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Abstract 

First, the polyaniline-graphene oxide (GO-PANI) nanocomposites were prepared by in situ 

polymerization of aniline in the presence of graphene oxide (GO). Next, the GO-PANI 

nanocomposites were reduced to polyaniline-graphene (G-PANI) nanocomposites by a green 

electrochemical reduction method. Finally, a thin layer of nearly monodispersed Au nanoparticles 

with uniform size (∼ 12 nm) was coated on the surface of G-PANI nanocomposites. Moreover, the 

as-prepared Au-polyaniline-graphene (Au-G-PANI) nanocomposites can be used as the sensing 

electrode materials for the electrochemical detection of nitrite (NO2
-
). As compared with other 

common modified electrodes, the Au-G-PANI/GCE shows an obvious oxidation peak of NO2
-
 

with the larger peak current, and gives a wider linear range from 0.1 to 200 µmol/L, with the 

detection limit of 0.01 µmol/L (S/N = 3). Besides, the oxidation process of NO2
- 

on the 

Au-G-PANI/GCE is proved to be a surface-controlled process involving the transfer of two 

electrons. The present study widens the application of graphene-based nanocomposite materials in 

the electrochemical detection of environmental pollutants. 
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Introduction 

 

Nitrite (NO2
-
) is extensively used in dye synthesis, food industry and corrosion inhibition. It is 

also an essential precursor in the formation of nitrosamines, which is a strong carcinogen to 

human bodies [1,2]. Once the NO2
-
 is taken too much, the capability of hemoglobin that binds 

oxygen would decrease significantly since NO2
-
 can oxidize ferrohemoglobin to ferrihemoglobin 

[3]. The World Health Organization (WHO) has clearly regulated that the content of NO2
-
 in raw 

water cannot exceed 3 mg/L [4]. Therefore, the simple and effective determination of NO2
-
 is of 

great significance in public health. Up to now, many techniques have been developed to determine 

NO2
-
 levels, such as spectrophotometry [5], ion chromatography [6], gas chromatography-mass 

spectrometry [7], high-performance liquid chromatography [8], chemiluminescence [9], capillary 

electrophoresis [10] and electrochemical methods [11-13]. Among them, electrochemical methods 

have attracted considerable attention by virtue of fast response, simple operation, high sensitivity 

and excellent selectivity. 

Generally, the electrochemical determination of NO2
-
 previously reported is carried out by either 

oxidation or reduction of NO2
-
. However, seeing that the reduction process of NO2

-
 is quite 

complicated, involving a series of intermediate products [14–16], the studies concerning the 

electrochemical oxidation of NO2
-
 have attracted more attention in recent years. At present, the 

challenge that researchers face is that the intermediate species generating during the oxidation of 

NO2
-
 may contaminate the electrode surface and decrease the sensitivity and accuracy of the 

electrodes used [17], and the application of bare glassy carbon electrode (GCE) in the NO2
-
 

detection is limited to a considerable degree. To overcome the difficulties, some novel 

nanostructured materials with large surface area and excellent catalytic activity, such as 

Au@Fe3O4 nanoparticles [18], gold nanoparticles/poly(3-methylthiophene) composites [19], and 

graphene/polypyrrole/chitosan nanocomposite [20], have been applied to modify the commercial 

GCEs. 

Polyaniline, a kind of typical conductive polymer, has received increased interest due to its high 

electrical conductivity, good environmental stability and simple synthesis. These outstanding 

characteristics enable polyaniline to be applied in many fields including catalysis [21], corrosion 

protection [22], supercapacitor [23] and sensors [24,25]. On the other hand, Au nanoparticles, 
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owing to the excellent conductivity and catalytic property, have been extensively used in 

analytical electrochemistry. In addition, the existing results have shown that Au nanoparticles 

possess excellent catalytic performance for electrochemical oxidation of NO2
-
 [26,27]. 

