretic mode with the Zetasizer® Nano ZS (Malvern
Instruments S.A., Worcestershire, UK).

2.7.5. Electrochemical measurements.
experiments were performed using an Autolab potentiostat 20
(Eco Chemie, Utrecht, The Netherlands). Ag/AgCl (Bioanalytical
Systems, Inc.) electrode was used as reference electrode, and
platinum wire as counter electrode. The rGO/CuNPs-glass/Ti/
Au electrode working electrode (A = 0.28 c¢cm®) was sealed

Electrochemical
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against the bottom of a single compartment electrochemical
cell by means of a rubber O-ring. The electrical contact was
made to a copper plate, through the gold film onto which the
rGO/CuNPs film was deposited. Cyclic voltammetry (CV)
measurements were performed in aqueous solutions of 0.1 M
NaOH in the absence and presence of glucose on rGO or rGO/
CuNPs modified glass/Ti/Au electrodes.

Chronoamperometric detection of glucose on the glass/Ti/
Au/GO-Cu NPs electrode was performed under N,-saturated
steady-state conditions in stirring alkaline solution (0.1 M
NaOH) by applying a constant potential of +0.55 V to the
working electrode. When the background current became
stable (after 100 s), a subsequent addition of glucose was real-
ized and the current was measured.

3. Results and discussion

Electrophoretic deposition (EPD) is a common industrial tech-
nique and cost effective method for the deposition of thin films
from charged colloidal suspensions. In the recent years, it has
been successfully applied for thin film deposition of graphene
and carbon nanotubes,*®** and for the preparation of graphene-
based nanocomposites.*>** We have successfully applied the
EPD technique for coating glass/Ti/Au sensor with rGO for SPR
sensing®* or with rGO/Ni(OH), for non-enzymatic glucose
sensing.** In the present work, EPD was used for the deposition
of rGO/Cu NPs from a colloidal solution of GO and CuSO, at
50 V on glass/Ti/Au electrode for different times (Fig. 1). GO
produced by the Hummers method displays oxygen-based
functional groups such as hydroxyl and epoxide on the basal
planes, and carboxylate and carbonyl groups at the edges. The
presence of these functional groups confers a negative charge to
the material ({ = —23 + 2 mV). Addition of an equivalent
amount of CuSO, resulted in a colloidal suspension with an
overall positive zeta-potential ({ = +15 + 2 mV), making
cathodic rather than anodic EPD feasible.

The morphology and chemical composition of rGO and rGO/
CuNPs nanocomposite were characterized by scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX) analysis.
Fig. 2a displays an SEM image of rGO deposited on Au/Ti/glass
substrate from an aqueous solution of GO (0.5 mg mL™ ") at an
applied voltage of 50 V for 2 min. It consists of a smooth and
homogeneous film. EDX analysis performed on rGO modified
Au/Ti/glass substrate shows signals due mainly to C, O, Ti, Au
and Si (Table 1). This is in accordance with the chemical
composition of the film and the underlying substrate. It should
be noted that the EDX spectrum comprises signals due to Na,
Mg and Ca impurities in the glass substrate with an overall
atomic concentration of 12% (Fig. S1t). Characteristic SEM
images of rGO/CuNPs nanocomposite obtained by EPD from
an ethanolic solution of GO (0.5 mg mL™') and CuSO,
(0.5 mg mL ") at an applied voltage of 50 V and a deposition
time of 2 min are depicted in Fig. 2b and c. The presence of a
homogeneous film of Cu NPs is clearly visible on Fig. 2b. The Cu
NPs are 50 + 7 nm average diameter (estimation from
200 nanoparticles). EDX analysis of the rGO/CuNPs film
deposited on Au/Ti/glass substrate exhibits signals due to Cu, C,
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rGO/Cu NPs

Fig. 1 Schematic illustration of the preparation of rGO/CuNPs using electrophoretic deposition/reduction.

