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A B S T R A C T  
 

 

A sensitive electrochemical sensor was fabricated for selective detection of nitric oxide (NO) based on 

electrochemically reduced graphene (ErGO)-polyaniline (PANI)-gold nanoparticles (AuNPs) 
nanocomposite. It was coated on a gold (Au) electrode through stepwise electrodeposition to form 

AuNPs-PANI-ErGO/Au electrode. The AuNPs-PANI-rGO nanocomposite was characterized by Field 

Emission Scanning Electron Microscopy (FESEM) and UV-vis. Electrochemical behavior of modified 
electrode was analyzed by cyclic voltammetry (CV) and chronoamperometry (CA) techniques. CVs of 

AuNPs-PANI-ErGO/Au, PANI-ErGO/Au and ErGO/Au electrodes showed that conductivity of 

AuNPs-PANI-ErGO/Au was higher than others. Nafion was used to improve selectivity of modified 
electrode. Nafion/AuNPs-PANI-ErGO/Au electrode represented favorable electrochemical and 

electrocatalytic behavior towards NO oxidation. The resultant electrode exhibited a high sensitivity of 

0.113 μA/μM over a wide linear range from 0.8 × 10−6 to 86 × 10−6 M with a low detection limit of 2.5 
× 10−7 M (S/N=3). In addition,  the  sensor  had  excellent  stability,  as  well  as  reproducibility and  

selectivity, which makes it possible to detect NO quickly and accurately. 

doi: 10.5829/ije.2018.31.02b.01 
 

 
1. INTRODUCTION1 
 

Nitric oxide (NO) has been studied extensively due to 

its effects on air pollution, and especially on biological 

systems. It is involved in many physiological and 

pathological processes [1]. The abnormal production of 

NO affects on some important biological activities and 

leads to many diseases [2]. Under-production or 

overproduction of  NO can lead to arteriolosclerosis, 

hypertension, stroke, Parkinson's disease, Alzheimer's 

disease and diabetes (types I and II) [3, 4]. In industrial, 

biochemical and medical perspectives, it is important to 

quantify NO produced in normal and abnormal tissues, 

including in-vivo or in-vitro measurements [5]. 

Therefore, identification of NO is a vital necessity for 

these areas. Since the NO, a hydrophobic free radical, 

has automatic chemical reactivity with a half-life of a 
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few seconds (about 6 seconds), the quantification of NO 

is difficult [2, 6]. 

Among UV–visible spectroscopy, 

chemiluminescence, electron spin resonance 

spectroscopy, electrochemical and fluorescence methods 

[7], electrochemical technique is often used due to its 

superior features such as fast response, high sensitivity, 

low cost, and particularly its applicability for both in 

vivo and in vitro detection [8-11]. Recently, extensive 

research has been conducted on improving the 

sensitivity of electrochemical sensors through electrode 

modification by nanomaterials [12]. Among them, 

graphene due to its high loading efficiency, excellent 

conductivity, supreme biocompatibility, interesting 

electronic  transfer property and extremely high specific 

surface area [13, 14], has attracted considerable 

attention in electrochemical NO sensors [15, 16]. 

Graphene is synthesized by chemical and 

electrochemical methods. In a chemical method, a 

dangerous chemical reagent such as hydrazine is used 
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for reduction of graphene oxide (GO) to graphene. In 

comparison to this method, the electrochemical method 

is more accurate and environmental-friendly process 

[17]. Recently, graphene -metal nanocomposites has 

been investigated for electrochemical sensors [18-20]. 

One of the most important metals is gold nanoparticles 

(AuNPs); that is due to high surface area, stability in 

physiological conditions and catalytic potential makes it 

very interesting for NO sensors [15, 16].  

Polyaniline (PANI) is unique among various 

conducting polymers, because of its easy synthesis, 

good conductivity, stability and reasonable cost [21, 

22]. PANI based electrochemical sensors have been 

reported for detection of many substrates [23-25]. 

