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Malachite green (MG) was an important bactericide and is now banned in different countries due to
it’s bad effect to human health. In this work, graphene-gold nanohybrids (Graphene-GNPs) were
prepared by the chemical co-reduction of Au (I11) and graphene oxide (GO) with sodium citrate. These
Graphene-GNPs were characterized by TEM, SEM, XRD and EDS. After deposition on glassy carbon
electrode (GCE), an electrochemical sensor was proposed for the electrochemical detection of MG.
The electrocatalytic oxidation of MG on Graphene-GNPs modified GCE (Graphene-GNPs/GCE) was
investigated by differential pulse voltammetry (DPV), cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). The results showed that the Graphene-GNPs could enhance the
electrochemical detection performance towards oxidation of MG. Under the optimized condition, the
constructed MG electrochemical sensor showed linear dynamic range from 0.1 um to 800 pM.
Moreover, the proposed MG electrochemical sensor has also been successfully used for MG
determination in real water samples with satisfied recoveries (97.5 % to 109.6 %) and precision
(0.35 % to 5.57 %).

Keywords: Malachite green; MG; Graphene-Gold nanoparticles nanohybrids; Electrochemical
detection; electrochemical sensor.

1. INTRODUCTION

Malachite green (MG) is a kind of well-known cationic triphenylmethane dye [1], which is
widely used in silk, leather and paper dyeing, as well as cell staining [2-4]. As effective and cheap anti-
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fungal and anti-microbial agent, MG also has been extensively used in aquaculture industry over the
world [5-7]. Since 1990s, lots of studies have suggested that MG is highly toxic to microbial and
mammalian cells, promoting the hepatic tumor formation in rodents and reproductive abnormalities in
rabbits and fish [8-9]. In addition, MG is believed to have potential mutagenicity, teratogenicity,
genotoxicity and carcinogenicity to humans. So, the use of MG is banned all over the world, including
China, USA and European Union [10]. However, MG was often illegally used in aquaculture industry
due to the low cost, easy availability, high efficacy against fungus, bacteria and parasite [11].
Therefore, a simple, reliable, rapid, sensitive and selective method for the determination of MG in
aquatic products is highly demanded. Up to now, several kinds of methods have been developed for
the detection of MG including electrochemical method [12], high performance liquid chromatography
(HPLC) [13], liquid chromatography-mass spectrometry (LC-MS) [14], surface-enhanced Raman
spectroscopy (SERS) [15], spectrophotometric method [16] and Enzyme-linked immunoassay [17].
Among these methods, electrochemical method gained much more interest due to the
advantages of great speed, simplicity, low cost and short analysis time [18-20].

As a two-dimensional sheet composed of sp>bonded carbon atoms, graphene has recently
attracted tremendous attention due to its unique thermal, mechanical and electrical properties [21-23].
For example, graphene can be used as electrode modified material for construction of high-
performance electrochemical sensors or biosensors [24-25]. Many important studies also had shown
that the combination of graphene with other metal nanoparticles (NPs) offer opportunities for
developing graphene-based hybrids as enhanced materials to construct newly high-performance
electrochemical sensing platforms [26]. On the other hand, noble metal NPs also had been widely used
for the preparation of nanocomposites for electrochemical sensor [27]. Noble metal NPs often have
many excellent properties, such as large surface-to-volume ratio, good electrical properties, strong
adsorption ability, high surface reaction activity, small particle size and good surface properties [28].
Among the diverse noble metal NPs, gold nanoparticles (GNPs) have received extensive study due to
their unique properties, including high electrical conductivity and excellent electrocatalytic activity
[29]. Recently, graphene-gold nanoparticles (Graphene-GNPs) nanohybrids have been attempted to
modify the electrode to design highly sensitive, selective and stable electrochemical sensors [30].

