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Abstract The authors describe a method for room temper-
ature preparation of reduced graphene oxide (rGO) deco-
rated with Ag-Cu nanoparticles (NPs). The nanocompos-
ite (Ag-CuNP/rGO) was characterized by scanning elec-
tron microscopy, energy dispersive X-ray spectroscopy,
X-ray photoelectron spectroscopy and transmission elec-
tron microscopy. A glassy carbon electrode (GCE) modi-
fied with this nanocomposite dispersed is shown to be a
viable electrode for determination of Sudan I (best at a
working voltage of =112 mV vs. Ag/AgCl), with remark-
ably increased electrochemical response to Sudan I com-
pared to that of a plain GCE. The calibration plot is linear
in the 1.0 nM to 10 uM concentration range, with a
0.4 nM detection limit (at a signal-to-noise ratio of 3).
The method was successfully applied to the determination
of Sudan I in ketchup and chili powder.
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Introduction

Sudan I (1-phenylazo-2-naphthol), one of synthetic lipophil-
ic azo dyes and the most frequently used Sudan dye, is
widely used in fields of petroleum, engine oil, coloring hy-
drocarbon solvents, textile colorants and spirit varnishing
[1-3]. Sudan I is considered to be a genotoxic carcinogen
and is classified as a category 3 carcinogen by the
International Agency for Research on Cancer [4, 5]. The
Food and Drug Administration (FDA) and European
Union also classified Sudan dyes as illegal food-additives
associated health risks [6]. Nonetheless, they are still
overdosed and utilized illegally in some daily foodstuffs
because of its colorfastness and low cost, particularly in
chilli, powders, relishes, seasonings, sausages, etc. [7, 8].
Consequently, monitoring Sudan I in foodstuffs is still re-
quired in a variety of natural agricultural products and proc-
essed foods, and effective, rapid, low-cost, reliable and prac-
ticable methods are in high demand. Various analytical
methods have been widely developed for determination of
Sudan I, such as UV-visible spectrometry [9], high perfor-
mance liquid chromatography [10], paper spray mass spec-
trometry [11] and surface plasmon resonance [12]. Luo et al.
applied rapid fluorescence assay for Sudan dyes. The sens-
ing system based on polyethyleneimine-coated copper
nanoclusters exhibits low detection limits for Sudan I-IV
(65, 70, 45, and 50 nM, respectively). [13]. The electro-
chemical method has shown an increasing application for
the detection of Sudan I containing electroactive groups
(phenol and azo) in the field of food safety, such as Pt/
carbon nanotubes (CNTs) [14], CNT/iron(III)/porphyrin
[15] and Ag/graphene oxide [16] have been reported.
Satisfactory results have been obtained with detection limits
of 3 nM, 10 nM and 1140 nM, respectively. In practical
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application, the detection limit is above 1.0 nM which can-
not fit the real requirements for the trace detection of Sudan
I. Therefore, decreasing the detection limit for Sudan I is
still challenge and worthy of further investigation.

As an ideal support material for the metal nanoparti-
cles, reduced graphene oxide (rGO) can be produced in
large scale and low cost. rGO sheets possess an increased
conductivity compared with GO sheets owing to the res-
toration of the conjugated network in the rGO sheets. The
oxygen-containing functional groups on rGO render it
with extremely high specific surface area, superior elec-
tronic conductivity, excellent mechanical strength and
elasticity [17—-19]. rGO is considered as a perfect two
dimensional carbon support for developing highly effi-
cient catalysts [20-23].