Herein, a sensitive and stable NO sensor was 

developed based on electrochemically reduced graphene 

oxide (ErGO)-PANI-AuNPs modified Au electrode. The 

rGO-PANI-AuNPs nanocomposite was characterized by 

Field Emission Scanning Electron Microscopy 

(FESEM) and UV-vis spectroscopy. A Nafion film was 

coated on the modified electrode to prevent interfering 

species penetration. Electrochemical and electrocatalytic 

response of the resultant Nafion/ AuNPs-PANI-rGO/Au 

electrode was investigated using cyclic voltammetry 

(CV) and chronoamperometry (CA) techniques. It was 

found that the modified electrode exhibited high 

performance towards NO oxidation.     

 

 

2. EXPERIMENTAL 
 
2.1. Reagents        Gold chloride trihydrate 

(HAuCl4•3H2O, ≥99.9% trace metals basis), potassium 

ferricyanide (K3Fe(CN)6, 99%), trisodium citrate 

dehydrate, and Nafion (5wt% solution in a mixture of 

lower aliphatic alcohols and water) were purchased 

from Sigma Chemicals (Saint Louis, MO, USA). The 

other reagents such as hydrazine hydrate solution (80% 

solution in water), pyrogallol (ACS reagent, ≥99%), 

ammonium peroxydisulfate (extra pure), graphite fine 

powder extra pure and aniline were purchased from 

Merck Company (Darmstadt, Germany). A series of 

phosphate buffer saline solutions (PBS, 0.1 M, pH 7.4) 

were prepared by dissolving 80 g NaCl, 2 g .KCl, 14.4 g 

Na2HPO4 and KH2PO4 in one liter distillated water and 

used as supporting electrolyte [2]. All solutions were 

prepared with double distilled water (DDW) purified by 

a Millipore-Q System (18.2 MΩ cm). 
 

2. 2. Analytical Measurements        All 

electrochemical measurements were carried out with an 

electrochemical workstation (VSP model, BioLogic 

Science Instruments Co., Paris, France) at room 

temperature. A conventional three-electrode cell was 

used with an Ag|AgCl reference electrode, a Pt counter 

electrode and a modified gold working electrode. 

Freshly prepared 10 mL of 0.1 M PBS (pH 7.0) was 

used as electrolyte solution. UV-vis measurements were 

executed using a SPEKOL 1500 spectrophotometer 

(Analytik Jena AG-Germany) with subtraction from 

blank solutions. Field emission scanning electron 

microscopic (FESEM) images were acquired using 

TESCAN-MIRA3. 
 

2. 3. Preparation of NO Standard Solutions and 
Colloidal Gold Nanoparticles      NO was generated 

by dropwise addition of 2 M H2SO4 into a saturated 

NaNO2 solution. Then, the produced gas was 

continuously passed through 5% (w/v) pyrogallol, 

saturated and 10% (w/v) potassium hydroxide solutions, 

respectively. The filtered gas was injected to 10 mL of 

deoxygenated PBS (pH 7.0) containing 0.1 M NaCl for 

30 min to generate a 1.8 mM NO solution. Colloidal 

gold nanoparticles (AuNPs) were synthesized through 

sodium citrate reduction of HAuCl4•3H2O. The resultant 

AuNPs had diameters in the range of 12-48 nm. The 

produced solutions were stored in a refrigerator until 

further use [26]. Details of these processes were 

discussed in our previous published work [2]. 