We have noticed that, the graphene-metal nanocomposites, which combine the good conductivity 

and high specific surface area of 2D graphene with the catalytic activity of 0D metal 

nanoparticles, have attracted much attention in the fabrication of electrochemical sensors. In this 

paper, we synthesized Au-G-PANI nanocomposites at first, and then constructed the nitrite 

sensing electrodes by using the as-prepared Au-G-PANI nanocomposites to modify the GCEs. 

The as-fabricated sensing electrodes (Au-G-PANI/GCEs) exhibited good response towards the 

oxidation of NO2
-
. Both cyclic voltammetry (CV) and rotating disk electrode techniques were also 

employed to collect kinetic data for the oxidation of NO2
-
 on the Au-G-PANI/GCE. It is expected 

that the electrochemical sensors based on Au-G-PANI/GCE will find wide applications in 

practical monitoring of NO2
-
. 

Scheme 1. 

 

2. Experimental 

 

2.1 Reagents and apparatus 

 

Sodium nitrite, aniline and chloroauric acid (HAuCl4·3H2O) were purchased from Sinopharm 

Chemical Reagent Co. Ltd. (Shanghai, China). All chemicals (analytical grade) were used without 

further purification. All of the solutions were prepared with ultrapure water (∼ 18 MΩ cm). The 

0.1 mol/L phosphate buffer solution (PBS) was employed as a supporting electrolyte.  

All CV measurements were performed with a CHI 650A electrochemical workstation (Shanghai 

Chenhua Instrument Company, China) at room temperature (∼ 25 ºC) in a conventional three- 

electrode cell. A rotating disk electrode (RDE, Pine Instrumentation) was used as the working 

electrode to obtain the hydrodynamic voltammograms for the oxidation of NO2
-
. For conventional 

electrochemical measurements, the modified GCE (Φ = 5 mm) was selected as the working 

electrode, and a bright Pt plate with a surface area of 4 cm
2
 and a saturated calomel electrode 

(SCE) served as the counter electrode and the reference electrode, respectively. The reference 
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electrode was led to the surface of the working electrode through a Luggin capillary. All potentials 

presented in this paper were referred to SCE. The electrolyte solutions were deoxygenated by N2 

bubbling for 10 min prior to electrochemical measurements and a blanket of N2 was maintained 

throughout each experiment.   

Considering that electrochemical impedance spectroscopy (EIS) is an effective tool for probing 

the interfacial charge-transfer kinetics [28], EIS measurements were carried out with an ACM 

electrochemical workstation at the open circuit potentials in 0.10 mol/L KCl with 5 mmol/L 

Fe[(CN)6]
3−/4−

. The frequency range was chosen between 100 kHz and 0.1 Hz, and AC voltage 

amplitude was 5 mV., 

The morphologies and structures of the nanocomposites were characterized by high-resolution 

transmission electron microscope (JEM-2100, Japanese electronics Co. Ltd, Japan). 

 

2.2 Preparation of GO-PANI nanocomposites and nanostructured Au films 

 

Graphene oxide (GO) was synthesized from natural graphite powder using a modified Hummers 

method [29], and GO-PANI nanocomposites were prepared via an improved procedure based on 

the previous synthetic method [30]. The synthesis process of GO-PANI nanocomposites was 

described as follows: 0.55 mL of aniline was firstly dissolved in 20 mL of 1 mol/L dilute HCl to 

form a homogeneous solution, then 30 mg GO was dispersed in the aniline solution with the help 

of ultrasonication. Immediately afterwards, 0.3422 g (NH4)2S2O8 was dissolved in 10 mL of 1 

mol/L dilute HCl, and the resulting solution was poured into the acidic solution containing aniline 

and GO. Under strong stirring conditions, the polymerization reaction took place quickly and the 

color of bulk solution turned green. The stirring was kept for overnight so that the reaction could 

be carried out adequately. After the completion of the reaction, the mixed solution is diluted by 

adding 75 mL ultrapure water. Subsequently, the resulting dispersion was centrifuged, washed 

with ethanol, and finally dried in drying oven at 60 ºC overnight. 