In this work, a simple, fast, convenient and sensitive electrochemical sensor was developed for
the determination of MG using Graphene-GNPs nanohybrids. The Graphene-GNPs nanohybrids were
obtained by the simultaneous and in-situ chemical co-reduction of Au (IlI) and GO using sodium
citrate. Subsequently, a sensitive electrochemical sensor for MG detection was fabricated by
deposition of Graphene-GNPs nanohybrids on glass carbon electrode (Scheme 1). The Graphene-
GNPs nanohybrids were characterized by using SEM, TEM, XRD and EDS. Due to the synergistic
effect of graphene and GNPs, the Graphene-GNPs based electrochemical sensor significantly
enhanced the DPV current response and selectivity towards MG. To the best of our knowledge, this
work represents the first attempt using graphene and GNPs nanohybrids for the fabrication of
electrochemical sensor for MG detection.
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Scheme 1. Schematic illustration of the procedure for synthesis of Graphene-GNPs nanohybrids and
use for electrochemical MG detection

2. EXPERIMENTAL

2.1. Apparatus and Materials

The transmission electron microscopy (TEM) images were obtained on a JEOL JEM-2010
transition electronic microscopy with an accelerating voltage of 200 kV. The scanning electron
microscope (SEM) observation was performed on an FEI Nova NanoSEM 450 field emission scanning
electron microscope (FESEM). The powder X-ray diffraction (XRD) patterns were carried out using a
Bruker D8 Advance X-ray diffractometer. Energy dispersive X-ray spectroscopy (EDS) analysis was
performed using accessory (INCA 250) of Nova NanoSEM 450 instrument. Electrochemical
measurements such as differential pulse voltammetry (DPV), cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were all performed on CHI660E electrochemical
workstation (Chen Hua Instruments Co., Shanghai, China).

Mountain green (MG), chloroauric acid (HAuClI,) and flake graphite were obtained from Alfa
Aesar. Unless stated otherwise, all other chemicals were of analytical reagent grade and used as
received. All the ultrapure water used in this work was obtained from a Milli-Q purification system
(Millipore, Bedford, MA).

2.2. Synthesis of Graphene-GNPs Nanohybrids

Graphene oxide (GO) was synthesized from natural flake graphite using Hummers method
[31]. The prepared graphite oxide was then exfoliated in ultrapure water by ultrasonication to form a
1.0 mg/mL homogeneous graphene oxide colloidal dispersion as before [26]. The Graphene-GNPs
nanohybrids were prepared as follow: firstly, 1.25 mL of 1.0 mg/mL GO dispersion was mixed with 25



Int. J. Electrochem. Sci., Vol. 12, 2017 7560

mL of 0.48 mM of HAuCl, aqueous solution in round-bottom flask. After continued ultrasonication for
30 min, 470 pL of 85 mM sodium citrate was added to the above solution. Then the round-bottom
flask was placed in a water bath and stabled at 85 °C for 60 min, obtaining stable black Graphene-
GNPs nanohybrids dispersion. The Graphene-GNPs nanohybrids were washed several times by
centrifugation and ultrasonication. The preparation of GNPs and graphene was similar to that of
Graphene-GNPs nanohybrids but without the addition of GO or HAuCl,.

2.3. Fabrication of Graphene-GNPs Nanohybrids modified GCE electrode

Before surface modification, the glassy carbon electrode (GCE) was polished to a mirror-like
surface with 0.3 um and 0.05 um alumina slurry. After subsequently ultrasonicated in ethanol and
ultrapure water, the pretreated GCE was dried with high-purity argon gas. As shown in Scheme 1,
surface modification was commenced by applying a 10 pL aliquot dispersion of the resulting
Graphene-GNPs nanohybrids on GCE and dried under infrared lamp for 10 min. The fabrication of
graphene and GNPs modified GCE electrode were similarly to that of Graphene-GNPs nanohybrids
modified GCE electrode.

3. RESULTS AND DISCUSSION

3.1. Characterization of graphene and Graphene-GNPs nanohybrids

In this work, Graphene-GNPs nanohybrids were prepared by the chemical co-reduction of Au
(1) and GO with sodium citrate [32]. The surface morphology of graphene as well as successful
loading of GNPs on graphene were confirmed by TEM and SEM. Figure 1a shows the typical TEM
image of graphene sheet with no aggregation. Figure 1b is the TEM image of prepared Graphene-
GNPs nanohybrids, indicating Graphene-GNPs nanohybrids could be synthesized in one pot by
chemical co-reduction using sodium citrate.

200 nm
—

Figure 1. The TEM images of graphene and Graphene-GNPs nanohybrids (a, b); the SEM images of
graphene and Graphene-GNPs nanohybrids (c, d).
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It can be seen that GNPs with diameter 5~20 nm are successfully loaded on the whole surface
of graphene, though the dispersion is heterogeneous. The reason might be attributed to the stirring
inhomogeneity during formation of GNPs on graphene. The TEM images of graphene and Graphene-
GNPs nanohybrids on GCE are shown in Figure 1c and 1d. Both of graphene and Graphene-GNPs
nanohybrids show typical crumpled and wrinkled structure with multi-layer on the surface of GCE.
The geometric wrinkling may arise from n-n interaction within sheets of graphene not only minimizes
the surface energy but also induces mechanical integrity with tensile strength [33]. The presence of
discrete GNPs on the surface of graphene remarkably suppressed the wrinkling of graphene.

