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Abstract: Based on poly sodium 4-styrenesulfonate (PSS) functionalized reduced graphene oxide (RGO) 
and polyamidoamine (PAMAM) dendrimer protected gold nanoparticles (AuNPs), a novel electrochemical 
sensing platform for sensitive detection of 4-nitrophenol and hydrazine was fabricated via electrostatic layer-by-
layer (LBL) self-assembly on a gold electrode modified with a first layer of poly (diallyldimethylammonium 
chloride) (PDDA). The resulting nanocomposites were characterized by Raman and UV-Vis spectroscopes. 
Besides, electrochemical measurements were employed to investigate the electrocatalytic and sensing properties 
of the as-prepared modified electrode. The results indicate that the LBL assembled PSS-RGO/PAMAM-AuNPs 
multilayer films possess excellent electrocatalytic activities towards the reduction of 4-nitrophenol (4-NP) and 
the oxidation of hydrazine and also show good analytical performance for the amperometric detection of the 
potential poisonous substances. In addition, the combination of the reduced graphene oxide and gold 
nanoparticles in the LBL assembly films and their synergistic effect may account for the increased 
electrochemical activities. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 
Graphene, a two-dimensional carbon material 

with a single layer of carbon atoms packed densely in 
a honeycomb crystal lattice, has been considered as 
an excellent transducer material since its discovery in 
2004 [1]. Due to its unique electrochemical and 
physical properties, graphene and graphene-based 
nanomaterials have shown great promise in a variety 
of applications, such as in light emitting diodes, 
touch screens, field-effect transistors, solar cells, 
supercapacitors, batteries, and sensors [2]. Several 

methods have been established to synthesize 
graphene, including mechanical/chemical exfoliation 
of graphite, opening/unzipping of carbon nanotubes 
(CNTs), chemical vapor deposition (CVD), epitaxial 
growth on electrically insulating surface, reduction of 
graphene oxide (GO) and many other synthetic 
methods. Oxidative exfoliation of pristine graphite is 
the most used method in the synthesis of graphene 
utilized in electrochemistry to get the aqueous 
dispersion of graphene oxide, followed by the 
chemical reduction to eliminate most oxygen 
functional groups [3]. Nevertheless, the chemical 
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reduced graphene oxide nanosheets tend to form 
irreversible agglomerates or restack via van der 
Waals interaction in the process of reduction and 
could not be re-dispersed in water by ultrasonication. 
As a result of that, the most common approaches to 
obtain stable graphene dispersions in water focus on 
the preparation of graphene materials either by 
covalent or noncovalent modifications to improve 
their properties or functions [4]. 

Polyamidoamine (PAMAM) dendrimers are 
monodispersed well-defined highly branched 
molecular (nano) architectures with tertiary amines in 
core, primary amines on the surface and an amide 
backbone [5]. They have attracted considerable 
attention in a variety of scientific fields, especially in 
chemical sensors and biosensors owing to their 
unique properties. Dendrimers with high generation 
numbers (G ≥ 4) usually possess a nearly spherical 
shape and can encapsulate metal complexes, 
nanoparticles and other guest molecules. Different 
noble metal nanoparticles have been successfully 
synthesized at the surface of the dendrimers or 
encapsulated inside the dendrimers to form stable 
aqueous colloidal dispersions, such as Ag, Au, Pd 
and Pt nanoparticles [6]. Among these dendrimer-
stabilized metal nanoparticles, gold nanoparticles 
(AuNPs) have been the most extensively studied 
metal material in the fabrication of electrochemical 
sensors due to their unique electrochemical 
properties, excellent biological components, ease of 
further modification and other related properties.  

Self-assembly, especially layer-by-layer self-
assembly (LBL) is a fundamental issue in the fields 
of nanotechnologies and nanomaterials, based on the 
rational assembly of a wide range of different 
building blocks raging from the atomic to the 
macroscopic levels [7]. The interactions between the 
building blocks may include hydrogen bonding, 
electrostatic attraction, π-π staking, donor-acceptors, 
van der Waals, hydrophilic or hydrophobic 
interactions, and a number of others [8]. At the 
present, it is still an effective way for the fabrication 
of electrochemical sensors for its accurate control of 
film thickness, structures and building blocks.  