The preparation of nanostructured gold film is carried out according to the method described 

previously [31]. Au nanoparticles were synthesized by using citrate to reduce chloroauric acid in 

water phase. In order to acquire a freestanding thin film, 20 mL of Au nanoparticle dispersion and 

5 mL of butanol or pentanol were continuously poured into an evaporating dish. The nanoparticles 
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began to self-assemble spontaneously and formed the monolayer films at the oil-water interface. 

This process could be accelerated by a slight vibration or adding 1.25 mL of ethanol to the mixed 

solution. Subsequently, the mixed solution was heated to 48℃ in water bath and then kept at the 

temperature for 3 h, and finally dried at room temperature for one day. The as-prepared films 

could be picked up by a copper coil. 

 

2.3 Preparation of the modified electrodes 

 

The GO-PANI suspension was prepared by dispersing 1 mg GO-PANI in 1 mL DMF solution for 

2 h with the aid of sonication. Prior to modification, GCE was carefully polished to a mirror-like 

surface with 1.0 µm, 0.3 µm and 0.05 µm α-alumina powders in sequence, rinsed thoroughly with 

pure water after each polishing step, sonicated in nitric acid (1:1) and pure water for 5 min 

respectively, and dried in nitrogen atmosphere. Then 10 µL GO-PANI dispersion was dropped 

onto the surface of a clean GCE, followed by drying in an infrared lamp to form GO-PANI/GCE. 

The G-PANI/GCE was obtained by electrochemical reduction of a freshly prepared 

GO-PANI/GCE in 20 mmol/L NaH2PO4 at -0.75 V for 10 min. A layer of Au nanoparticle film 

was placed on the surface of G-PANI/GCE with copper coils, followed by drying naturally at 

room temperature to form Au-G-PANI/GCE. 

Before each electrochemical test, the Au-G-PANI/GCE was washed repeatedly with ultrapure 

water, and then activated by carrying out four voltammetric cycles within the potential range of 

0-1.55 V in 0.5 mol/L H2SO4. 

 

3. Results and discussion 

 

3.1 Characterization of GO-PANI nanocomposites and nanostructured Au films 

 

Morphological and structural features of GO, GO-PANI and Au nanoparticles were characterized 

by means of TEM. As shown in Fig.1A, the typical TEM image of GO shows the nearly 

transparent sheets with large plane size. The approximately transparent appearance indicates that 

GO is very thin and only made of several layers of carbon atoms, which is consistent with the 
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results reported in previous literatures [32,33]. Upon the addition of aniline solution, the surface of 

GO is covered with a very thin layer of polyaniline (Fig.1B). However, the wrinkle-shaped 

structure still can be seen, which indicates the surface morphology of GO sheets almost keeps 

unchanged [34]. The typical TEM images of Au nanoparticles show that Au nanoparticles are 

around 12 nm in size and nearly monodispersed (Fig.1 C, D). The small size and good uniformity 

of Au nanoparticles are conducive to enhancing the electrocatalytic activity. 

Fig.1 

 

Fig. 2 shows the FTIR spectra of GO, GO-PANI and GO-PANI. The FTIR spectrum of GO (curve 

a) shows the broad and intense O-H peak at 3400 cm
-1

, C=O peak at 1730 cm
-1

, C=C peak at 1620 

cm
-1

, and C-O stretching peak at 1065 cm
-1

. As shown in Figure 2b, for the GO-PANI sample, the 

peak in the wavenumber range of 3200-3500 cm
-1

 is attributable to the N-H stretching vibrations.  