 
2. 4. Preparation of PANI-rGO and PANI-rGO-
AuNPs nanocomposites        GO was synthesized 

from graphite  by Hummers’ method [27]. The PANI-

rGO nanocomposite was prepared using chemical 

oxidative polymerization method [28]. Briefly, 2 mg of 

aniline, 10 mg of GO and 0.2 mL of 1 M HCl were 

added into 17 mL of DDW with stirring for 30 min at 

room temperature. Then, 10 mg of ammonium 

peroxydisulfate was added into the suspension in 

continuous stirring condition for 4 h.  Finally, the 

suspension was autoclaved at 120 ℃ for 3 h. To prepare 

PANI-rGO-AuNPs nanocomposite, 1.2 ml of 25 mM 

HAuCl4•3H2O was added to 20 ml of previously 

prepared PANI-rGO solution followed by stirring at 

room temperature for 2 h. Then, 1.8 mL of 0.1 M 

NaBH4 aqueous solution was added and the reaction 

mixture was continuously stirred for another 2 h. The 

reaction resulted in a complete reduction of the ions of 

Au and GO. 
 

2. 5. Fabrication of Nafion/AuNPs- PANI- ErGO 
/Au electrode          A gold wire (0.75 mm in diameter) 

with plastic cover was used as working electrode. 

Electrode cleaning was accomplished by mechanical 

(Al2O3 powder) and chemical (ethanol) methods [2]. 

The cleaned electrode was ethanol ultrasonicated and 

allowed to dry at room temperature. GO solution was 

diluted to 0.75 mg/mL and used for electrodeposition. A 

volume of 15 μL of GO solution was dropped on the 

polished Au electrode surface, and the electrode was 

dried in ambient air at room temperature to form a GO 

modified electrode (GO/Au electrode).  



E. Pashai et al. / IJE TRANSACTIONS B: Applications  Vol. 31, No. 2, (February 2018)   188-195                                    190 
 

The GO/Au electrode was dipped into 10 mM PBS 

(pH7.2) and GO film was electrochemically reduced to 

ErGO film by CV scanning (0 to -1.3 V at 50 mV/s scan 

rate, for 10 cycles). Electrodeposition of PANI on 

ErGO/Au electrode was performed at room temperature 

and potentiostatically 1.0 V vs. Ag/AgCl for 130 s in 

aqueous solution containing 50 mM aniline and 1 M 

HCl. The obtained PANI-ErGO/Au electrode was 

washed with DDW and dipped into a 0.1 M NaOH 

solution for over-oxidation of PANI film by CV 

scanning (-0.2 to 1.4 V at 100 mV/s scan rate).   

AuNPs were electrodeposited on the PANI-

ErGO/Au electrode by immersing into AuNP solution 

and scanning the potential between -0.1 V and +1.5 V 

vs. Ag/AgCl electrode for 90 cycles. Finally, the 

obtained electrode was washed with DDW and denoted 

as AuNPs-PANI-ErGO/Au electrode. The AuNPs-

PANI-ErGO/Au electrode was coated by 3 μL of  in 1 

wt% Nafion solution (diluted with ethanol) and 

subsequently dried at 4℃  for 12 h. 

 

 

3. RESULTS AND DISCUSSION 
 
3. 1. Spectroscopic Analysis       UV-vis measurement 

was used to characterize the formation of rGO-PANI-

AuNPs nanocomposite. Figure 1 shows UV-vis spectra 

of GO, rGO-PANI and rGO-PANI-AuNPs 

nanocomposite. This figure illustrates, the GO (solid 

line) have two characteristic absorption peaks at 230 nm 

and 300 nm, which are respectively related to the π-π* 

transition of aromatic C=C bonds and the n → π* 

transition of C=O groups [29]. As can be seen, the 

maximum absorption peak is found to red shift towards 

270 nm in the case of rGO-PANI (dotted line) as 

compared to that of GO (solid line). This shift indicates 

the refreshed electronic conjugation in graphene sheets. 

The possible reduction mechanism is that the released 

electrons in the polymerization of aniline are transferred 
 

 

 
Figure 1. UV-vis spectra of GO, rGO-PANI and rGO-PANI –

AuNPs 

to the nearby oxygen-containing species on GO [28]. In 

addition, a peak is observed at 320 nm, indicating the 

formation of PANI. Similarly, the absorption spectra of 

rGO-PANI- AuNPs nanocomposite (dashed line) 

showed two peaks at 270 nm and 320 nm correlating to 

the presence of GO and PANI in the rGO-PANI- 

AuNPs nanocomposite, and the other peak at 550 nm 

corresponds to the surface plasmon resonance 

absorption of AuNPs [15]. 
 