XRD is also an effective technique used for study the interlayer modifications induced in
graphene based hybrids. Figure 2a shows the XRD patterns of GNPs, graphene oxide and Graphene-
GNPs nanohybrids, respectively. Clearly, we observe four well defined Au XRD feature peaks for
(111) at about 38°, (200) at about 44°, (220) at about 65° and (311) at about 78°, which are consistent
with the face centered cubic Au (JCPDS, No. 4-0784) [34]. Freshly exfoliated graphene oxide exhibits
sharp diffraction peak located at about 11 °, corresponding to the (002) inter-planar spacing around 0.8
nm [35]. Generally, graphene obtained from chemical reduction of graphene oxide often exhibits broad
peak at around 25 ° due to the aggregation of graphene (to form graphite spontaneously and slowly).
As for Graphene-GNPs nanohybrids, the Bragg angles of 38 °, 44 °, 65 ° and 78 ° for GNPs were also
clearly observed, which confirm the successful loading of GNPs on graphene. In addition, the GNPs
suppress the aggregation of graphene. The EDS characterization of Graphene-GNPs nanohybrids was
further performed to reveal the composition of Graphene-GNPs nanohybrids. As shows in Figure 2b,
carbon, oxygen and gold are detected, suggesting the successful integration of graphene and GNPs in
nanohybrids.
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Figure 2. XRD patterns of GNPs, Graphene oxide and Graphene-GNPs nanohybrids (a); EDS
elemental analysis of Graphene-GNPs nanohybrids (b).

3.2. Electrochemical behavior of MG on different materials modified GCE

The electrochemical response of different materials modified GCE toward MG was studied by
DPV method. As shown in Figure 3, all the modified GCE displayed higher DPV current response
than that of bare GCE. The peak currents of MG on bare GCE, graphene/GCE, GNPs/GCE and
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Graphene-GNPs/GCE are 3.365, 4.236, 4.924 and 6.719 pA, respectively. The oxidation peaks of MG
on bare GCE, GNPs/GCE, graphene/GCE and Graphene-GNPs/GCE were observed at 0.797 V, 0.791
V, 0.789V and 0.787 V, respectively. Obviously, the DPV peak on Graphene-GNPs/GCE show the
lowest potential than that of bare GCE, GNPs/GCE and graphene/GCE. This result indicated that the
Graphene-GNPs nanohybrids possess higher catalytic activity than graphene and GNPs, as well as bare
GCE [26]. This also further indicated that the Graphene-GNPs nanohybrids could be used for the
fabrication of electrochemical sensor for MG determination.
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Figure 3. DPV responses of bare GCE, GNPs/GCE, graphene/GCE and Graphene-GNPs/GCE
immersed in 200 uM MG solution.
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Figure 4. EIS recorded in 0.01 M [Fe(CN)s]*™* using GCE, Graphene/GCE, GNPs/GCE and
Graphene-GNPs/GCE.

Electrochemical impedance spectroscopy (EIS) was further used for the evaluation of modified
electrode [36]. Figure 4 shows the Nyquist diagrams of different materials modified GCE in the
presence of 0.01 M [Fe(CN)g]*™. Due to the low electrocatalytic activity of GCE towards [Fe(CN)s]*
" the bare GCE exhibits the largest semicircle domain present. After modification with Graphene-
GNPs nanohybrids (as well as graphene or GNPs) on GCE, a decrease in electron transfer resistance
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was observed, which may be caused by the fast electron transfer and excellent electrocatalytic of
Graphene-GNPs nanohybrids. Compared to GNPs/GCE and Graphene/GCE, Graphene-GNPs/GCE
display the smallest semicircle domain present, indicating the fastest electron transfer and/or best
electrocatalytic of Graphene-GNPs nanohybrids. This phenomenon may be explained by the
synergistic catalysis effect of graphene and GNPs on the surface of GCE. And this result is basically
agreed with the DPV responses of different materials modified GCEs. Therefore, Graphene-GNPs
nanohybrids were selected as the modification materials to construct electrochemical sensor for highly
sensitive electrochemical detection of MG.