The weak shoulder peaks at 2900-3050 cm
-1

 correspond to aromatic sp
2
 C-H stretching. The peaks 

at 1302 and 1140 cm
-1

 correspond to C-N stretching of the secondary aromatic amine and C=N 

stretching, respectively. These results confirm that PANI has been polymerized on the surface of 

GO. After the GO-PANI was electrochemically reduced (curve c), the C=O (1730 cm
−1

) and C–O 

(1065 cm
−1

) vibration bands disappeared, which confirms that GO-PANI has been reduced by 

using the electrochemical approach. The peaks between 1100 and 1660 cm
-1

 are associated with 

the stretching vibrations of C-N and C-C bonds, and the stretching of C-H bonds. 

Fig.2 

 

3.2 Electrochemical behavior of the modified electrodes 

 

By using 5 mmol/L Fe(CN)6
3−/4− 

couple (1:1) as the redox probe and employing the modified GCE 

as the working electrode, we firstly investigated the charge-transfer rates at the solution/electrode 

interface in 0.25 mol/L KCl solution. As seen in Fig.3A, The cyclic voltammograms (CVs) of a 

bare GCE (curve a) show a pair of broad redox peaks with ∆Ep of 210 mV. But when the GCE 

was modified with G-PANI, the CVs of the G-PANI/ GCE (curve b) displayed the higher peak 

currents and smaller ∆Ep value. The difference between the two CV curves (a and b) can be 

attributed to the larger surface area of G, the faster electron-transfer rate at the interface and the 
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better electrical conductivity of the G-PANI. Furthermore, when the GCE was modified with 

Au-G-PANI nanocomposites, the CVs (curve c) of the as-obtained Au-G-PANI /GCE was very 

similar to those (curve b) of the G-PANI/GCE mentioned above.  

Fig.3B shows a set of Nyquist impedance spectra of bare GCE and modified GCEs. Based on the 

Rct values of the three electrodes, the bare GCE shows the largest charge-transfer resistance (Rct = 

690.2 Ω, Spectrum a), indicating the slowest charge-transfer rate at the electrode/solution 

interface. But when the GCE was modified with G-PANI, the charge-transfer resistance decreased 

obviously (Rct = 166.8 Ω, Spectrum b). This confirms that G-PANI was excellent electric 

conducting material and could accelerate the electron transfer rate [35]. It is worth mentioning 

that, the Au-G-PANI/GCE shows the slightly greater charge-transfer resistance (Rct = 270.2 Ω, 

Spectrum c) than the G-PANI/GCE, which is perhaps associated with the fact that the deposition 

of Au nanoparticles on the electrode surface formed a blocking layer for the transport of 

ferrocyanide ions [36]. This also implies from one side that the monodisperse Au nanoparticles 

have been successfully attached onto the surface of G-PANI. 

Fig.3 

  

3.3 Voltammetric behavior of NO2
-
  

 

The oxidation of NO2
- 
at the bare GCE and the modified GCEs were studied in 0.10 mol/L PBS by 

means of the CV method. As can be seen in Fig.4, there are no obvious oxidation peaks at the bare 

GCE and G-PANI/GCE (see curves a and b), indicating that the bare GCE and G-PANI/GCE are 

unable to catalyze the electrochemical oxidation reaction of NO2
-
. However, the CVs of Au/GCE 

and Au-G-PANI/GCE show obvious oxidation peaks (see curves c and d), with the oxidation peak 

potential being around 0.78 V. This phenomenon implies that Au nanoparticles possess strong 

electrocatalytic activity towards the electrochemical oxidation reaction of NO2
-
. Furthermore, the 

anodic peak current recorded on the Au-G-PANI/GCE was observed to increase significantly, 

about three times as large as the value recorded on the Au/GCE. Through above comparison and 

analysis, it is not difficult to draw a conclusion that the Au-G-PANI exhibits the enhanced 

electrocatalytic performance. The main reason is that such electrode combines advantages of 

G-PANI/GCE and Au nanoparticles, including large surface area, excellent conductivity and good 
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catalytic activity. 