4-Nitrophenol (4-NP), an aromatic phenolic 
compound widely used in the manufacturing of the 
most popular analgesics, pesticides, dyes, and in 
processing of leather, can be inevitably released to 
the environment [9]. Moreover, acute inhalation or 
ingestion of 4-NP in a short time can cause 
headaches, drowsiness, nausea, cyanosis and it was 
even reported as a potential carcinogen, teratogen and 
mutagen. US Environmental Protection Agency 
(EPA) has considered it as a hazardous waste and 
high-priority toxic pollutant [10]. Therefore simple 
and reliable method for the determination of  
4-nitrophenol is of prime importance. 

Hydrazine, a colorless liquid compound, has 
received increased attention recently due to its 
various applications in many fields. However, 
hydrazine and its derivatives are commonly known as 
neurotoxin and have been reported to have adverse 

health effects to human organs, such as lungs, livers, 
kidneys, respiratory tracts, and central nervous 
systems [11]. Various methods including colorimetric 
method, chemiluminescence method, flow injection 
and so on have been used to detect hydrazine. 
Recently, electrochemical detection of hydrazine has 
been emerged due to its high sensitivity and low cost.  

Herein, poly sodium 4-styrenesulfonate (PSS) 
functionalized reduced graphene oxide and 
dendrimer-encapsulated gold nanoparticles were used 
as the building blocks to fabricate a multilayer film 
on the gold electrode via electrostatic LBL self-
assemble technique. The prepared nanocomposites 
were characterized by Raman spectroscopy and 
ultraviolet visible (UV-Vis) absorption spectroscopy. 
In addition, the electrocatalytic activities towards 4-
nitrophenol and hydrazine and the potential sensing 
performance are evaluated. 
 
 
2. Experimental 

 
2.1. Reagents and Chemicals 
 

Graphite powder (Alfa Aesar., 99.9995 %), Poly 
(sodium 4-styrenesulfonate) (Sigma-Aldrich), amino-
terminated PAMAM dendrimer (Sigma-Aldrich, 
generation 4, 10 wt % in methanol) were used as 
received. Poly (diallyldimethylammonium chloride) 
was purchased from Nittobo Co. as an aqueous 
solution. 4-nitrophenol, chloroauric acid, and 
hydrazine solution (85 wt %) were all purchased 
from Shanghai Chemical Reagent Co. Ltd. Other 
chemicals used were of analytical grade. All aqueous 
solutions were prepared using ultrapure water. The 
phosphate buffer solution (PBS) was prepared by 
mixing the 0.1 M Na2HPO4-NaH2PO4. 

 
 

2.2. Synthesis of PSS-functionalized Reduced 
Graphene Oxide 

 
The exfoliated GO was synthesized from graphite 

powder by a modified Hummers method [12]. The 
obtained homogeneous GO dispersion (60 mg) was 
mixed with 600 mg PSS by ultrasonication for  
30 min, and then stirred at 50 °C for 24 h. After 
cooling, 4 mL ammonia solution and 4 mL hydrazine 
solution were added, the mixture was kept at 95 to 
100 °C for 24 h. The dispersion was then centrifuged 
and redispersed in water by ultrasonication to obtain 
PSS-functionalized reduced graphene oxide  
(PSS-RGO).  

 
 

2.3. Preparation of PAMAM Protected 
AuNPs 

 
PAMAM protected AuNPs were prepared as 

follows: 4.8 mL HAuCl4 solution (1.4 mM) was 
incrementally added (with at least 30 min between 
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additions) to 1.0 mL PAMAM (0.1 mM) and  
10.5 mL water with stirring in darkness for 24 h. 
Then, 7.0 mL formic acid (0.1 mM) was gradually 
added and the mixed solution was stirred vigorously 
for another 24 h to ensure the completion of the 
reaction and aggregation process.  