 
3. 2. Surface Characterization      FESEM was used 

for morphological characterization of the different 

modified electrodes (ErGO/Au, PANI-ErGO /Au and 

AuNPs-PANI-ErGO/Au electrodes), as shown in Figure 

2. The stepwise modification of Au electrode can be 

seen clearly from these images. Figure 2A confirms the 

formation of rGO sheets on bare Au electrode. 

Therefore, it can be concluded that GO was reduced 

electrochemically to rGO (graphene) when the potential 

decreased to a negative value. As can be seen in Figure 

2B, the PANI layer was clearly deposited 

electrochemically on rGO sheets. In preparation of 

PANI-ErGO electrode as discussed before (see section 

2.5): PANI-ErGO electrode was prepared via 

electrochemical oxidative polymerization method. The 

ErGO electrode was oxidized electochemically in 

aniline solution; as shown in this figure a layer of PANI 

deposited on the electrode. Morphology of AuNPs-

PANI-ErGO/Au electrode can be seen in Figure 2C 

which shows well distribution of spherical AuNPs on 

ErGO-PANI composite. From this figure, it can be 

concluded that the AuNPs-PANI-ErGO nanocomposite 

has a high surface area that enables it to significantly 

improve electron transfer. 

 

 

  

 
Figure 2. FESEM images of ErGO film (A), PANI-ErGO 

film (B) and AuNPs-PANI-ErGO film (C) 
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3. 3. Electrochemical Characterization of AuNPs-
PANI-ErGO/Au Electrode         The electrochemical 

cyclic voltammograms response of ErGO/Au, PANI-

ErGO/Au and AuNPs-PANI-ErGO/Au electrodes have 

been investigated in 5 mM [Fe(CN)6]
3−/4−

 solution 

containing 0.1M KCl and the results are shown in 

Figure 3. The anodic peak current in the case of PANI-

ErGO/Au electrode (dashed line) were found to be 

lower than ErGO/Au electrode (dotted line) due to the 

deeply entrapped redox active sites of rGO into the 

macromolecular structure of the PANI, leading to 

blockage in the electron transfer [29]. However, the 

anodic peak potential is shifted towards a higher 

potential (i.e. from 0.3 to 0.35 V) due to lower electrical 

conductivity of the of PANI-ErGO/Au electrode [30]. 

The maximum anodic peak potential belongs to AuNPs-

PANI-ErGO/Au electrode (solid line) which is due to 

high surface area and facile heterogeneous electron 

transfer properties of the AuNPs. In fact, AuNPs-PANI-

ErGO/Au electrode shows highest conductivity which 

allows [Fe(CN)6]
3−/4−

 to reach the electrode surface 

easily.  

 
3. 4. Effect of Nafion Coating and Interferences         
NO sensor used in biological systems should have high 

selectivity. For electrochemical detection of NO in 

biological systems, many species of interferences, such 

as nitrite (NO2
−
), ascorbic acid (AA) and uric acid, can 

easily be oxidized at anodic potential. NO2
−
 is a main 

source of interference in the biological detection of NO 

because it is one of the products of NO oxidation and 

can be oxidized at approximately the same potential 

[31]. In order to improve the selectivity of the NO 

sensor, Nafion, a cation-exchange film, does not act as a 

barrier to discriminate against anions, such as nitrite, 

ascorbate and uric acid, but also prevents the electrode 

from fouling due to the non-specific adsorption of 

proteins and other materials [32]. 