Fig.4 

 

3.4 Effect of pH 

 

The influence of pH values on the oxidation of NO2
-
 at the Au-G-PANI/GCE was studied by 

means of differential pulse voltammetry (DPV) in 0.10 mol/L PBS within the pH range of 4.0-6.0. 

As indicated in Fig.5A, the peak current corresponding to the oxidation of NO2
-
 increased with the 

increase of pH value until the pH value reached 5.0, and then began to decreased obviously with 

the further increase of pH value (see Fig. 5B). As we all know, the NO2
-
 is not stable in strong 

acidic media and can undergo the following transformation [37]: 

2H
+
 + 3NO2

-
 →2NO + NO3

-
+ H2O 

On the other hand, most nitrite anions are protonated in acidic solution because the pKa of HNO2 

is 3.3 [38]. Protonation was proved to be involved in the catalytic reaction process. Thus, in this 

case the electrochemically active species should be HNO2 rather than NO2
-
 [39]. When the pH is 

greater than 5.0, the electrocatalytic oxidation of nitrite will become more difficult due to the 

shortage of protons [39], so the peak current will naturally decrease. And moreover, a –NH2 group 

was converted into a non-nucleophilic amine (–NH3
+
)
 
in the case of lower pH values, which made 

it easy to absorb NO2
-
 [40]. Therefore, the PBS of pH 5.0 was selected as the optimum electrolyte 

in electrochemical detection of nitrite. 

Fig.5 

  

3.5 Effect of scan rate 

 

The influence of scan rates on the oxidation behavior of NO2
-
 at Au-G-PANI/GCE was 

investigated by using CV method. Fig.6A indicates the peak currents increase continuously with 

the increase of scan rates in the range of 10-1000 mV/s. Moreover, there is a linear relationship 

between the peak current (Ip) and the scan rate (v) (Fig.6B), indicating that the oxidation process 

of NO2
- 
is a typical surface-controlled process. The fitted regression equation can be expressed as 

follows: 
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                Ip (µA) = 4.768 + 0.00999v
  

(v: mV/s) (R
2
 = 0.9968)                  (1)    

Moreover, it is observed that, the oxidation peak potential (Ep) shift to more positive potentials 

with the increase of scan rate, leading to a linear relationship between Ep and logν (Fig.6C). The 

regression equation is given below: 

              Ep = 0.7358 + 0.03156logv  (v: mV/s) (R
2
 = 0.9964)                    (2) 

which confirms the irreversibility for the electrocatalytic oxidation process of NO2
-
.  

For an irreversible process, the Ep can be represented by the following equation [41]:  

                         Ep = b/2logv + A                                     (3) 

where b = Tafel slope = 2.303RT/(1−α)nF; A is a constant, being associated with the formal 

electrode potential (E0) and standard rate constant at E0; R, T and F are the gas constant, 

temperature and Faraday constant respectively; α is the charge transfer coefficient, characterizing 

the effect of electrochemical potential on activation energy of an electrochemical reaction; n is the 

number of electrons involved in the rate-determining step. Based on the slope value obtained from 

Fig.6C, the value of (1−α)n can be calculated with ease. Assuming that n = 2, the value of α was 

calculated to be 0.5316 according to Eq.(3), being close to the theoretical value of 0.5 [42]. This 

shows a fact that there is an equal probability that the activated transition state can form either 

products or reactants [43]. Thus, we may assume that the electrocatalytic response of NO2
-
 at 

Au-G-PANI/GCE follows the following mechanism [44]:  

NO2
-
+ H2O → NO3

-
+ 2H

+
+ 2e 

Fig.6 

 

3.6 Hydrodynamic study with rotating disk electrode 

 