 
 

2.4. Fabrication of [PSS-RGO/PAMAM-
AuNPs]n Multilayer Films 

 
A freshly cleaned gold electrode was dipped in 

positively charged PDDA solution (1.0 wt %) for  
30 min to form a monolayer of PDDA. Then the 
modified electrode was rinsed with water to clean the 

weakly absorbed molecules. The fabrication process 
of Layer-by-layer self-assembly of PSS-
functionalized reduced graphene oxide and PAMAM 
protected AuNPs composite is illustrated in Fig. 1. 
The fabrication involved three stages: (A) The 
modified gold electrode with positive surface charges 
was immersed in a negatively charged solution of 
RGO for 20 min. (B) Then rinsing thoroughly with 
water before the electrode was treated with the 
positively charged solution of AuNPs for 20 min. (C) 
Further rinsing was performed to remove unabsorbed 
materials. The resulting film was defined as one 
bilayer. By repeating the assembly procedures (A), 
(B) and (C), the desired number of multi-layers was 
achieved. 

 
 

 
 

Fig. 1. Schematic illustration for the LBL self-assembly of [PSS-RGO/PAMAM- Au NPs]n multilayer films. 
 
 

2.5. Instruments 
 

The electrochemical measurements were 
obtained by using a CHI 760C Potentiostat (Shanghai 
Chenhua Co., China). A three-electrode system 
consisting of a gold electrode as working electrode, a 
platinum wire and a saturated calomel electrode 
(SCE) as the counter electrode and reference 
electrode respectively was employed for all the 
potential values reported. High-purity nitrogen was 
used for the deaeration of the solutions. During the 
measurements, a gentle nitrogen flow was kept above 
the electrolyte surface. All electrochemical 
experiments were performed at 25 ± 1 oC.  

UV–Vis absorption spectra were obtained using 
a Perkin-Elmer Lambda 18 spectrophotometer over 

the spectral range 200-800 nm. Raman spectra were 
measured on an HR800 Horiba Jobin Yvon Raman 
Microprobe with a laser wavelength of 632.8 nm. 
 
 
3. Results and Discussion 

 
3.1. Characterization of PSS-functionalized 

Reduced Graphene Oxide and PAMAM 
Protected Gold Nanoparticles 

 
The Raman spectra of graphene oxide, graphene 

nanosheets and PSS-RGO are shown in Fig. 2. The 
Raman spectrum of the graphene oxide (curve a) 
displays two characteristic peaks: the well-recognized 
D band at 1328 cm-1 and the G band at 1592 cm-1. 
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When GO was chemically reduced, the D band and G 
band shifted to 1329 cm−1 and 1587 cm−1 (curve b), 
respectively, with an increase in the intensity ratio of 
ID/IG (1.52) compared to that of GO (1.36). These 
observations further confirm the graphitization in 
reduced graphene nanoparticles [13]. In addition, 
after GO was functionalized with PSS and reduced 
by hydrazine hydrate, no obvious shifts were 
observed (curve c), indicating that the structure of the 
graphene nanosheets did not change after the 
fabrication of PSS on the surface of RGO.     

 
 

 
 
Fig. 2. Raman spectra of (a) graphene oxide; (b) graphene 

nanosheets and (c) PSS-RGO excited  
at 632.8 nm wavelength. 

 
 

UV-Vis spectroscopy was employed to 
investigate the formation of the Au nanoparticles 
protected by PAMAM (Fig. 3).  

 
 

 
 

Fig. 3. UV-Vis spectra of PAMAM dendrimer-HAuCl4 
aqueous solution before (a) and after (b) reduction  

with formic acid. 
 
After the reduction with formic acid, the change 

of solution color (from light yellow to mauve) 
suggests the reduction of  Au3+ to Au0. In addition, 
obvious surface plasmon resonance absorption was 
observed at 523 nm after the reduction, revealing the 
successful formation of colloidal gold nanoparticles 
protected by PAMAM dendrimer [14]. 

3.2. Electrochemical Characterization  
of Layer-by-layer Assembled Multilayer 
Films 

 
The cyclic voltammograms of 5 mM K3[Fe(CN)6] 

in 0.1 M KCl was performed at the modified 
electrode at different scan rates range from 10 to  
100 mV/s (Fig. 4). With the increase of the scan rates, 
the anodic peak potential shifts positively and the 
cathodic peak potential shifts negatively, indicating 
that redox reaction becomes irreversible. Moreover, 
the anodic peak current was proportional to the 
square root of the scan rate (inset in Fig. 4), and the 
equation was I (μA) = 2.602 ν1/2 + 1.328 (r = 0.998). 
These results demonstrated that the redox process of 
K3[Fe(CN)6] on the modified electrode was a typical 
diffusion controlled electrochemical process. 

