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ARTICLE INFO ABSTRACT

Keywords: In this work, we report for the first time a new electro-chemical sensors based on (4-Nitrothiophenol) 4-NTP
Glucose functionalized heterogeneous layers of gold/graphene/Cu for highly sensitive detection of glucose. 4-NTP
Gold nanoparticles molecules were immobilized into the surface of gold nanostructures. Surface enhanced Raman scattering was
?;\;zzame performed in order to assure of the 4-NTP bonding and the optical enhancement of gold nanostructures. SERS

intensities generated by the new sensors confirm the presence of active catalytic sites rich with charges. The
electrochemical measurement performed for glucose using cyclic voltammetry showed an increasing of sensi-
tivity 3 times faster in the case of functionalized sensors than the standard ones. Nyquist plot proved a decrease
in the impedance for glucose with the presence of 4-NTP into the surface. Due to the 4-NTP molecules attached to
their surface, the new sensors were proved to be higher sensitive for the detection of glucose. The sensitivity
obtained by cyclic voltametric techniques was 179.6 pA/mM.cm? and 420.8 pA/mM.cm? for electrode 1 and 2
respectively. The dynamic range is 2.0-19.6 mM (36.0—353.2 mg/dL) of glucose for electrode 1 while it is
2.0-29.1 mM (36.0-524.9 mg/dL) of glucose for electrode 2. The lower detection limit is thus 0.5 mM (9.0 mg/
dL) the same for both electrodes. The electrode was also tested as glucose sensor using electrochemical

Cyclic voltammetry
Raman spectroscopy

impedance spectroscopy (EIS) techniques.

1. Introduction

Fast, sensitive and selective sensing of glucose are important issues in
many scientific and technological fields including health, food and
environmental monitoring [1-3]. The non-enzymatic electrochemical
sensing devices allow several advantages, such as high stability, cost-
effective production, adaptability to broad range of working condi-
tions [4]. Several classes of nanostructures supported onto carbon
nanotubes and graphene were, recently, proposed to design biosensors
with fast response, high sensitivity, high stability and being user-
friendly [5,6]. In this regard, several nanostructured non-enzymatic
electrochemical glucose sensors are based on nanostructures of 4d and
5d blocks metals such as Au due to its high electrocatalytic activity [7].
For example, nanostructured Au surfaces exhibit high electrocatalytic
activity towards glucose oxidation while, conversely, to flat Au surfaces,
do not exhibit activity [7]. Generally, in addition, the substrate used for
the realization of the electrochemical sensing electrode represents an
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important issue. The advantages of carbon materials used as substrate
include low cost, wide potential window, and the possibility of a variety
of chemical functionalization [8].

In particular, graphene (Gr) is an ideal substrate material for Au
nanostructures to be used as electrocatalysists, mainly due to its high
electrical conductivity and large electrochemical potential window
(~2.5Vin 0.1 mM phosphate buffered saline) [9]. Recently, a number of
works have demonstrated that graphene-nanoparticle hybrid structures
can act synergistically to offer a number of unique physicochemical
properties advantageous for sensing applications [10]. Athough the
progress observed in their sensitibty properties, no one has reported
functionalized heterogenous layers of gold/graphene/copper (Au/Gr/
Cu) with thiol group to detect glucose.

Hence, in this work, a new sensor based on 4-Nitrothiophenol (4-
NTP) functionalized gold/graphene/copper (Au/Gr/Cu) is developed
for highly selective and sensitive electrochemical detection of glucose.
The Au film was deposited, on the Gr surface, supported on Cu foil, via
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the sputtering method. 4-NTP molecules were attached onto the Au
surface by means of their thiol group. Scanning electron microscopy
(SEM) was used to study the topography of the sensors. Surface
Enhanced Raman Scattering (SERS) spectra were performed to check the
4-NTP adsorption and to verify the optical enhancement produced by
the Au/Gr layers. Electrochemical studies, by using cyclovoltamogram
(CV) and impedance measurements, were performed on Au/Gr/Cu
without 4-NTP and with 4-NTP to investigate the effect of 4-NTP mol-
ecules on the sensitivity of detection for glucose.

2. Experimental section
2.1. Characterization methods

The samples surface morphology was studied by scanning electron
microscopy (SEM) analyses using a Zeiss FEG-SEM Supra 25 Microscope
operating at 5 kV.