The reaction process of NO2
-
 at Au-G-PANI/GCE can be further studied by using hydrodynamic 

voltammetry at a rotating disk electrode (RDE). As shown in Fig.7A, a set of hydrodynamic 

voltammetry curves were recorded on Au-G-PANI/GCE RDE with 0.10 mmol/L NO2
-
. It can be 

seen that the peak currents increase continuously with the increase of rotation rates (ω) in the 

range of 300-3000 rpm. According to the Koutecky-Levich plots [45]: 

                    il=0.62nFAD
2/3

C*υ
-1/6

ω
1/2      

                            （4） 

If the limiting current (il) is proportional to the square root of rotation rates (ω
1/2

), the reaction 

taking place on the RDE is totally mass-transfer-limited. However, as seen in Fig.7B, there is not a 

Page 10 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

11 
 

good linear relationship between il and ω
1/2

, suggesting that the reaction process of NO2
-
 at 

Au-G-PANI/GCE is not limited absolutely by kinetics. Considering that the electron transfer rate 

between Au-G-PANI and GCE is very fast, the oxidation of NO2
-
 on Au-G-PANI could be 

controlled by a mixed process. Thus, the Koutecky–Levich [45] can be applied to this condition: 

2/16/13/2 *62.0

1

*

11

ω
−

+
Γ

=
vCnFADCnFAki l

                  (5) 

As shown in Fig.7C, there exists a linear relationship between il
-1

 and ω
-1/2

 (R
2
 = 0.9968), 

implying that the oxidation process of NO2
- 

at Au-G-PANI/GCE is controlled by the mixed 

process.  

Fig.7  

 

3.7 Amperometric detection of NO2
-
 

 

A typical current-time response curve for the successive addition of NO2
-
 in stirred 0.10 mol/L 

PBS (pH 5.0) at the applied potential of +0.80 V was shown in Fig.8. A well-defined and fast 

amperometric response was observed under the above-mentioned condition. The detection range 

of NO2
-
 was determined to be 0.1-200 µmol/L. The inset shown in the Fig.8A presents a 

calibration curve for the steady state current versus NO2
-
 concentrations. The fitting regression 

equation was given as follows: 

Ip (µA) = 0.1453 + 0.1066 CNO2
- 
(µmol/L)  (R

2
 = 0.9986)                     （6） 

The limit of detection is 0.01 µmol/L (S/N = 3). These results indicate that the sensing electrodes 

based on Au-G-PANI nanocomposites are very applicable to the electrochemical determination of 

NO2
-
, with a lower detection limit and a wider detection range compared to other modified 

electrodes (see Table 1). 

When the concentration of NO2
-
 increased to more than 200 µmol/L, the current response was not 

proportional to the concentration of NO2
-
 and showed a tendency to become a plateau. Because the 

valence of nitrogen in the NO2
-
 is +3, an intermediate valence state, the NO2

-
 can be either 

oxidized or reduced. Thus, disproportionation and decomposition of NO2
-
 can happen at the same 

time. The former may generate nitric oxide and nitric acid, while the latter can form nitric oxide 

and nitrogen dioxide. This implies that the adsorption of the intermediate species has an adverse 

impact on the sensitivity of the modified electrodes. 
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Fig.8 

Table 1 

 

3.8 Reproducibility, stability and anti-interference performance 

 

The reproducibility of Au-G-PANI/GCE was investigated in 0.10 mol/L PBS (pH 5.0) containing 

10 µmol/L NO2
-
 by means of DPV method. By continuously recording the response current to 

NO2
-
, the relative standard deviation (RSD) for 10 successive measurements of NO2

-
 at the same 

Au-G-PANI/GCE was determined to be 3.9%. The reproducibility of the developed method was 

also evaluated by using five different Au-G-PANI/GCEs in 0.10 mol/L PBS (pH 5.0) with 10 

µmol/L NO2
-
, and the resulting RSD was about 5.1%. Furthermore, the stability of the 

Au-G-PANI/GCE was investigated by measuring the current response after the modified electrode 

was stored at 4 ºC for a month. The current responses still retained more than 90% of the initial 

response. It is evident that the modified electrodes present good reproducibility and stability for 

the NO2
-
 determination. 