 

 
Figure 3. Cyclic voltammograms of different modified 

electrodes: ErGO/Au electrode (dotted line), PANI-ErGO/Au 

electrode (dashed line) and AuNPs-PANI-ErGO/Au electrode 

(solid line) in 5 mM [Fe(CN)6]
3−/4− with 0.1 M KCl 

The positive charge of Nafion makes it possible for 

neutral NO molecules to diffuse freely through the 

membrane. Obviously, increasing the thickness of the 

membrane will increase the response time and reduce 

the sensor's sensitivity. Thus, for best sensitivity and 

selectivity, optimization of the Nafion's thickness is 

essential. Figure 4 shows the effect of Nafion coating on 

the NO and NO2
−
 responses of peak current. As can be 

seen in this figure, after coating of 1 μL of 1.0% Nafion 

onto surface of AuNPs-PANI-ErGO/Au electrode, the 

NO response current (curve (a)) decreased to 52% of the 

initial response, while the NO2
−
 response (curve (b)) 

decreased to 37% of the initial response. It means that 

the selectivity ratio of NO to NO2
−
 had increased. When 

2 μL or more of 1.0% Nafion was coated on the 

electrode surface, the response of NO slightly changed 

while the NO2
−
 response decreased clearly. According 

to Figure 4, it can be concluded that 3 μL of 1.0% 

Nafion coating on the AuNPs-PANI-ErGO/Au electrode 

surface is sufficient to get the best selectivity of NO 

towards NO2
−
.  

 
3. 5. Electrochemical Behavior and 
Amperometric Response of NO on Nafion/AuNPs-
PANI-ErGO/Au Electrode       Figure 5 shows cyclic 

voltammograms of the Nafion/AuNPs-PANI-ErGO/Au 

electrode in absence and presence (different 

concentrations) of NO in oxygen-free 0.1 M PBS (pH 

7.0) solution with a scan rate of 100 mVs
-1

. According 

to this figure, the modified electrode displayed 

oxidation peak current in +0.8 V in the presence of NO 

while did not show any response in the absence of NO 

based on applied voltage range (0 to 1 V), PBS does 

not show any redox peak at pH 7.0. Significant 

increase in oxidation peak implies electrocatalytic 

oxidation process of NO as compared to that in the 

absence of NO.  

 

 

 
Figure 4. Effect of Nafion coating on the NO and NO2

− 

response at the AuNPs-PANI-ErGO/Au electrode, 60 × 10-6 

M NO (a) and 75 × 10-6 M NO2
− (b) 
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Figure 5. Cyclic voltammograms of Nafion/AuNPs-PANI-

ErGO/Au electrode in 0.1 M PBS (pH 7.0) in varying NO 

concentrations 0 μM (a), 20 μM (b), 50 μM (c), 80 μM (d), 

120 μM (e) and 250 μM (f)  at the scan rate of 100 mVs-1 

 
 

Based on  the results thus obtained, chronoamperometry 

(CA) experiments were performed at an applied 

potential of +0.8 V versus reference electrode. 

The CA analysis of NO oxidation was investigated 

with Nafion/AuNPs-PANI-ErGO/Au electrode for 

different concentrations of NO in 0.1 M PBS (pH 7.0) 

solution at a regular time interval of 50 s (Figure 6A). In 

each injection of NO, the oxidation current steeply 

decreased to reach a steady-state current (Iss) within 4 s 

(Less than half-life of NO in biological systems, 6 

seconds). This fast response is due to high electrical 

conductivity of AuNPs-PANI-ErGO film. With an 

increase in concentration of injected NO to the 

electrochemical cell, the current response also 

increased. Figure 6B shows the calibration curve of 

response current against NO concentration for 

fabricated NO sensor. The limit of detection (LOD) was 

estimated to be 0.25 μM in the linear range of 0.8-86 

μM (R=0.999). The sensitivity of the sensor was found 

to be 0.113 μA/μM based on the criterion of a signal-to-

noise ratio of 3 (S/N=3). Such performance is superior 

compared to the previously reported NO sensors with 

modified electrodes based on Nafion/rGO [33], 

Nafion/multi-walled carbon nanotubes (MWNTs)-

chitosan (CS) –AuNPs [34], AuNPs-polyelectrolyte 

hybrid film [35] and AuNPs/sulphide-functionalized 

polydopamine (S-PDA) [36].  
 