O, Au and Si. The results are in good agreement with simulta-
neous Cu and rGO on the Au/Ti/glass substrate. The Cu atomic
concentration was estimated to be 11.96 at% (Table 1). Signals
due to Na and Mg and Ca (overall atomic concentration of 7.9%)
are also present in the EDX spectrum of the rGO/CuNPs nano-
composite film (Fig. S27).

We have investigated the influence of the deposition time on
the morphology and sensing performance of the rGO/CuNPs
film. SEM images of the nanocomposites deposited under
otherwise similar experimental conditions [GO (0.5 mg mL %),
CuSO, (0.5 mg mL '), V=50 V] for 1 and 3 min are displayed in
Fig. S3 and S5.7 Compared to the sample prepared by EPD for
2 min, SEM images of the rGO/CuNPs film obtained after 1 min
deposition show a comparable morphology, but a slightly lower
density of CuNPs (Fig. S31). The nanoparticles are 67 = 6 nm in
diameter (averaged over 200 nanoparticles). The EDX spectrum
of the sample displays signals due to Cu, C, O, Au and Si with Cu
atomic concentration of 5.72 at%, lower than that of the rGO/
CuNPs film deposited for 2 min (Fig. S4t). In contrast, longer
EPD time of 3 min gave a rGO/CuNPs film with much higher
density of CuNPs (Fig. S51) and increased Cu atomic concen-
tration (16.35 at%) (Fig. S6T). The results are somehow different
from the porous structures obtained in our previous study on
rGO/Ni(OH), thin films deposited using EPD on Au interfaces.*

The crystalline phase of the as-prepared substrates was
characterized by X-ray diffraction (XRD) in the range of 10-90°.
Fig. 3 illustrates the XRD patterns of rGO and rGO/CuNPs
deposited through EPD. The XRD pattern of rGO deposited on
glass/Ti/Au sensor displays a broad peak at 24.2° and a small
peak at 44.3° (corresponding to the indices of (002) and (100))
characteristic of graphene, and peaks of the underlying Au
substrate at 38.3° and 81.6° corresponding to (111) and (222)
crystalline planes, respectively (Fig. 3a). The XRD patterns of
rGO/CuNPs deposited by EPD from an ethanolic solution of GO

15864 | RSC Adv., 2015, 5, 15861-15869

(0.5 mg mL ') and CuSO, (0.5 mg mL ') at an applied voltage of
50V for 1-3 min are depicted in Fig. 3b-d. An additional peak at
26 value of 43.3° corresponding to Cu(111) crystalline plane
appears, in accordance with Cu deposition.

X-Ray photoelectron spectroscopy (XPS) analysis results also
confirmed the formation of rGO/CuNPs nanocomposite. The
C1s core level XPS spectrum of GO nanosheets is displayed in
Fig. S7.1 It can be deconvoluted into four components with
binding energies at about 283.8, 284.7, 286.7 and 287.9 eV
assigned to sp>-hybridized carbon, C-H/C-C, C-O and C=0
species, respectively. The spectrum is dominated by the peak at
286.7 eV due to C-O, in accordance with a high oxidation degree
of GO. Fig. 4a depicts the high resolution XPS C1s core level
spectrum of the glass/Ti/Au electrode interface modified with
rGO/CuNPs. It can be deconvoluted into three peaks at
284.08 eV (Csp?), 285.1 eV (Csp®) and 287.80 eV (C=0) with the
Csp®> component being dominant, suggesting GO reduction
during EPD deposition. The high resolution of the core level of
Cu 2p reveals the presence of several peaks with binding ener-
gies at 932.66, 934.2, 941.83, 951.46, 953.94, and 960 eV. The
peaks at 932.66 and 951.46 eV are attributed to Cu 2p3,, and Cu
2p12, respectively from metallic Cu® or Cu® (Cu,0). Unfortu-
nately, Cu® cannot be distinguished from Cu" by XPS because of
their spectral overlap.**** However, based on the literature data,
the peak is most likely due to Cu® (the ISO standard Cu metal
line is at 932.63 eV with a deviation set at +0.025 eV).”* The
peaks at 934.2 and 953.94 eV are due to Cu 2p3,, and Cu 2p4,,
respectively from Cu®". These peaks arise from Cu(OH), rather
than CuO."™* In addition, the presence of shake-up satellite
peaks at higher binding energies i.e. 941.83 and 960 eV, char-
acteristic of materials having a d° configuration in their ground
state, clearly indicates the presence of Cu®'. The overall Cu
content is 10.4 at%, indicating high loading of Cu NPs onto the
rGO surface. The result is consistent with EDX analysis (11.96%)