In order to investigate the possible electrode reaction mechanism, the study of scan rate (range
from 10 to 500 mV/s) effect on peak current of 1 mM K3Fe(CN)g in 0.10 M KCI electrolyte has been
done by cyclic voltammetry method [37]. As shown in Figure 5a, a progressive increase in both anodic
and cathodic peaks was observed with the increase of scan rates. As shown in Figure 5b, there is also a
good linear relationship between the cathodic peak currents and square root of scan rate in the range of
10-500 mV/s. It can be given by the linear equation: y=1.24 x+7.6109 (R?*=0.9922). It reveals that the
reaction of MG on Graphene-GNPs/GCE was controlled by the surface diffusion, in agreement with
the quasi-reversible system. The active surface area of Graphene-GNPs/GCE was estimated according
to the Randles-Sevcik equation [38]:

I, =2.69 %10 % n°/% % A% D'°C % v'/*.

Where Ip is the peak current (A), n is the number of electrons transferred, v is the scan rate
(VIs), D the diffusion coefficient, A is the electrode area and C is the concentration of K3Fe(CN)g
solution. For 1 mM K3Fe(CN)g in 0.1 M KClI electrolyte, n=1 and D=7.6*10"° m/s. The active surface
area of Graphene-GNPs/GCE was calculated to be 0.0547 cm?.
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Figure 5. Cyclic voltammograms (a) and cathodic peak currents versus square root of scan rate plot (b)
for Graphene-GNPs/GCE.

3.3. Optimization for determination condition

The oxidation peak current of MG is closely related to the pH value of the electrolyte solution.
In this work, the oxidation peak current of MG (200 uM) at Graphene-GNPs/GCE were examined in
Phosphate Buffered Saline (PBS) solutions with the pH values range from 5.5 to 8.5. Figure 5 shows
the influence of pH values of PBS solutions on the electrochemical response of Graphene-GNPs/GCE
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towards MG by DPV method. It was obviously that the DPV peak current of MG increased with
increasing pH from 5.5 to 7.5 and then decreased with further increasing pH to 8.5. The highest DPV
peak value of MG on Graphene-GNPs/GCE was obtained at pH=7.5. Therefore, PBS solution with a

pH value of 7.5 was used as the supporting electrolyte for MG determination in the subsequent
electrochemical experiments.
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Figure 6. (a) DPV current of MG at Graphene-GNPs/GCE in PBS buffer with different pH values, (b)
Relationship between DPV peak current and pH values of PBS buffer.

3.4. Electrochemical detection of MG

To investigate the application potential of the proposed Graphene-GNPs nanohybrids in
electrochemical detection of MG, the DPV responses of MG solutions in the concentration range from
0.1 to 800 uM were investigated under optimized condition. As shown in Figure 7a, the DPV
responses of MG on Graphene-GNPs/GCE increased as the concentration of MG increased in the
whole range from 0.1 to 800 uM. The DPV peak current values were extracted from the DPV
responses of Graphene-GNPs/GCE to different MG solutions and shown in Figure 6b. Obviously, the
DPV peak current values of MG showed outstanding linear dynamic ranges from 0.1 uM to 800 uM
with regression equation of y=0.0727 x+1.9523 (R?=0.9916, n=3), where x is the concentration of MG
and y is the DPV peak current value.

60F b y =0.0727x+1.9523

R% =0.9916

IS
a
T

(llurrent/HA
Current/lO'7A

=
o
T

10 0 200 400 600 800

0.6 0.7 0.8. 0.9
Potential/V Concertration of MG

Figure 7. DPV responses of Graphene-GNPs/GCE based electrochemical sensor to MG solutions in

the range from 0.1 uM to 800 uM (a). Calibration plots of DPV responses as a function of MG
concentration (b).
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In addition, a comparison of our proposed Graphene-GNPs/GCE based electrochemical sensor
with other similar electrochemical sensors for MG also has been summarized and given in Table 1
[12,18-20,39-43]. From Table 1, we can find that our proposed method shows relatively higher
sensitivity and/or wider linear range than other reported MG electrochemical sensors. Though some
carbon paste electrodes based electrochemical sensors show relatively higher sensitivity than our
proposed method[18, 42-43], their repeatability and/or stability issues can’t be ignored, which may
hinder their use in MG detection in the future. It should be noted that our proposed Graphene-
GNPs/GCE based electrochemical sensor possess the widest linear range among all the
electrochemical sensors for MG.