 
3. 6. Repeatability, Reproducibility, Stability and 
Selectivity of the Nafion/AuNPs-PANI-ErGO/Au 
Electrode      The repeatability of the Nafion/AuNPs-

PANI-ErGO/Au electrode was checked by repetitive 

(five time) amperometric measurements of 1 mM NO. 

A relative standard deviation value (RSD) of 2.1 % was 

obtained for the five successive assays. 

 

 
Figure 6. (A) Amperometric response of the Nafion/AuNPs-

PANI-ErGO/Au electrode to successive injection of NO into 

10 mL of stirring 0.1 M PBS (pH 7.0) at an applied potential 

of +0.8 V (vs. Ag/AgCl).  (B) Calibration curve of current to 

NO concentration. Applied potential +0.8 V (vs. Ag/AgCl), 

supporting electrolyte 0.1 M PBS (pH 7.0) 

 

 
In order to examine reproducibility of the same 

modified electrode, current response of five different 

modified electrodes was recorded in 0.1 M PBS (pH 

7.0) containing 1 mM NO. The RSD was 3.2 % for 

these tests. After 4 weeks, the current response to 1 mM 

NO only decreased by 4.2 % from the original value.   

These result showed that the Nafion/AuNPs-PANI-

ErGO/Au electrode has good stability and 

reproducibility.  
Selectivity of Nafion/AuNPs-PANI-ErGO/Au 

electrode for NO detection was evaluated by injections 

of different interfering species, i.e. ascorbic acid (AA), 

nitrite (NO2
−
) and hydrogen peroxide (H2O2) into the 

stirring 0.1 M PBS (pH 7.0) solution as shown in Figure 

7. To evaluate the current response of Nafion/AuNPs-

PANI-ErGO/Au electrode towards NO even after 

injection of 50-fold higher concentrations of interfering 

species, NO was again introduced to the cell. Each 

addition was introduced at an interval of 60 s. As it was 

observed in this figure, no response was shown for 

interfering species during detection of NO; while NO 

injection showed a considerable current response.  
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Figure 7. Amperometric response recorded by the 

Nafion/AuNPs-PANI-ErGO/Au electrode in a 0.1 M PBS (pH 

7.0) at an applied potential of +0.8 V (vs. Ag/AgCl) to which 

10 μM NO, 500 μM AA, 500 μM NO2
− , 500 μM H2O2 and 10 

μM NO were added, respectively 
 
 

Thus, Nafion significantly eliminated the effect of these 

species, especially NO2
−
, during NO detection. 

Accordingly, it can be concluded that this sensor had 

specific sensing for NO even in the presence of 

interfering species. 
 
 
4. CONCLUSION 
 
In summary, we have successfully fabricated a selective 

and sensitive NO sensor based on AuNPs-PANI-ErGO 

hybrid. The interferences species (NO2−, AA and H2O2) 

were eliminated by Nafion coating. The Nafion coating 

volume was optimized (3 μL of 1.0% Nafion). The 

AuNPs-PANI-ErGO electrode exhibited an enhanced 

electron transfer activity and wider active area for 

substrate adsorption, compared to ErGO and PANI-

ErGO electrodes. The sensor represented a supreme 

electrochemical performance in NO oxidation. A good 

linear response towards NO concentrations of 0.8-86 

μM was obtained with a low detection limit of 0.25 μM 

(S/N=3). In addition, this fabricated sensor exhibits high 

sensitivity (0.113 μA/μM) and stability, fast response 

time (4 s) and good selectivity for NO detection even in 

the presence of interfering species. The approach 

proposed in this work may provide a platform for 

further study on highly conductive polymer-graphene 

nanocomposites and their application in sensors and 

biosensors to improve the accuracy and speed of 

detection of NO in biological systems. 
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