The modified electrode can be cleaned easily and reused by continuous CV scanning in the blank 

solution. Possible interferences for the detection of NO2
-
 on the Au-G-PANI/GCE were 

investigated by adding various foreign species into 0.10 mol/L PBS (pH 5.0) containing 0.10 

mmol/L NO2
-
. It is found that the addition of 100-fold concentration of Na

+
, K

+
, Co

2+
, Ni

2+
, Cu

2+
, 

Fe
3+

, Cl
-
, NO3

-
 , SO4

2-
 and 20-fold ascorbic acid, uric acid caused no obvious current response (< 

5% of current change). These results demonstrate that the as-prepared electrochemical sensor has 

excellent anti-interference ability. 

 

Conclusions 

 

A facile electrochemical reduction method was developed to synthesize polyaniline-graphene 

(G-PANI) nanocomposites, and a thin layer of nearly monodispersed Au nanoparticles with 

uniform size (around 12 nm) was coated on the surface of G-PANI. Moreover, the nitrite 

electrochemical sensor based on Au-G-PANI nanocomposites was fabricated by using the 

as-prepared nanocomposites to modify glassy carbon electrode (GCE). The CVs of the 
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Au-G-PANI/GCE show an obvious oxidation peak and significantly enhanced peak currents for 

the oxidation reactions of NO2
-
, which is due to the fact that Au-G-PANI nanocomposites 

combine the advantages of large surface area and extraordinary electronic transport property of 

G-PANI with the catalytic property of Au nanoparticles. The Au-G-PANI/GCE also presents low 

detection limit and wide linear range. Thus, the Au-G-PANI nanocomposites may be a promising 

electrochemical sensor material for the high sensitivity detection of certain environmental 

pollutants in the near future. 
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Figure caption 

Scheme 1. Scheme diagram of the NO2
-
 sensor based on the modified electrode. 

Fig.1 TEM images of GO (A), GO-PANI (B) and Au nanoparticles (C, D). 

Fig. 2 FTIR spectras of GO (a), GO-PANI (b) and G-PANI (c). 

Fig.3 (A) CVs of GCE (a), G-PANI/GCE (b) and Au-G-PANI/GCE (c) in 0.1 mol/L KCl 

containing 5 mmol/L Fe[(CN)6]
3−/4−

. (B) Nyquist plots of GCE (a), G-PANI/GCE (b) and 

Au-G-PANI/GCE (c) in 0.10 mol/L KCl containing 5 mmol/L Fe[(CN)6]
3−/4−

, and the inset shows 

the Randles equivalent circuit.  

Fig.4 CVs of GCE (a), G-PANI/GCE (b), Au/GCE (c) and Au-G-PANI/GCE (d) in 0.10 mol/L 

PBS with 0.10 mmol/L NO2
-
. 

Fig.5 (A) DPVs of Au-G-PANI/GCE in 0.10 mol/L PBS containing 0.10 mmol/L NO2
-
 at 

different pH values. (B) The relationship between the oxidation peak currents and the pH values. 

Fig.6 (A) CVs of Au-G-PANI/GCE in 0.10 mol/L PBS (pH 5.0) containing 0.10 mmol/L NO2
-
 at 

different scan rates. (B) The linear dependence of Ip on ν. (C) The linear dependence of Ep on 

logυ. 

Fig.7 (A) DPVs of Au-G-PANI/GCE RDE in 0.10 mol/L PBS (pH 5.0) containing 0.10 mmol/L  

NO2
-
 at different rotation rates. (B) The linear dependence of il on ω

1/2
. (C) The linear dependence 

of il
-1

 on ω
-1/2

. 