Raman spectra were collected using a confocal Raman microscope
(LabRAM HR800, Horiba Scientific, Villeneuve-D’Ascq, France) in a
backscattering geometry with a spectral resolution of 0.23 cm™! at
ambient temperature. A He-Ne Laser of A = 632.8 nm with an output
power of 2 mW was used for the Raman measurement. An objective of
50X, a grating of 1800 L/mm, and a selected power of 500 pW were used
for SERS measurement.

Electrochemical cyclic voltammetry and impedance measurements
were carried out by the instrument Gamry potentiostat/galvanostat/
ZRA Reference 600 having software v7. The three-electrode cell used
contained: (1) counter electrode (platinum wire 0.5 mm), (2) reference
electrode (saturated silver - silver chloride electrode (sat. Ag/AgCl)) and
(3) a working electrode: unmodified nanogold (1) or thiol modified
nanogold electrode (2) as described before. Electrode (1) consists of
nanogold/graphene/copper film (Au-7.5 nm/Gr/Cu) while modified
electrode (2) consists of 4-nitrothiophenol/nanogold/graphene/copper
film (4-NTP/Au-7.5 nm/Gr/Cu). In each case, the film electrode, with
area of about 0.25 cmz, was mounted on a silver wire (1 mm diameter)
to provide electrical connection with the potentiostat. The electrolyte
used was a 0.5 M NaOH solution. In the impedance measurement, a
sinusoidal voltage perturbation of amplitude 10 mV rms was applied in
the frequency range 100 kHz — 0.1 Hz with 10 points/decade.

2.2. Fabrication and functionalization

Single layer graphene sheets on Cu substrate were acquired by
graphene-supermarket (Graphene supermarket, Ronkonkoma, USA).
The single-layer graphene film is continuous across copper surface steps
and grain boundaries. The Au depositions were performed onto the
graphene slides by means of a RF Emitech K550X sputter coater appa-
ratus, clamping the substrates against the cathode located straight
opposite the target source (99.999% purity target). The electrodes were
laid at a distance of 40 mm under Ar flow keeping a pressure of 0.02
mbar in the chamber. During the depositions, the working current and
the deposition time were set to obtain an effective thickness for the
deposited Au films of 7.5 nm as checked by subsequent ex-situ Ruth-
erford backscattering analyses performed using 2 MeV *He™ back-
scattered ions at 165° (with a statistical error of 5%).

The Au/Gr/Cu film was immersed in a 102 M solution of 4-NTP
prepared in ethanol absolute. In order to assure a complete bonding
between 4-NTP molecules and Au toward thiol group, we immersed the
substrate for 24 h. The substrates were rinsed with ethanol to remove the
non-bonded molecules and then used for SERS measurements.

3. Results and discussion
3.1. Structural analysis

Fig. 1 (a)-(b) report SEM image of Cu/graphene bare surface; while
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(c)-(d) report SEM micrographs of the surface of the Au film as-deposited
on the Cu/Gr substrate, with increasing magnification from (c) to (d). In
these images, the Au surface morphology appears to have a quasi-
continuous percolating structure typical of a metal film in the late
stage of growth on a non-wetting substrate [11], the surface-free energy
of Au is yay = 1.537 J/m? [12], the surface-free energy of graphene is
YGr = 0.0467 J/m? [13]. After the Au clusters nucleation and growth,
the coalescence stage starts and, then, the formation of larger compact
islands is accompanied by a wiping action in which part of the substrate
which was covered initially is wiped clean. This results in a distribution
of larger islands on the substrate, separated by gaps between them.