Noble metals such as Au, Ag, Pd, Pt, and Rh have been
combined to generate bimetallic nanocomposites with tun-
able and enhanced properties. For example, Han et al. fab-
ricated Pt-Au bimetallic nanoparticles with irregular shape
[24]. The synthesis of bimetallic Pd-Au was studied in harsh
experimental conditions by Takehiro et al. [25]. The syner-
gistic structural, bifunctional mechanism and electronic ef-
fects of the different metals and heterogeneous interfaces, it
can endow the surface and the interface with improved cat-
alytic properties [26], which are superior to those of their
pure counterparts [27, 28]. Up to now, many substitutions of
noble metals with inexpensive metals (Cu, Fe, Co, Ni, etc.)
have been extensively studied and they also have high cat-
alytic activity [29, 30]. Effective, simple method for substi-
tution preparation and good performance still remains a
challenging task. Bimetallic nanocomposite to act as an elec-
trochemical sensing interface is being actively pursued by
investigators [31, 32]. Copper has similar properties to gold
and silver, whereas it is much less noble than Ag and Au
[13]. Considering that the standard electrode potential of
Cu*/Cu was relatively low, the copper nanoparticles were
often easily oxidized and unstable. Ag nanoparticles have
high electrical conductivity and oxidation stability [33], the
addition of silver can prevent from the oxidation of the
copper and increase its stability [34].

Ag-CuNP/rGO nanocomposite is rapidly synthesized
through an effective method with the use of sodium bo-
rohydride (NaBH,) as reducing agent at room tempera-
ture. Then, the electrochemical behavior of Sudan I on
Ag-CuNP/rGO modified GCE was explored. Several fac-
tors affecting the electrochemical performances of the
proposed sensor were also further optimized, including
the Ag-CuNP/rGO amount, pH value and scan rate. Ag-
CuNP/rGO modified electrode exhibited excellent electro-
chemical performance with extended linear ranges and
low detection limit for Sudan I. Ag-CuNP/rGO/GCE
was successfully used for the determination of Sudan I
in ketchup and chili powder samples and validated with
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High Performance Liquid Chromatography-Ultraviolet ray
(HPLC-UV) method.

The fabrication process of Ag-CuNP/rGO-based sensor for
the determination of Sudan I is shown in Scheme 1.

Experimental
Reagents and instrument

All reagents were purchased from Shanghai Chemical
Reagent Company (http://www.reagent.com.cn) except
Sudan I was purchased from Aladdin. All the chemicals
were of analytical grade and used as received without
further purification. Sudan I dissolved in ethanol was
prepared into different concentration solutions, and
stored at 4 °C in the dark. Phosphate buffer (0.10 M)
with pH values from 5.0 to 8.0 was prepared with
Na,HPO,4 and NaH,PO,. All solutions were prepared
with doubly distilled water.

Scanning electron microscopy (SEM) was performed on S-
4800 field emission scanning electron microanalyses (Hitachi,
Japan). X-ray photoelectron spectroscopy (XPS, Thermo
ESCACLB 250) was used in surface chemical state analysis.
Three kinds of prepared sample powder each were taken a
small amount and dispersed in ethanol to form uniform sus-
pensions, which were dropped on a copper grid for the trans-
mission electron microscopy (TEM, JEOL-2010 with 200 kV
accelerating voltage) analysis.

Electrochemical experiments were performed with a
CHI660D electrochemical analyzer (Shanghai Chenhua
Apparatus, China) with conventional three-electrode cells.
The working electrode was a glassy carbon electrode
(® = 3 mm) (GCE) modified Ag-CuNP/rGO (Ag-CuNP/
rGO/GCE). The reference electrode was an Ag/AgCl (saturat-
ed KCl) electrode and platinum electrode was used as the
auxiliary electrode. Prior to each experiment, solutions were
purged with purified nitrogen for 15 min to remove oxygen.
All the measurements were performed at room temperature
unless otherwise specified.