 
 

 
 

Fig. 4.  CVs of the [PSS-RGO/PAMAM-AuNPs]20/AuE  
in 5 mM K3[Fe(CN)6] in 0.1 M KCl solution at scan rates 
of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV/s (from a 
to j). Insert: linear relationship between the anodic peak 

current and the square root of the scan rate. 
 
 

3.3. Electrochemical Behavior of  
4-Nitrophenol at the Modified Electrode 

 
To improve the sensitivity of the 4-NP 

determination, the prepared sensor was accumulated 
in the solution for an accumulation time of 180 s at 
an accumulation potential of 0.0 V before each 
experiment. Fig. 5 shows the typical CVs of the 
modified electrode in 0.1 M phosphate buffer 
solution (PBS) (pH 6.0) with the different 
concentrations of 4-NP. A well-defined cathodic peak 
corresponding to the electrochemical reduction of  
4-NP was observed at ﹣0.668 V. Moreover, the 
reduction current increased with the increase in 4-NP 
concentration, implying that the PSS-RGO/PAMAM-
AuNPs multilayer films can effectively catalyze the 
electrochemical reduction of 4-NP. 

The effect of solution pH on the voltammetry 
was examined by CVs in the pH range of 5.0-9.0  
(Fig. 6A). As shown in Fig. 6B, the cathodic 
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reduction peak potential shifted linearly to the 
negative direction with the increasing pH values. The 
maximum peak current was obtained at pH 6.0  
(Fig. 6C). Thus PBS (pH 6.0) was chosen in the 
following analytical experiments.  

 
 

 
 

Fig. 5.  CVs of [PSS-RGO/PAMAM-AuNPs]20/AuE  
in 0.1 M phosphate buffer solution (pH 6.0) at scan rate  

of 100 mV/s in the presence of (a) 0, (b) 0.2, (c) 0.4,  
and (d) 0.6 μM 4-nitrophenol. 

 
 

To evaluate the application of the modified electrode 
for the detection of 4-NP, amperometric response 
was monitored by successively injection of 4-NP into 
the PBS under optimized conditions (pH 6.0) at an 
applied potential of 0.65 V (shown in Fig. 7). The 
electrocatalytic current was linearly dependent on the 
concentration of 4-nitrophenol within the range from 
5 to 515 μmol L−1 with a detection limit of 1.8 μmol 
L−1 based on the signal-to noise ratio of 3 (insert in 
Fig. 7). The comparison between previously reported 
modified electrodes for 4-NP detection is listed in 
Table 1. It can be seen that [PSS-RGO/PAMAM-
AuNPs]20/AuE exhibited a relatively wide linear 
range. 
 

 
 

Fig. 6. (A) CVs of [PSS-RGO/PAMAM-AuNPs]20/AuE  
at a scan rate of 100 mV/s in PBS with different pH values 

(a) 5.0, (b) 6.0, (c) 7.0. (d) 8.0, (e) 9.0 of 0.4 μM  
4-nitrophenol; (B) Effects of the pH value on the cathodic 

reduction peak potentials; (C) Effects of the pH value  
on the peak current. 

 
 

 
 

Fig. 7.  Typical amperometric response of the  
[PSS-RGO/PAMAM-AuNPs]20/AuE at ﹣0.65 V on 

successive injection of 4-nitrophenol into 2 mL of stirring 
0.1 mol/L PBS (pH 6.0). Insert: linear relationship between 

reduction current on the concentration. 

 
Table 1. Comparison of different modified electrodes for the determination of 4-NP. 