This journal is © The Royal Society of Chemistry 2015
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15.0kV 15.6mm x100k SE(M)

Fig. 2 Scanning electron microscopy (SEM) images of rGO and rGO/
CuNPs deposited by EPD technique using an ethanolic solution of GO
(0.5 mg mL™) and GO (0.5 mg mL™Y + CuSO,4 (0.5 mg mL™Y),
respectively. Applied voltage: 50 V; deposition time = 2 min.

Table 1 EDX results of rGO and rGO/CuNPs deposited by EPD
technique using GO and GO + CuSQOy in ethanol, respectively. Applied
voltage: 50 V, deposition time = 2 min; GO (0.5 mg mL™), CuSO,
(0.5mg mL™)

Element rGO (at%) rGO/CuNPs (at%)
Cu K — 11.96

CK 19.76 21.40

OK 26.20 24.21

Ti K 0.80 —

AuM 10.30 9.68

Si K 30.98 24.85

of the same sample (Table 1). However, this value is slightly
lower than 15.9 at% determined for Ni upon EPD of rGO/
Ni(OH), under otherwise similar experimental conditions.?
The electrochemical behavior of the rGO/CuNPs in N,-sta-
turated 0.1 M NaOH aqueous solution was evaluated by cyclic
voltammetry (CV). Before investigating the electrocatalytic
performance of the nanocomposite material toward glucose
oxidation, the rGO/CuNPs modified Au/Ti/glass electrode was

This journal is © The Royal Society of Chemistry 2015
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2 theta (deg.)

Fig. 3 X-Ray diffraction patterns of rGO (a) and rGO-Cu NPs
deposited by EPD technique using 0.5 mg mL™! of GO and
0.5mg mL~ of CuSO, in ethanol for 1 min (b), 2 min (c) and 3 min (d).
Applied voltage: 50 V; deposition time = 1-3 min.

()
T T

Ci1s

Intensity (a.u.)

L .
294 2§2 2éo 2é8 256 2é4 282
Binding energy (eV)

Intensity (a.u.)

L 1
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Fig.4 High resolution X-ray photoelectron spectroscopy (XPS) (A) Cls
and (B) Cu 2p core level spectra of rGO/CuNPs modified glass/Ti/Au
electrode deposited by EPD (50 V, 2 min).

cycled between —1 V to +0.2 V in 0.1 M NaOH till a steady-state
Jj-E was obtained (Fig. 5). The anodic peaks at —0.35 V and
—0.12 V correspond to the transitions Cu®/Cu(r) and Cu(1)/Cu(t),
respectively. In the cathodic scan, the peaks at —0.38 V and
—0.80 V correspond to the re-formation of Cu(i) and Cu’,

RSC Adv., 2015, 5, 15861-15869 | 15865
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Fig.5 Cyclic voltammograms of rGO/CuNPs deposited by EPD (50 V,
2 min) on glass/Ti/Au electrode in N,-saturated 0.1 M NaOH aqueous
solution (potential between —1 V and +0.2 V), scan rate: 50 mV s~ %,

respectively. This behavior is similar to those reported for
copper and copper nanowire electrodes in NaOH aqueous
solution.”'**