Synthesis of Ag-CuNP/rGO nanocomposite

Graphene oxide (GO) was prepared from purified natural
graphite by a modified Hummers method [35]. NaBH,4
was used as the reducing agent, which can be used to
simultaneously reduce metal ions and GO [31]. Ag-
CuNP/rGO nanocomposite was prepared according to
the following procedures. In brief, sodium citrate
(100 ul, 0.10 M) as an anticoagulant was added into
40 mL of GO water solution (2 mg mL™"), then aqueous
solutions of CuSO4 (100 uL, 0.1 M) was added. The
mixture was stirred for 30 min to complete the ion
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Scheme 1 Schematic illustration C
of the fabrication process of Ag-
CuNP/rGO nanocomposite-based
sensor for the determination of < j
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exchange and form Cu®**@GO complex due to functional
groups on GO surface. Afterward, 3 mL of freshly pre-
pared NaBH, (0.05 M) was added drop by drop into the
mixture to reduce Cu* to Cu. About 15 min later, aque-
ous AgNOj; solution (100 uL, 0.10 M) was added
dropwise, and silver ions were reduced by residual reduc-
ing agent. The solution was stirred for 1 h, and the black
solution was then left for settling for 24 h, upon which a
black deposit was seen at the bottom. Remove the super-
natant, the rest of the solution was processed by centrifu-
gation (CT14D, 20,000 g, Shanghai, China.) at
10,000 rpm for 8 min and rinsed several times with de-
ionized water and ethanol to remove all excess NaBHy.
The solid product was dried for 24 h in a vacuum oven at
25 °C and black powder was obtained. All the steps were
carried out at room temperature.

Fabrication of the modified electrode

Prior to the modification, the GCE was polished to a
mirror-like surface with 0.05 um «-Al,O3, thoroughly
rinsed with water and sonicated in absolute ethanol and
water (each for 5 min). The three-electrode cell con-
structed of a platinum wire counter electrode, a saturated
calomel electrode reference electrode and a working elec-
trode prepared as following procedures: Ag-CuNP/rGO
(1.0 mg ) were dispersed into ethanol (9.50 mL). In
order to fix modified electrode, nafion solution
(0.50 mL) was also added in mixed liquid. After
ultrasonication for 30 min to obtain a uniform suspen-
sion, the working electrode was prepared by placing
6 pL of the prepared suspension on a polished glass
carbon electrode (GCE) and then drying the electrode
at room temperature to form Ag-CuNP/rGO/GCE. For
comparison, the rGO/GCE was also fabricated as the
same procedure.

300 600 900 1200 1500 1800
Time /s

Results and discussion
Characterization
Morphology of Ag-CuNP/rGO nanocomposite

The morphologies of rtGO and Ag-CulNP/rGO nanocomposite
were examined by transmission electron microscopy (TEM)
(Fig. 1). It is observed from (Fig. 1a) that a transparent and
thin layer structure with some wrinkles and folds on the sur-
face and edges is observed, which are the feature structure of
graphene nanosheets. The TEM image of Ag-CuNP/rGO film
(Fig. 1b) clearly shows the successful formation of Ag-CuNP/
rGO, a large number of Ag-Cu NPs were formed through the
reduction of CuSO,4 and AgNO; by NaBH, and scattered on
the rGO sheets, which would provide tremendous active sites
for electrocatalysis. The high-resolution TEM (HRTEM) im-
age of Ag/rGO nanocomposite gives the crystalline lattice
fringes (Fig. 1c). Interlayer spacing of Ag was measured to
be 0.238 and 0.196 nm, which can be assigned to the lattice
spacing of (111) and (200) planes of fcc Ag, interlayer spacing
of Cu (111) is 0.224 nm [36]. Ag-Cu NPs embedded into the
rGO surface, indicating that Ag-Cu NPs were well bound to
rGO sheets via chemical reduction. At the same time, the EDX
spectrum of Ag-CuNP/rGO nanocomposite is shown in
Fig. 1d, which confirms the presence of Ag and Cu elements.
Contents of Ag and Cu are 48.96 and 28.46 wt%, respectively.
Exhibited additional weak peak of oxygen element and other
intense peaks were attributed to the silicon substrate.