 
Electrode materials Detection limit(μM) Linear range(μM) References 

GO/GCE 0.02 0.1-120 [15] 
BDD-MEA 0.22 1.8-9.2 [16] 
AgSA-PE 1.0 1-100 [10] 
AaP/AuNPs 0.2 10-30 [17] 
PB modified electrodes 8.23 30-90 [18] 
[PSS-RGO/PAMAM-AuNPs]20 1.8 5-515 This work 

 
 

3.4. Electrochemical Behavior of Hydrazine 
at the Modified Electrode 

 
Fig. 8 illustrates the typical CVs of a bare gold 

electrode (curve a, c) and [PSS-RGO/PAMAM-

AuNPs]20/AuE (curve b, d) in an N2-saturated PBS 
solution (pH 7.4) at a scan rate of 100 mV/s in the 
presence of 0 (curve a, b) and 0.4 mM hydrazine 
(curve c, d). It demonstrates clearly that both bare 
gold electrode and [PSS-RGO/PAMAM-
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AuNPs]20/AuE exhibits no electrochemical response 
in the absence of hydrazine. However, a well-defined 
oxidation peak was observed at bare gold electrode at 
0.465 V in response to the anodic oxidation of 
hydrazine. In addition, there exhibited an enhanced 
increase of the electrocatalytic current with the 
oxidation peak located at 0.357 V in the presence of 
hydrazine at the [PSS-RGO/PAMAM-
AuNPs]20/AuE. These results indicated that the 
nanocomposites could significant promote the 
electrocatalytic activity toward the oxidation of 
hydrazine. 

 
 

 
 

Fig. 8. CVs of the bare gold (a, c) and [PSS-
RGO/PAMAM-AuNPs]20/AuE (b, d) in a buffer solution 
(pH 7.4) at a scan rate of 100 mV/s in the presence of 0 (a, 
b), 0.4 mM hydrazine (c, d). 

 
 

Fig. 9 shows the amperometric response of the 
[PSS-RGO/PAMAM-AuNPs]20/AuE modified 
electrode in 2.0 mL of stirring 0.1 mol/L buffer 
solution (pH 7.4) on continuous step change of 
hydrazine concentration at an optimized potential at 

0.35 V. As illustrated, upon each addition of 
hydrazine, the sensor showed fast response and 
accomplished a steady-state current with the average 
response time of 2 s. The catalytic current increased 
linearly with the increasing concentration of 
hydrazine ranging from 5 μM to 900 μM with the 
linear regression equation as I (μA) =  
= 0.01256C (μM) + 0.4136 (r = 0.998). The detection 
limit is estimated to be 0.24 μM  
(S/N = 3). To evaluate the sensing performance of 
[PSS-RGO/PAMAM-AuNPs]20/AuE, the comparison 
was shown in Table 2 with those reported previously 
in the literatures. As can be seen, the detection limit 
of this work is lower in comparison with other 
modified electrodes with a relatively wide range of 
hydrazine. 

 
 

 
 
Fig. 9. Typical amperometric response of the  
[PSS-RGO/PAMAM-AuNPs]20/AuE at 0.35 V on 
successive injection of hydrazine into 2.0 mL of stirring 0.1 
mol/L buffer solution (pH 7.4). Insert: linear relationship 
between the current and concentration. 

 
 

Table 2. Comparison of different modified electrodes for the determination of hydrazine. 
 

Electrode materials Detection limit(μM) Linear range(μM) References 
Graphene 1.0 3.0-300 [19] 

Co-salen/SWNHs 0.96 1-96 [20] 
AuNP-GPE 3.07 25-1000 [21] 

Pd/MWNT-Nafion modified electrode 1.0 2.5-700 [22] 
Nano-Au/Porous-TiO2 0.5 2.5-500 [23] 

CuS/rGO 0.3 1-1000 [24] 
[PSS-RGO/PAMAM-AuNPs]20 0.24 5-900 This work 

 
 

4. Conclusions  
 

In this work, an electrochemical sensor based on 
layer-by-layer self-assembly of PAMAM dendrimer 
protected gold nanoparticles and PSS functionalized 
reduced graphene oxide by using the electrostatic 
layer-by-layer self-assembly technique was 
fabricated. The combination and synergistic effect of 
gold nanoparticles and reduced graphene oxide hold 

the promise for the enhanced electrocatalytic 
performance towards the reduction of 4-nitrophenol 
and the oxidation of hydrazine. Moreover, the 
electrochemical sensor was applied for the detections 
of trace 4-nitrophenol and hydrazine, and exhibited 
favorable sensing performance. Therefore, these 
novel nanocomposites have great potential and could 
be used to fabricate sensitive sensors in environment, 
medicine and biotechnology. 
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