Table 1. Comparison of different electrochemical sensors for MG.

Modified electrode  Technique Linear range (unM) Reference

GCE DPV 0.2-1.2 [12]
CPE SwWv 0.001-0.51 [18]
CPB/MWCNTS/GCE cVv 0.001-5 [19]
CeO,/Nafion/GCE SWASV 1-4 [20]
MWNTSs /GCE DPV 0.05-8 [39]
BDD film Y 1-100 [40]
GQDs-Au/GCE DPV 0.4-10 [41]
GO/En/CPE DPV 0.008-0.8 [42]
SDBS/CPE DPV 0.008-0.5 [43]
Graphene-GNPs/GCE DPV 0.1-800 This work

3.5. Selectivity, repeatability and stability of Graphene-GNPs/GCE based electrochemical sensor

To confirm the selectivity of the proposed Graphene-GNPs/GCE based electrochemical sensor,
an interference study was conducted by the determination of 100 uM MG in the presence of 100-fold
of different foreign inorganic ions under the optimum conditions. Generally, a wide range of inorganic
ions can be present in natural waters like river waters. The most frequently cations and anions found in
river waters, Ca®*, Mg*", Na*, K*, COs%*, SO,*, Cl"and NO5 were chosen [44]. As shown in Figure 8,
these foreign inorganic ions had no evidently influence on the detection of MG. Additionally, 50-fold
concentration of ascorbic acid, uric acid, dopamine and caffeine also had no influence on the signals of
MG with deviations below 10 %. These results demonstrate that the proposed electrochemical sensor
had excellent selectivity for the determination of MG.
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Figure 8. The selectivity of Graphene-GNPs/GCE based electrochemical sensor towards MG in the
presence of some foreign inorganic ions

The repeatability of the proposed Graphene-GNPs/GCE based electrochemical sensor was
evaluated by using the same electrode for 10 repeated analyzes of 100 uM MG. The DPV peak current
values showed a relative standard deviation of 7.3 %, indicating the good repeatability of the
Graphene-GNPs/GCE based electrochemical sensor. The stability of the Graphene-GNPs/GCE based
electrochemical sensor was investigated by two different ways. When the Graphene-GNPs/GCE
electrochemical sensor was exposed to surrounding atmosphere for 10 days at room temperature, the
electrochemical sensor also reserved 87.6 % of its original response to 100 UM MG. The stability of
the Graphene-GNPs/GCE electrochemical sensor is also evaluated within 2 weeks by recording the
DPV peak current values once each day. The DPV peak current values of MG on Graphene-
GNPs/GCE electrochemical sensor also retained 85.1 % of its initial current after 2 weeks. These
results demonstrated that the prepared Graphene-GNPs/GCE electrochemical sensor had excellent
repeatability and stability.

3.6. Determination of MG in real samples

In order to assess the suitability of the proposed Graphene-GNPs/GCE electrochemical sensor,
the proposed methodology was tested through the determination of MG in real river waters by standard
addition method. The obtained results were listed in Table 2. As it can be seen, the recoveries of MG
in real river waters ranged from 97.5 % to 109.6 %, while relative standard deviation (RSD) ranged
from 0.35 % to 5.57 %, suggesting an acceptable detection result for MG analysis in real river waters.
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Table 2. Detection of MG in real river waters (n=3)

Added(uM) Detected(uM) Recovery (%) R.S.D.(%)
1 1.03 102.8 2.32
5 5.48 109.6 5.57
10 9.95 99.5 0.45
30 29.25 97.5 0.35
50 49.17 98.3 4.18
100 100.12 100.1 1.45
400 404.23 101.0 1.40
600 611.01 101.8 0.72

4. CONCLUSIONS

In this work, we demonstrated a novel electrochemical sensor for detection of MG was
fabricated based on Graphene-GNPs modified GCE. The Graphene-GNPs were prepared by simple
chemical co-reduction of Au (111) and GO with sodium citrate. Owing to the excellent conductivity of
graphene as well as superior electrocatalytic activity of GNPs, the proposed Graphene-GNPs/GCE
electrochemical sensor displayed excellent stability, sensitivity, selectivity and repeatability towards
MG. Furthermore, the proposed Graphene-GNPs/GCE based electrochemical sensor was applied for
the determination of MG in real river waters. The satisfied results indicated that Graphene-GNPs will
be promising electrode modification materials for determination of MG in other complex matrix as
well as determination other pollutants in pharmaceutical or food.
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