Composition analysis of Ag-CuNP/rGO nanocomposite
The chemical composition analysis of Ag-CuNP/rGO
nanocomposite was further characterized and compared

with GO by XPS. The wide scan (corresponding to Cls,
Ag3d and Cu2p) and Cls spectra of GO (I) and Ag-
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Fig.1 TEM images of rGO a and
Ag-CuNP/rGO b; HRTEM image
¢ and EDX d of Ag-CuNP/1GO

CuNP/rGO nanocomposite (II) are shown in Fig. 2a and
b, Ag3d and Cu2p spectrums of Ag-CuNP/rGO are shown
in Fig. 2¢ and d, respectively. It can be seen that the high-
resolution Cls XPS spectrum of GO contains mainly three

Fig. 2 Wide scan XPS spectra a
and Cls XPS spectra b of GO (I)
and Ag-CuNP/rGO (1I); Ag3d ¢
and Cu2p d XPS spectrums of
Ag-CuNP/rGO
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peaks positioned at approximately 284.6, 286.6 and
288.4 eV (Fig. 2b (I)), which is attributed to C-C (sp2
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reduced, the corresponding XPS spectrum of Ag-CuNP/
rGO (Fig. 2b (II)) shows that the intensities of C-O and
C = O decrease dramatically, the peak associated with C-
C becomes predominant, indicating that GO has been well
deoxidized and formed rGO. The XPS patterns of Ag-
CuNP/rGO nanocomposite in Fig. 2c¢ and d represent the
signatures of the Ag3d doublet (3d5/2 (368.5 eV) and
3d3/2 (374.5 eV)) and Cu2p (934.3 eV), which are con-
sistent with the Ag® and Cu® states [37, 38]. The signa-
tures of the Ag3d and Cu2p further confirm that silver and
copper were decorated on rGO.

Electrochemical characterization of GCE, rGO/GCE
and Ag-CuNP/rGO/GCE

Electrochemical impedance spectroscopy (EIS) was
employed to characterize the surface features of the modified
electrode using the redox probe 1.0 mM [Fe(CN)s I** con-
taining 0.10 M KCl, and the result is shown in Fig. 3. As well
known, the typical impedance spectrum (Nyquist diagram) is
generally divided into two parts. One is a semicircle in the
high frequency region which has the relationship with the
electron transfer resistance. The semicircle diameter of the
high-frequency region is equivalent to the resistance of the
charge transfer on the electrode surface (R). The other is a
straight line in the low frequency region which is usually
controlled by the diffusion process [39]. Figure 3 illustrates
the EIS results (Nyquist plots) of bare GCE (a), rGO/GCE (b)
and Ag-CuNP/AGO/GCE (c) in the frequency range from 10°
to 0.001 Hz with the potential of 0.218 V and amplitude of
0.005 V. The Nyquist plot was fitted using the Randles equiv-
alent circuit (insert of Fig. 3), which the diffusion and kinetic
control parameters is taken into consideration. The semicircle
diameter in the impedance spectrum is equal to Rct and the

600
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Fig. 3 Nyquist plots of different electrodes in 5.0 mM [Fe (CN)]* "+

solution containing 0.10 M KCl. a bare GCE, b rGO/GCE and d Ag-
CuNP/AGO

value of Rct depends on the properties of the electrode/
solution interface. At the bare GCE, a semicircle of about
220 2 in diameter and an almost straight tail line is observed
in the low frequency region, which is characteristic of a dif-
fusion limiting step of the electrochemical process. The diam-
eter of the high frequency semicircle is apparently reduced at
rGO/GCE and the Rct value was 154 €. The decrease of Ret
suggests that the immobilized rGO film can attract more
[Fe(CN)s '* to the modified electrode surface due to the
increased surface area. While the rGO film decorated Ag-
CuNP/rGO, the diameter of the high frequency semicircle is
further reduced, and the Rct value is ca. 100 €2. This result
may be attributed to the good conductivity of Ag-Cu NPs,
which can enhance the electron transfer rate. The impedance
change of the modification process also indicates that rGO and
Ag-CuNP/rGO have been successfully modified on the GCE
surface.