3.2. SERS study

Optical images show the color contrast difference between Cu/Gr
and 4-NTP functionalized gold/Gr/Cu, see Fig. 2a, b. In Cu/Gr, pink
color of Cu is clearly observed, however, in Au/Gr/Cu, the color is less
pronounced and with more boundaries. Raman spectra are measured on
the graphene layer, see Fig. 2c. We observe G and 2D bands located at
1578 cm ! and 2633 cm ™}, respectively. The ratio Iop/Ig ~ 2.6 confirms
the presence of a graphene monolayer. Raman spectra are also acquired
on 4-NTP functionalized Au/Gr/Cu in order to confirm its chemical
adsorption into Au surface. C-H, C-N, NO,, and C-C are the vibrational
modes of 4-NTP located at 1080 cm’l, 1110 cm’l, 1337 cm’l, and
1574 cm™}, respectively, see Fig. 2d. 2D band disappears when a 7.5 nm
of gold is deposited, the latter could be explained by the absorption of
light by the gold layer. In fact, the Raman intensity of vibrational modes
attributed to 4-NTP is amplified by the localized-electrical field
enhanced by Au nanostructures [14,15]. Two enhancement factors can
contribute to the amplification of Raman signal, the chemical and the
optical enhancement. The first one is due to the charge transfer between
the molecules and the Gold/Graphene layers. The optical enhancement
could be due to the presence of hot spots generated from the interference
of surface plasmon polaritons (SPPs) in to the fractal surface, see Fig. 1c,
d. The optical enhancement can also be generated from the gap between
gold nanoparticles. In fact, a monolayer of 4-NTP is formed into the gold
surface, 4-NTP molecules bond towards its sulfur atom with gold. The
latter has been reported in different studies [16,17]. In conclusion, at
ambient temperature, a 4-NTP layer is formed into surface without any
dimerization effect.

3.3. Electrochemical study

Cyclic voltammetry (CV) was conducted in a 0.5 M NaOH solution to
investigate the electrocatalytic activity of nano-gold electrodes. Un-
modified nano-gold electrode (1) (Au-7.5 nm/Gr/Cu) or thiol modified
nano-gold electrode (2) (4-NTP/Au-7.5 nm/Gr/Cu) were used as
working electrodes in order to explore the electro-oxidation of glucose.
The CV was measured in the potential window (-0.5 V to + 0.8 V or —
1.0 V to + 1.0 V) vs. sat Ag/AgCl with a scan rate of 50 mV/s in 0.5 M
NaOH medium, in the presence or absence of glucose with concentration
ranging from (2.0 mM to 33.8 mM).

3.3.1. Behavior of electrodes in basic NaOH medium

Fig. 3 shows the voltammogram for the Au nanoparticles deposited
on the graphene supported on copper foil (electrode 1), and for the thiol-
gold nanoparticles deposited on the graphene supported on copper foil
(electrode 2) [18]. The structure of the nanoparticles was maintained by
avoiding the oxidation of the surface at high potential. For that reason,
the upper potential limit is set below 1.2 V, since the oxidation/reduc-
tion cycles may change the surface structure of the Au electrodes
[18,19]. Three anodic peaks (Al, A2, A2 shoulder and A3) were
observed for electrode 1 and 2 on the positive scan before the onset of
the surface oxidation, Table 1. Al and A2 peaks are due to the adsorp-
tion of OH™ on the electrode surface and formation of Au-OH species
[19]. Peak A3 is related to the oxidation of OH"; at this peak potential
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Fig. 1. (a)-(b) SEM images of the Cu/graphene bare surface, with increasing magnification from (a) to (b). (c)-(d) SEM images of the surface of the 7.5 nm-thick Au
film as deposited on the Cu/graphene substrate, with magnification from (c) to (d).
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Fig. 2. a, b) optical image 50x of Gr/Cu and 7.5 nm Au/Gr/Cu. ¢, d) Raman spectra of Gr and 7.5 nm Au/Gr/Cu functionalized with 4-NTP, G and 2D bands of Gr are
located at 1578 cm ™! and 2633 cm™ !, respectively. C-H, C-N, NO,, and C-C are the vibrational modes of 4-NTP located at 1080 emY, 1110 em ™Y, 1337 em™ Y, and
1574 cm ™}, respectively. Laser wavelength 632.8 nm, irradiated power 500 microwatt, 1800 gr/mm, 0.23 em L, 5 integration time for each spectra, each spectra is
averaged over three different positions for both Gr and 4-NTP/Au/Gr/Cu.

value, OH™ adsorbed should have already covered a significant fraction CO, Table 1. Peak C3 is the reduction of the oxidized products form OH".
of the surface. In addition, the upper potential is stopped at 1.0 V which Peak C2 and C1 are due to the stripping reaction of hydroxide from the
is the onset of oxygen evolution peak in order to minimise its effect on surface. Another peak CO appeared at the lower scan limit. It can be
A3 peak [20-22]. attributed to the reduction of adsorbed (H™).