In order to investigate the applicability of the rGO/CuNPs
modified Au/Ti/glass electrode for non-enzymatic glucose
sensing, a simplified analysis was carried out in the potential
range from +0.2 V to +0.8 V, which is more pertinent for
amperometric detection of glucose. Fig. 6 depicts the CVs of the
rGO/CuNPs (deposition time = 2 min) modified Au/Ti/glass
electrode in N,-saturated 0.1 M NaOH aqueous solution in the
absence and presence of 1 mM glucose. A significant increase of
the anodic current is obvious upon addition of glucose, sug-
gesting a good electrocatalytic activity of the rGO/CuNPs film
toward glucose oxidation. In contrast, only a slight anodic
current increase at the potential above +0.5 V can be detected in
the presence of glucose on rGO modified Au/Ti/glass electrode,
indicating that rGO alone deposited by EPD under our experi-
mental conditions (EPD deposition from 0.5 mg mL™" of GO in
ethanol at 50 V for 2 min) is not electroactive toward glucose
oxidation (data not shown). Furthermore, we tested the

600
500
400

300

j/uA cm?

200

100

0.2 0.3 04 0.5 0.6 0.7 0.8

-100 1

E vs. (Ag/AgCl) / V

Fig.6 Cyclic voltammograms of rGO/CuNPs deposited by EPD (50 V,
2 min) on glass/Ti/Au electrode in N»-saturated 0.1 M NaOH aqueous
solution in the absence (black) and presence (red) of 1 mM glucose,
scan rate: 50 mv s~
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electrocatalytic activity of CuNPs modified Au/Ti/glass electrode
toward glucose oxidation (Fig. S81). The electrode was prepared
by EPD from 0.5 mg mL~" of CuSOj in ethanol (applied voltage:
50 V; deposition time = 2 min). Although the electrode showed
an increase of the anodic current upon addition of 1 mM
glucose in N,-saturated 0.1 M NaOH aqueous solution, the
anodic current remains lower than that recorded on rGO/CuNPs
modified Au/Ti/glass electrode. The results clearly suggest a
synergistic effect of rGO and CuNPs in the electrocatalytic
system. Similarly, the CVs of rGO/CuNPs modified Au/Ti/glass
electrodes (deposition times = 1 and 3 min) were recorded in
the presence of 1 mM glucose in the potential range of 0.2-0.8 V
under otherwise identical conditions. Both samples showed
lower currents compared to the electrode prepared through EPD
deposition for 2 min. This sample was then investigated
throughout this work.

The electrocatalytic response of Au/Ti/glass electrode modi-
fied with rGO/CuNPs to glucose was further investigated by
amperometric current-time response upon successive addition
of different concentrations of glucose. Fig. 7a displays the
amperometric response of the modified electrode at an applied
potential of +0.55 V vs. Ag/AgCl. The oxidation current increased

()
1000 - .

800 -

<—— 200pM

j/uA cm?

400

100uM

200 -

10uM
;

<

0 Y L 1 P |
0 500 1000 1500 2000
t/s

(b)
1200 —rrrrr

1000 - 8

J/uA cm’?
)
o
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400 - 4
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0O 05 1 15 2 25 3 35 4
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Fig. 7 (A) Amperometric response of rGO/CuNPs modified glass/Ti/
Au electrode polarized at +0.55 V vs. Ag/AgCl in N,-saturated 0.1 M
NaOH aqueous solution with subsequent addition of glucose (10 uM,
100 uM or 200 pM); (B) the corresponding calibration curve.
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Table 2 Comparison of analytical performance of other Cu/rGO-based non-enzymatic glucose sensors