Electrochemical behavior of Ag-CuNP/rGO/GCE towards
Sudan 1

The electrochemical activity and sensing performance of
Sudan I on Ag-CuNP/rGO/GCE were evaluated by CV.
Figure 4 displays CV curves of GCE, rGO/GCE and Ag-
CuNP/rGO/GCE in 0.10 M phosphate buffer (pH 6.5) with
5 up Sudan I at a scan rate of 100 mV s~ '. There is no obvious
redox peak at the bare electrode (Fig. 4a). Under the same
conditions, a weak reduction peak is observed at rtGO/GCE
with a peak potential of ca. -0.153 V (Fig. 4b), which can be
ascribed to the transformation of -N = N— to -NH — NH—.
Whereas no corresponding oxidation peak can be observed
in the reverse scan, implying the electro-reduction of
Sudan I is an irreversible process. It is clear that the peak
current recorded at Ag-CuNP/rGO/GCE is much higher

Current / pA
% & o

1

p—

N
-

-16 -

-20 v T . T . v T r
0.2 0.1 0.0 -0.1 -0.2 -0.3
Potential / V (vs. Ag/AgCl)

Fig. 4 Cyclic voltammograms of bare GCE a, rGO/GCE b and Ag-
CuNP/AGO/GCE ¢ in the presence of 5.0 x 10° nu Sudan I in 0.10 M
phosphate buffer (pH 6.5) at scan rate 100 mV s~
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than that obtained at rGO/GCE (Fig. 4c). Another reduc-
tion peak is observed at Ag-CuNP/rGO/GCE with a peak
potential of ca. -0.112 V, which may be due to the trans-

+7e"’H

Hydrazo sudan I

i w
Acld or Basic medium

formation of -NH — NH— to NH, group. Corresponding
equation of electrochemical reaction for the Sudan I was
shown below.

OH

Reductive products

—N + N—
H, H,
Aud or Basic medium Q

A sharp peak was observed with peak potential close to
0.022 V due to the oxidation of Ag atom [40], the peak po-
tential of Sudan I shifted more positively to ca. -0.153 V. The
electrochemical response of Sudan I on Cu/rGO/GCE dis-
plays larger peak current response compared with rGO/GCE
and the electrochemical behavior of Sudan I on Ag/rGO/GCE
emerges one reduction peak and Ag oxidation peak (Fig. S1,
Electronic Supplementary Material, ESM). On the basis of
these observations and comparisons, the doping of Ag-Cu
NPs onto the rGO film displays excellent electrochemical ac-
tivity towards Sudan I mainly due to the significant synergy
effect. Intrinsic Ag surfaces have narrow d-band centers, when
the metallic bond among the Ag atoms and Cu atoms were
formed in the Ag-Cu NPs, the d-band centers of the Ag are
broadened, which enhance catalytic activity [41]. Cu NPs
existing in the rGO can also improve the absorption rate of
Sudan I, increasing the concentration of the reactants and ac-
celerating the electrochemical reaction process. Moreover, a
large number of edge plane defect sites at the surface of Ag-
CuNP/rGO may provide many favorable passageways for the
electron transfer. According to the information, this electro-
chemical sensor can be used as an enhanced electrochemical
performance for the sensitive detection of Sudan I.

Optimization of method

The following parameters were optimized: (a) Sample pH
value; (b) Ag-Cu/rGO amount; (c) scan rate. Respective data
and Figures are given in the Electronic Supporting Material
(Fig. S2, Fig. S3, ESM). We found the following experimental
conditions to give best results: (a) A sample pH value of 6.5;
(b) Ag-Cu/rGO amount 6 pL (0.1 mg mL™"); () the scan rate
of 100 mV s ' is performed.