However, in the negative scan there are four peaks C3, C2, C1 and In comparison electrode (1) showed smaller peak currents than
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Fig. 3. Cyclic voltammogram in 0.5 M NaOH of nano gold electrode (1) and
CA2 thiol modified nano-gold electrode (2). Scan rate: 50 mV sL.

electrode (2). The peaks current ratio for electrode (1) over (2), and the
% increase in current of electrode (2) over (1) is presented in Table 1, for
all anodic peaks (A1, A2, A2 sh., A3) and cathodic peaks (CO, C1, C2,
C3). The % enhancement of electroactivity ranges from 39 to 74%
depending on the peak. This indicates improvement of electrochemical
activity of (2) compared to (1) due to that (2) has been successfully
prepared by functionalized of (1) with thiol groups. Thus, incorporation
of thiols group of nitro-thiophenol bind to gold nanoparticle while the
nitro group attract OH™ to electrode surface through hydrogen bonds.
This enhances the electroactivity of gold nanoparticles electrode for
detection of glucose.

Supplementary Fig. S1 is the cyclic voltammogram of the starting
substrate copper foil CA5 electrode which is further compared with
graphene coated copper foil CA17, electrode. The latter is additionally
modified by thiol, CA S17 electrode. While CA5 shows peaks A1, A2 and
A3 (weak) in close region to the gold nanoparticles electrode (1) and (2),
In CA17 the graphene has masked the electroactive copper surface,
however the incorporation of thiol in CA S17 enhanced only peak C
related to the electro-oxidation of hydroxyl ion OH'.

3.3.2. Behavior of electrodes in presence of glucose

Cyclic voltammogram were recorded in the presence of different
glucose concentrations (range 2.0 mM to 33.8 mM) in 0.5 M NaOH so-
lution in order to assess the electro catalytic oxidation of glucose by the
electrodes. Fig. 4a shows an overlay of cyclic voltammogram of nano-
gold electrode (1) (blue) and thiol modified nano-gold electrode (2)
(black) in the presence of 9.9 mM glucose. The thiol modified nano-gold
electrodes (2) showed more increase in the all the anodic peaks A1, A2
and A3 compared to non-modified nano-gold electrode (1). This in-
dicates better electro-catalytic activity of nano-gold electrode (2) to-
ward glucose oxidation than electrode (1). The electro-oxidation of
glucose by nano-gold in an alkaline medium can be simplified as: OH"
adsorption occurs at peak Al and formation of Au-OH species which can

Table 1
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be involved in the oxidation of glucose at higher potential. Peak Al
decreases as the glucose concentration increases since glucose can
complex with gold and compete with OH™ adsorption on the surface of
electrode and cause a decrease of exposed surface to OH™ [23], see
Fig. 4b (electrode 1) and Fig. 4c (electrode 2) for the scan range — 1.0 V
to 1.0 V; while Fig. SI 2a and Fig. SI 2b for the scan range — 0.5 V to +
0.8 V. Glucose oxidation occurs afterwards at peaks A2 and A3, since the
currents at these peaks increase with increase in glucose concentration,
and the gold metal is itself involved in the oxidation reaction. A2 ap-
pears as plateau in the case of electrode 2. At peak A2, glucose is
oxidized into glucose carboxylic acid derivatives such as gluconic, glu-
curonic and glucaric acid anion [23,24]. Finally, peak A3 at about 780
mV for electrode 1 and 740 mV for electrode 2. There is a 40 mV
negative shift for peak A3 for electrode 2 (with thiol) compared to
electrode 1 (without thiol). This indicates that modification of gold
nanoparticle electrode with thiol caused enhancement towards glucose
sensing. Peak A3 is characterized by a much higher current density than
peaks Al and A2. It is present in the voltammograms of glucose using
electrode 1 and 2. Peak A3 can be due to the cleavage of the C-C bond,
which possibly take place at this high overpotentials. It is independent of
the available functional groups such as hydroxyl or aldehydic group.
This ultimately leads to the formation of lower carboxylic acids such as
formic acid [24].