Electrode Detection limit (uM) Sensitivity (1WA mM ! cm™?) Linear range Ref.
Cu,O0/SMWNTs* 0.2 2143 0.5 pM-2.5 mM 44
Cu@TiC/C nanofiber arrays 0.2 415 1 pM-1.7 mM 13
Cu-N-G* 1.3 48.13 0.004-4.5 mM 30
CuO-G-GCE* 0.7 1360 2 uM to 4 mM 29
Cu-graphene 0.5 — Up to 4.5 mM 28
CuNPs-graphene 0.2 607 5 uM to 1.4 mM 32
CuNPs/PAA/GR? 0.08 — 0.3 pM-0.6 mM 31
CuNPS/MWCNTs* 0.5 50.47 10 uM-0.3 mM 47
Cu-CNTs' 0.21 17.76 0.7 uM-3.5 mM 48
Cu,O-MWCNT 0.05 6.53 Up to 10 uM 49
CuO/MWCNTs 0.2 2596 0.4 pM-1.2 mM 50
CuOs-aSWCNT# 0.02 16.2 117-800 uM 51
Cu-MCE" 1.2 x 10°° — 62 uM-0.5 mM 52
CuCo-CFs/Nafion/GCE' 1.0 507 0.02-11 mM 53
CuNPs/rGO 34 447.65 0.01-1.2 mM This work

“ SMWNTS: straight multi-walled carbon nanotubes. > Cu-N-G: copper nanopatrticles decorated nitrogen-doped graphene. © CuO-G: copper oxide (CuO)
nanocubes-graphene. ¢ CuNPs/PAA/GR: copper nanoparticles/polyacrylic acid/graphene. * MWCNTs: multiwalled carbon nanotubes. ¥ Cu-CNTs:
copper nanoclusters-multiwall carbon nanotubes. ¥ COs-aSWCNT: copper oxide nanoparticles on horizontally aligned single-walled carbon
nanotube arrays. ” Cu-MCE: Cu-based chemically modified electrode (CME). | CuCo-CFs: Bimetallic CuCo nanoparticles doped-carbon nanofibers.

gradually upon injection of increasing concentrations of
glucose into the NaOH solution and reached the maximum
steady state current within 15 s. Fig. 7b shows the correspond-
ing calibration curve of the current response versus glucose
concentration. A linear current-response relationship was
obtained as a function of glucose concentration from 0.01 to
1.2 mM with j (LA mM " em %) = 24.892 + 447.65 [glucose],
R = 0.998 with an estimated sensitivity of 447.65 uA mM !
cm 2. A detection limit of 3.4 uM at a signal-to-noise ratio of 3
was achieved using glass/Ti/Au electrode modified with rGO/
CuNPs. The detection limit determined for the sensor is
higher than 0.08 to 1.3 uM reported in the literature for copper-
based/rGO or carbon nanotube electrodes prepared using
various approaches (Table 2).'*2%3246-53 However, the proposed
strategy for the preparation of metal oxide nanoparticles/rGO
is a one-pot, straightforward, and environmentally friendly
approach that can be easily used for the integration of other
nanoparticles on the same matrix and thus opens up new routes
in the design of more sensitive sensors.

The detection of glucose is often hampered by the presence
of oxidizable molecules, which can compromise the selectivity
of detection and hence the overall accuracy of measurement.®
To evaluate the selectivity of the nanocomposite, a number of
oxidizable and interfering molecules such as dopamine (DA),
ascorbic acid (AA), uric acid (UA) and other carbohydrate
derivatives such as fructose, lactose and galactose were exam-
ined at the glass/Ti/Au electrode modified with rGO/Cu NPs.
Fig. 8 compares the amperometric response of the glass/Ti/Au
electrode coated with rGO/CuNPs upon successive additions
of glucose (500 uM), uric acid (UA, 50 uM), ascorbic acid (AA,
50 uM), dopamine (DA, 50 puM), fructose (50 pM), lactose
(50 uM) and galactose (50 uM) in N,-saturated 0.1 M NaOH
aqueous solution at an applied potential of +0.55 V vs. Ag/AgCl.
No significant current increase was detected upon addition of
AA, UA and DA, as compared to amperometric response

This journal is © The Royal Society of Chemistry 2015

obtained upon glucose addition, suggesting that these species
do not interfere with glucose detection under our experimental
conditions. Similarly, no obvious response of the Au electrode
coated with rGO/CuNPs was recorded upon addition of different
interfering carbohydrate molecules at the physiological
concentration level. The results indicate that the Au electrode
modified with rGO/CuNPs exhibits a good selectivity toward
glucose detection.