Analytical performance
In order to develop a sensitively electrochemical sensor for the

determination of Sudan I, the technique of amperometry was
employed. Figure 5 shows the amperometric traces recorded
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at Ag-CuNP/rGO/GCE at the applied potential —0.112 V,
which Sudan I was spiked little by little every 50 s in phos-
phate buffer with continuous stirring under the optimal condi-
tions. As shown in Fig. 5, good responses were observed

o 02 b
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5nM Pt
< I nM — 1x 10 'n
44 0nM _—
< l — 5000 nM
- oot
= o 200 400 600 1000 nM
Time/s
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Fig. 5 Amperometric current-time curves for Sudan I reduction on the
Ag-CuNP/rGO/GCE, applied potential at —0.112 V (versus Ag/AgCl) in
phosphate buffer (pH 6.5): a the current-time curves for different
concentrations of Sudan I, b the enlarged current-time curves for adding
0-10.0 nM of Sudan I, ¢ the corresponding calibration curve
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Table 1 Comparison of the method with other sensors for the determination of Sudan 1

Electrode Technique Linear range (nM) LOD (nM) Reference
MWCNTY/GCE SWVP 40.3-4030 20.1 42
MWCNT/GCE Amperometry 1010-122,000 34.6 43
MIP%/AuNPs"/GCE LSV* 100-10,000 2 44
Ag/graphene oxide/GCE Amperometry 3900-31,900 1140 40
Electrochemically rtGO/GCE LSV 40-8000 10 45
MWCNT/chitosan/GCE DPV 100-1000 30 46
CTAB-GNS'/GC DPV 2-32,000 0.7 1
Ag—Cu/rGO/GCE Amperometry 1-80,000 0.4 this work

*MWCNT: multiwalled carbon nanotube
®SWV: square wave voltammetry

€ MIP: molecularly imprinting polymer

9 AuNPs: goldnanoparticles

°LSV: Linear sweep voltammetry

fCTAB-GNS: Cetyl trimethyl ammonium bromide (CTAB) functionalized graphene nanosheets (GNS)

during the addition of Sudan I concentration from 1.0 nM to
1.0 x 10* nM. The response of preparing sensor to low-
concentration Sudan I was shown in Fig. 5 (inset b), which
demonstrated an effective catalytic property of Ag-CuNP/rGO
material. The current was found to linearly increase with the
Sudan I concentration in the range from 1.0 nM to
1.0 x 10* nM. The regression equation was Y
(1A) = 0.1084 + 0.0818 C (uM) with the correlation coeffi-
cient being 0.995, and the detection limit was computed to be
0.4 nM (S/N = 3) at a signal-to-noise ratio of 3. The sensitivity
was calculated as 7.36 pA mM . The high sensitivity is at-
tributed to the fact that high-density Ag and Cu nanoparticles
increase the electrocatalytically active area. The two-
dimensional structure of graphene which its large specific sur-
face, in turn, supports the adsorption of Sudan I and electron
transfer. In order to evaluate the analytical performance of the
sensor, a literature comparison for Sudan I determinations using
different modified electrodes is listed in Table 1 [1, 40, 42-46].

It can be found that Ag-CuNP/rGO/GCE provides a lowest
detection limit among the electrodes described, and the linear
range is wider than those obtained from most of other elec-
trodes. The comparison suggests that the prepared nanocom-
posite in this work can be more appropriate to serve as a
sensing platform for the sensitive determination of Sudan I
in trace concentration.

Stability, reproducibility and selectivity of the sensor

The stability and reproducibility of Ag-CuNP/rGO/GCE were
examined and the modified electrodes exhibited nice proper-
ties. When the Ag-CuNP/rGO/GCE was stored at room tem-
perature for about 30 days, the peak currents of Sudan I de-
creased merely 3.7 %, indicating the high stability of Ag-
CuNP/rGO/GCE. Under the optimized conditions, the

reproducibility of ten independently fabricated electrodes
was investigated by comparing the peak currents of 500 nM
Sudan I. The relative standard derivation (RSD) for the peak
current is about 5.6 %. And the repeatability of one electrode
was also detected by continuous measurements. The same
sensor was used for approximately 15 times during three
weeks and a small decrease of peak current (about 5.0 %)
for Sudan I was observed.