The effect of oxygen evolution which has for electrode 2 an onset
potential of OER at 840 mV immediately after the glucose oxidation /
breakage peak A3 at 740 mV, and has minor effect on A3 peak. For
electrode 1 the OER onset potential is at 860 mV while A3 peak is at 780
mV [20-22]. However, the oxygen evolution peak depends on OH~
concentration which remained constant during the experiment of
increasing concentration of glucose. Thus, its effect is the same for all
concentration of glucose, and only increasing the concentration of
glucose causing additional increase in the current [24-28].

The increase in the cathodic peak A2 and A3 for electrode (2) more
than (1) can be attributed to the ease of oxidation of glucose by electrode
(2). Thiol groups on gold nanoparticles interact with glucose molecules
through hydrogen bonds, enhance adsorption of glucose on the elec-
trode surface and thus facilitate oxidation of glucose.

Glucose having several hydroxyl groups can participate in H-bonds
with nitro group of 4-NTP. The thiols RSH molecules were predicted to
bind in a parallel fashion to gold surface [29]. The H-bond entrapment of
glucose by the 4-NTP attached at the surface of gold nanoparticles bring
the glucose in a closer position with the gold nanoparticles and thus
facilitate electrons transfer for oxidation and sensing of glucose.

In the negative scan and at approximately 0.7 V, the peak is a weak
reduction peak C3 at low concentration of glucose while it is changed
onto an oxidation peak at high concentration of glucose. It can be also
attributed to further oxidation of glucose involving C-C bonds cleavage.
Another oxidation peak appeared at about 0.2 V in the negative scan and
it is more prominent in the case of electrode (2). The peak current in-
creases with increase in concentration of glucose. It can also involve
oxidation of glucose to carboxylic acid derivatives. For all other cathodic
peaks C2, C1 and CO, the peak current decreases with increase in glucose

Cyclic voltammetry data peak currents and (potentials) for electrode (1) and (2) and % current (1)/ current (2) (% i(1)/i(2)) in 0.5 M NaOH, scan range from — 1.0 V to

1.0 V with as 50 mV/s scan rate.

Anodic Peaks
Current, mA
(potential, mV)

Cathodic Peaks
Current, mA
(potential, mV)

Peaks Al A2 A2 sh. A3 Cc3 Cc2 C1 Cco
Electrode (1) 0.1538 0.4615 0.3710 0.5158 —0.4121 —0.5339 —0.5158
(-241.2) (-3.398) (71.35) (766.7) (-110.8) (410.6) (730.5)
Electrode (2) 0.5882 1.059 1.005 1.131 —0.0996 —0.6787 —0.8054 —1.059
(-240.1) (-53.23) (71.35) (755.4) (651.2) (-107.6) (-451.9) (-748.6)
% (i (1)/1(2) 26.15% 43.58% 36.92% 45.61% 60.72% 66.29% 48.71%
% increase in i (2) over i (1) 73.85% 56.42% 63.08% 54.39% 39.28% 33.71% 51.29%
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Fig. 4. (a) Comparison Cyclic voltammogram of nano gold electrode (1) and
thiol modified nanogold electrode (2) in presence of 9.90 mM glucose and 0.5
M NaOH with a scan rate 50 mV.s . (b) Effect of glucose concentration mM in
0.5 M NaOH solution at a scan rate of 50 mV using electrode (1) in the range —
1.0 to + 1.0 V (c) Effect of glucose concentration (mM) in 0.5 M NaOH solution
at a scan rate of 50 mV.s ! using modified electrode (2) in the range — 1.0 to +
1.0V.

concentration. The C2 and C1 peaks can involve stripping of hydroxyl
anion from the electrode surface. The peak current A3 is proportional to
glucose concentration, Fig. 4b and c. Therefore, this method can be used
as direct quantitative detection of glucose (Fig. 5a and b). The calibra-
tion curves show high correlation square coefficient R? of 0.981 and
0.982 for electrode 1 and 2 respectively. The sensitivity obtained was
0.0449 mA/mM and 0.1052 mA/mM or (179.6 pA/mM.cm? and 420.8
pA/mM.cm?) for electrode 1 and 2 respectively. The dynamic range is
2.0-19.6 mM (36.0—353.2 mg/dL) for electrode 1 while it is 2.0-29.1
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Fig. 5. (a) Calibration curve: Current I (mA) versus glucose concentration
(mM) obtained from the oxidation peak A3 using electrode (1) in 0.5 M NaOH.
(b) Calibration curve: Current I (mA) versus concentration of glucose (mM)
obtained from the oxidation peak A3 using electrode (2) in 0.5 M NaOH.