The practical applicability of the glass/Ti/Au electrode
modified with rGO/Cu NPs for the determination of glucose
concentration was tested in human serum samples. Fig. 9
exhibits the amperometric response of the glass/Ti/Au electrode
coated with rGO/CuNPs upon successive additions of different
analytes (standard glucose, human serum sample, AA and UA)
in N,-saturated 0.1 M NaOH aqueous solution at an applied
potential of +0.55 V vs. Ag/AgCl. The concentration of glucose in

500 : ; ;
Q
400 s 8 £
8 < < & 8 8 g
8 2 =| £| &£ »°
2 2 % 3| =| £ =
S S e =3 E a3
S 300 3 | R
§ g y
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Fig.8 The amperometric response of the rGO/CuNPs modified glass/

Ti/Au electrode exposed to glucose (500 pM), ascorbic acid (AA), uric

acid (UA), dopamine (DA), fructose, lactose and galactose (50 pM).

Electrolyte: N,-saturated 0.1 M NaOH aqueous solution. Potential:

+0.55 V.
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Fig.9 The amperometric response of the rGO/CuNPs modified glass/
Ti/Au electrode upon successive additions of different analytes.
Electrolyte: N,-saturated 0.1 M NaOH aqueous solution. Potential:
+0.55 V.

the human serum sample was determined to be 4.7 mM by
using the calibration curve in Fig. 7b. This glucose concentra-
tion is comparable to the concentration of 4.51 mM determined
using the well-established phenol-sulphuric acid colorimetric
method for the analysis of carbohydrates (Fig. S97),***” under-
lining the interest of the analytical approach described herein.
Furthermore, the addition of 0.1 mM UA and 0.1 mM AA cause
insignificant current increase, suggesting that these species do
not interfere with glucose detection in real samples.

Finally, the repeatability of the Au electrode coated with
rGO/CuNPs film was examined by measuring the current signal
for 0.1 mM glucose at 6 modified electrodes produced under
otherwise similar experimental conditions. A relative standard
deviation (RSD) of 6.67% was determined, indicating good
repeatability and reliability of the fabrication method. The long-
term stability of the electrode was estimated after storage in a
refrigerator at 4 °C for 2 weeks. The sensor retained about 89.6%
of its initial current response to 0.1 mM glucose in 0.1 M NaOH
aqueous solution at +0.55 V, suggesting a good stability of the
electrode.

In conclusion, we have demonstrated that electrophoretic
deposition can be easily applied for simultaneous reduction/
deposition of thin films of rGO/CuNPs from an ethanol solu-
tion of GO and CuSO,. The morphological and structural
characterizations of the resulting nanocomposite revealed the
reduction of GO accompanied by CuNPs deposition. Electro-
chemical measurements of Au electrode coated with rGO/
CuNPs showed the characteristic redox peaks of a copper elec-
trode behavior in alkaline media. The electrocatalytic activity of
the resulting sensor was examined for non-enzymatic glucose
oxidation in N,-saturated 0.1 M NaOH aqueous solution. The
electrochemical results showed that the sensor had a high
sensitivity of 447.65 pA mM ' cm ™ > with a detection limit of 3.4
uM over a linear range from 0.01 to 1.2 mM. Moreover, the
sensor exhibited good selectivity for glucose oxidation in the
presence of various oxidizable interfering species such as uric
acid, ascorbic acid, dopamine and carbohydrate molecules such
as fructose, lactose and galactose at physiological level.
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Moreover, the sensor has been successfully applied for the
determination of glucose concentration in human blood serum
samples. The excellent performance of the sensor combined
with the good stability and reproducibility together with the
ease of its fabrication make this technique very attractive for the
preparation of sensing platforms of different electrochemical
species. Finally, the good catalytic properties of CuNPs
combined with the outstanding physico-chemical properties of
rGO may find potential applications in various chemical
transformations by taking advantage of the synergistic effects of
rGO and CuNPs.
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