The common potential interferents on the determination of
Sudan I, especially some natural pigments, such as b-carotene,
cryptoxanthin, lycopene and capsorubin, normally co-exist
with Sudan I in real samples. These common potential
interferents were individually examined under the optimized
conditions. As shown in Fig. 6, with the addition of 500 nM
Sudan I, peak current generated obvious change. Based on the
tolerance limit of less than 5 % of the relative error for the

0.4+
b-carotene ascorbic acid
cryptoxanthin caffeine
Sudan I lycopene and and glucose
capsorubin
0.2 \ l
<
2
~.
0.0 4 . I -~ \
_\'af Mg’ Sudan I
A", Ca”
CI', and NO:'
-0.2 4y - T T v T
0 100 200 300
Time/s

Fig. 6 Current-time responses obtained at the Ag-CuNP/rGO/GCE to
500 nM Sudan I and the interferents (indicated by arrows) in 0.10 M
phosphate buffer (pH 6.5). Applied potential: —0.112 V
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Table 2  Determination of Sudan I in real samples

Samples Present method HPLC-UV method
Added (nM) Found (nM) Recovery (%) RSD (%) Found (nM) Recovery (%) RSD (%)

Ketchup 1 200 196 98.0 3.6 193 96.5 42
Ketchup 2 300 293 97.7 29 286 95.3 32
Ketchup 3 400 405 101.2 42 392 98.0 49
Chilli sauce 1 200 209 104.5 4.7 205 102.5 53
Chilli sauce 2 300 291 97.0 3.9 287 95.7 4.8
Chilli sauce 3 400 389 97.2 35 406 101.5 5.1

current values at the peak potential of 500 nM Sudan I, some
other potential interferents such as 500-fold concentration of
Na*, Mg**, A", Ca**, CI", and NO*~ were added, no signif-
icant change in peak current was observed. 100-fold concen-
tration of ascorbic acid, caffeine and glucose had also no in-
terference on Sudan I determination. In the presence of the
interferences mentioned above, the peak current still increased
linearly after adding 500 nM Suand I again. These results
indicate that the modified electrode is highly selective towards
the determination of Sudan I. Thus, the present method has an
excellent prospect for the further applications. Some pharma-
ceutical molecules, such as acamprosate, acarbose, acetrizoic
acid etc., will be further explored in follow-on experiments.

Analytical application of the sensor

In order to evaluate the feasibility of the proposed method for
the practical applications, Ag-CuNP/rGO/GCE was employed
for the measurement of Sudan I in chilli powder and ketchup
sauce. The real samples were obtained from a local bazaar and
pretreated according to Wu’s method. Since no Sudan I was
detected in those samples, then the standard addition method
was adopted and the total content of Sudan I was determined
to calculate the recovery. The results were shown in Table 2,
the RSD is below 5.0 % and the recoveries range between
97.0 % and 104.5 %. The recovery values obtained with the
developed method are compared with that obtained using
HPLC-UV method and they are found to be in agreement
suggesting good validation of the method, indicating that
our method has an excellent precision and is feasible and
reliable for practical applications.

Conclusions

Synergistic combination of Ag-Cu nanoparticles and rGO
caused enhancement of peak currents for Sudan I at Ag-
CuNP/rGO/GCE. Electrochemical experiments have demon-
strated that Ag-CuNP/rGO material could increase active sur-
face area, high electrical conductivity leading to fast electron
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transfer rate of Sudan I on Ag-CuNP/rGO. Incorporation of
Ag-Cu nanoparticles improved the stability of sensor response
based on metallic bond among the Ag atoms and Cu atoms.
The method was satisfactorily applied for ketchup and chili
samples with excellent recoveries. We hope to extend the ap-
plication of this sensor in other real samples.
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