mM (36.0-524.9 mg/dL) for electrode 2. The lower detection limits is
thus 0.5 mM (9.0 mg/dL) the same for both electrodes. While exceeding
the upper limit of concentration causes a slight decrease in the current.
Such as for electrode 2, the current corresponding for 33.8 mM (609.1
mg/dL) glucose shows a slight decrease compared to the current for
29.1 mM (524.9 mg/dL) see Fig. 4c). Blood sugar level above 250 mg/L
is considered very high, the upper limit (524.9 mg/dL) detected by
electrode 2 can cover glucose in patients with severe diabetes.

CV peaks for electrochemical oxidation of glucose at different con-
centration mM, in the scan range — 1.0 to + 1.0 V were compared be-
tween electrodes (1) and (2), Fig. SI 3. It is noted that electrode (2)
showed more intense peak currents than electrode (1).

3.3.3. Scan rate’s study

In order to study the electrocatalytic reaction, cyclic voltammetry of
the modified electrode (2) was recorded in the presence of glucose at
different scan rates (Fig. 6a) [30]. Both the anodic peak currents Epa
(A1, A2, A2 shoulder, A3) and the cathodic peaks currents Epc (CO, C1)
increased as the scan rate SR increased. A positive shift was observed for
Epa while a negative shift for Epc with increase in scan rate.

In addition, the electrochemical reaction of the modified electrode
(2) is more controlled by diffusion process rather than by surface
confinement. The correlation coefficient R? of the plot of peak current
intensities against square root of scan rate (SR)'/? for peak A2 (0.9920)
Fig. 6b; for peak A2 shoulder (0.9885) Fig. 6¢; and for peak A3 (0.9545)
Fig. 6d are greater than R? of the corresponding linear plots of current
intensity vs scan rate SR (0.9640), (0.9345) and (0.8816), respectively
[26,30].
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Fig. 6. Electrochemical oxidation of glucose (33.82 mM) in 10 mL NaOH (0.5 M) using electrode (2): (a) Cyclic voltammogram effect of scan rate mV/s (10, 25, 50,
100, 125, 150, 175, 200 mV/s); Plots of peak current intensities mA against sqrt (scan rate) (mV)Y/%s71/2 (b) for peak A2, (c) for peak A2 shoulder and (d) for

peak A3.

3.3.4. Stability of electrode (2)

The stability of the thiol modified electrode (2) is tested using cyclic
voltammetry after 100 consecutive cycles with a scan rate of 100 V.s™!
in presence of glucose (33.82 mM) in 0.5 M NaOH (Fig. 7a) [27]. While
it is noted that in Fig. 7b that the electroactivity of electrode after 100

cycles is not affected since the anodic peaks Al and A2 did not drop in

intensity at a scan rate 50 mV/s. While the A3 peaks which is related to
oxidation of glucose into fragmented molecules has decreased in in-
tensity. It can be observed that the anodic peak current intensity A3 at
780.4 mV after 100 cycles retained 85.54% of its original value. While it
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Fig. 7. (a) Stability of thiol modified electrode (2) in presence of glucose (33.82 mM) and 0.5 M NaOH for 100 cycles at scan rate 100 mV/s (b) Comparison of
electroactivity of electrode (2) before and after 100 cycles in NaOH 0.5 M and glucose 33.82 mM at scan rate 50 mV/s.

is increased by 21.6 % for peak Al at — 266.4 mV and no change at peak
A2 at — 16.17 mV, thus the electroactivity of electrode is not decreased.
On the other hand, the decrease at A3 indicated drop in the concen-
tration of glucose left due to successful catalytic degradation of glucose
using electrode (2) as a result of running 100 CV cycles. Electrode 2 is
also stable upon storage compared to biosensors which can be subject to
bio degradation of anchored glucose oxidase enzyme.