Fig.8 (A) Amperometric response obtained on the Au-G-PANI/GCE with the increasing NO2
-
 

concentration. Inset: The dependence of the current response on the concentration of NO2
-
. (B) 

The current response to low concentration NO2
-
 on Au-G-PANI/GCE. Supporting electrolyte: 0.10 

mol/L PBS (pH 5.0), applied potential: +0.80 V. 
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Scheme 1. Scheme diagram of the NO2
-
 sensor based on the modified electrode. 
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Fig.1 TEM images of GO (A), GO-PANI (B) and Au nanoparticles (C, D). 
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Fig. 2 FTIR spectras of GO (a), GO-PANI (b) and G-PANI (c). 
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Fig.3 (A) CVs of GCE (a), G-PANI/GCE (b) and Au-G-PANI/GCE (c) in 0.1 mol/L KCl 

containing 5 mmol/L Fe[(CN)6]
3−/4−

. (B) Nyquist plots of GCE (a), G-PANI/GCE (b) and 

Au-G-PANI/GCE (c) in 0.10 mol/L KCl containing 5 mmol/L Fe[(CN)6]
3−/4−

, and the inset shows 

the Randles equivalent circuit.  

 

Page 20 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

21 
 

 

 

Fig.4 CVs of GCE (a), G-PANI/GCE (b), Au/GCE (c) and Au-G-PANI/GCE (d) in 0.10 mol/L 

PBS with 0.10 mmol/L NO2
-
. 
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Fig.5 (A) DPVs of Au-G-PANI/GCE in 0.10 mol/L PBS containing 0.10 mmol/L NO2
-
 at 

different pH values. (B) The relationship between the oxidation peak currents and the pH values. 

 

 

 

 

 

Page 22 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

23 
 

 

 

Fig.6 (A) CVs of Au-G-PANI/GCE in 0.10 mol/L PBS (pH 5.0) containing 0.10 mmol/L NO2
-
 at 

different scan rates. (B) The linear dependence of Ip on ν. (C) The linear dependence of Ep on 

logυ. 
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Fig.7 (A) DPVs of Au-G-PANI/GCE RDE in 0.10 mol/L PBS (pH 5.0) containing 0.10 mmol/L  

NO2
-
 at different rotation rates. (B) The linear dependence of il on ω

1/2
. (C) The linear dependence 

of il
-1

 on ω
-1/2

. 
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Fig.8 (A) Amperometric response obtained on the Au-G-PANI/GCE with the increasing NO2
-
 

concentration. Inset: The dependence of the current response on the concentration of NO2
-
. (B) 

The current response to low concentration NO2
-
 on Au-G-PANI/GCE. Supporting electrolyte: 0.10 

mol/L PBS (pH 5.0), applied potential: +0.80 V. 
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Table 1 

Performance comparison in the NO2
-
 detection between the as-fabricated Au-G-PANI/GCE and 

other electrodes.  

 

Electrode Detection 

limit (µM) 

Linear 

range (µM) 

R
2
 References 

Nafion/SLGnP–TPA–Mb/GCE 10 50-250 0.9920 [11] 

Au@Fe3O4/Cys/GCE 0.82 3.6-10000 0.9980 [18] 

nano-Au/P3MT/GCE 2.3 10-1000  [19] 

GR/PPy/CS/GCE 0.1 0.5-722 0.9960 [20] 

Hb/Au modified electrode 0.065 0.4-14.8 0.9982 [26] 

Nanometersized gold 

colloid/ethylenediamine/PGCE. 
45 130-44000 0.9984 [27] 

Au-G-PANI/GCE 0.01 0.1-205.8 0.9986 This work 

SLGnP–TPA–Mb: single-layer graphene nanoplatelet–protein composite film; Cys: L-Cysteine; 

P3MT: poly (3-methylthiophene); GR/PPy/CS: graphene/polypyrrole/chitosan nanocomposite. 
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Supplementary Information: Possible interferences for the detection of NO2
-
 on the 

Au-G-PANI/GCE 
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