3.3.5. Impedance study

In order to further verify the possibility to develop glucose sensor,
the electrochemical impedance spectra (EIS) techniques were measured
for both electrodes (1) and (2) with a wide range of glucose concen-
trations [26]. Also, we considered working with (EIS) techniques to

avoid the effect of interference from other molecules on the cyclic vol-
tammetry peaks. Before electrochemical impedance study (EIS) experi-
ments, the open-circuit potential, Eocp was applied 300 s until a stable
value is achieved. This method studies the amount of current flow and
the value of resistance in presence and absence of glucose [31]. The
electrochemical impedance measurements were fitted against equiva-
lent electrical circuits EEC models A and B using electrode (2) and (1),
Fig. 8a and b respectively [25]. The fitted EEC model A consists of two
circuits connected in series, Fig. 8a. The first circuit consisted of a film
resistance (Rf) in parallel with a constant phase element of film (CPEf)
and a second circuit containing a charge-transfer resistance (Rct) in
parallel with a constant phase double layer (CPEdl). The double layer
capacitance (Cdl) can also be calculated from the values of Rct, the
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Fig. 8. (a) The best-fitted equivalent electrical circuit Model A for electrode (2) (b) The best-fitted equivalent electrical circuit Model B for electrode (1).

impedance of CPEdI (ZCPE), and the exponents of CPEdI (n) [25]. The
EEC model B (Fig. 8b) contains two time constants similarly to Model A
but has an additional diffusion component “Warburg impedance” (W)
connected in parallel with a constant phase element (CPE).

The impedance data using electrode (1) with glucose solution of
different concentrations, were fitted by Model B. The Nyquist plots were
shown in Fig. 9a. While the impedance measurements using electrode
(2) were fitted by Model A and the plots were shown in Fig. 9b. While
Fig. 9c is an overlay figure of the impedance plots for better comparison
of the performance of the two electrodes (1) and (2).

The Bode plots fitted by equivalent circuits model B and A were
shown in Fig. 10a and b for electrodes (1) and (2) respectively.

The influence of glucose concentration is well reflected through Rs/
Rso as it is directly proportional to glucose concentration up to 20 mM
with a sensitivity of 0.0072 @ mM~! (28.8 mQ mM~! em™?) (R? =
0.9907) for electrode (1) and up to concentration 20 mM with a sensi-
tivity of 0.0041 mM ! (16.4mQmM ! crn’z), R? =0.9907 for electrode
(2), Fig. 11a and 11b. The plots of Rs/Rs0 vs glucose concentration mM
gave better correlation than the plots of Ret/RetO vs glucose concen-
tration mM with both electrodes. Alternatively, a calibration curves can
be obtained based on the change in the complex impedance Z (ohm) at a
single frequency. Bode plot (Fig. 11c) showed that the complex imped-
ance Z (ohm) increased systemically at a frequency of 2 Hz for electrode
(1) with the increase in glucose concentration up to 15 mM. The sensi-
tivity was 22.80 @ mM ! (91.2 @ mM ! cm~2), R = 0.9671. While the
plot of Z (ohm) versus glucose concentration (mM) at frequency 0.2 Hz
for electrode (2), showed a sensitivity of 0.5668 Q mM ! (2.27 QmM !
crn’z) with R? = 0.9592 (Fig. 11d). The dynamic range 1-15 mM. The
limit of detections was 1 mM for both electrode (1) and (2).

The single-frequency approach has been reported as an alternative

for the change of charge transfer resistance Rct with the increased
concentration [26,30]. However, the results demonstrated that although
Rs changed as function of glucose concentration could be exploited to
quantify glucose, it is a time-consuming and laborious process, since the
equivalent circuit EEC should be well fitted to obtain the resistance
values involved in the circuit. To our knowledge, there is a few reports
that used single-frequency approach to glucose quantification. Finally,
Table 2 shows comparison between electrodes (1) and (2) and other
reported glucose sensors in terms of linear range and limit of detection
LOD. Both electrode (1) and (2) have the advantage of ease of prepa-
ration, low cost-effective materials, wide dynamic range, high sensi-
tivity, high linearity, and short detection time. In addition, the
advantage of EIS is its probing relaxation phenomena for a wide fre-
quency range. This makes measurements very precise since the response
can be indefinitely steady and thus can be averaged over a long period
[26]. The electrodes are compared with other biosensors using glucose
oxidase[32-34]; and with other sensors graphene - copper oxides
nanoparticles [26] and graphene — copper nanoparticles [28].

4. Conclusion

We successfully developed new sensor based Gold/Graphene/Cop-
per heterogeneous films. The obtained materials were functionalized
using 4-NTP molecules. The sensors prepared are nano-gold/graphene/
copper film (Au-7.5 nm/Gr/Cu) electrode (1) and its thiol (4-NTP)
modified electrode (2) (4-NTP/Au-7.5 nm/Gr/Cu). The sensors were
successfully characterized using SEM and SERS techniques. SERS
confirmed of optical enhancement due to presence of active sites into the
surface of gold nanostructures. The sensors were used in the detection of
glucose using electrochemical measurement. Cyclic voltammetry
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Fig. 9. Electrochemical oxidation of glucose at different concentration mM, in
0.5 M NaOH solution: (a) Nyquist plot with fitting using equivalent circuit
Model B for electrode (1); (b) Nyquist plot fitted using equivalent circuit Model
A for electrode (2); (c) Comparison between Nyquist plot of electrode (1) and
electrode (2).

showed a high increase in the fast charge-discharge. In addition,
Nyquisit plot proved that resistance is smaller in functionalized surface
than without 4-NTP molecules. Both electrodes were tested for the
determination of glucose (mM). The sensor property of electrode (2) is
higher than electrode (1). This can be explained due to the functional-
ization with thiol groups of nanogold surface in the case of electrode (2).
The dynamic range is 2.0-19.6 mM (36.0—353.2 mg/dL) of glucose for
electrode 1 while it is 2.0-29.1 mM (36.0-524.9 mg/dL) of glucose for
electrode 2. The sensitivity obtained by cyclic voltammetry was 179.6
mA/mM.cm? and 420.8 mA/mM.cm? for electrode (1) and (2) respec-
tively. The anodic peak current intensity A3, in presence of glucose

Zreal (ohm)

Fig. 10. (a) Bode plot for electrode (1) and (b) Bode plot for electrode (2) in
NaOH (0.5 M) at different glucose concentration (mM).

(33.82 mM) in 0.5 M NaOH, retained 85.54% of its original value after
100 cycles. The determination of glucose was also studied by impedi-
metric techniques.
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Fig. 11. (a) Calibration curves obtained at different concentration of glucose (mM) in 0.5 M NaOH a) for electrode (1) from the normalized Rs by fitting the data of
Nyquist plot with equivalent circuit Model B; b) for electrode (2) from the normalized Rs by fitting the data of Nyquist plot with equivalent circuit Model A; c) for
electrode (1) from Bode plot of the complex impedance at a frequency of 2 Hz for electrode (1); d) for electrode (2) from Bode plot of the complex impedance at a

frequency of 0.2 Hz.

Table 2
Performance comparison of the proposed sensor to the previous works.
Material Detection Method Linear Range (mM)  Sensitivity Limit of Detection LOD (mM)  Reference
(Au-7.5 nm/Gr/Cu) (1) Cyclic voltammetric 1-20 179.6 pA/mM.cm2 0.5 This work
(4-NTP/Au-7.5 nm/Gr/Cu) (2) Impedimetric 1-29.1 420.8 pA/mM.cm? 0.5
(Au-7.5 nm/Gr/Cu) (1) 1-15 91.2QmM 'em? 1.0
(4-NTP/Au-7.5 nm/Gr/Cu) (2) 1-10 227QmM ‘em? 1.0
Nafion/GOx/ZnO/ITO Amperometric 0.05-1.0 48.75 pA/mM.cm2 0.06 [32]
Nafion-Glucose oxidase-Zinc oxide nanorods-ITO glass 1-20 3.87 pA/mM.cm?
RGO-GOx Amperometric 0.1-27 1.85 pAmM'cm 2 0.1 [33]
Graphene-glucose oxidase
Ppy-Gr-GOD Amperometric 2-40 x 10° M - 0.003 [34]
Polypyrrole-graphene-glucose oxidase
CuO/Gr Cyclic voltammetric 5-14 37.63 pA/rnM.cm2 0.005 [26]
Graphene-copper oxide nanoparticles
Cu/Gr Amperometric 0.05-4.5 - 0.0005 [28]

Graphene — copper nanoparticles
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