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Nitrogen-doped carbon nanotubes (N-CNTs)/polyaniline (PANI) composites are developed as an electrode material for bio-
sensors. The morphology, composition, and optical properties of the resulting products were characterized by transmission 
electron microscopy (TEM), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FT-IR), and ultravi-
olet-visible absorption spectra (UV-vis). Furthermore, N-CNTs/PANI composite was immobilized on the surface of a glassy 
carbon electrode (GCE) and applied to construct a sensor. The obtained N-CNTs/PANI-modified GCE showed one pair of re-
dox peaks and high catalytic activity for the oxidation of dopamine (DA) in a neutral environment. Differential pulse voltam-
mograms results illustrate that the fabricated DA biosensor has high anti-interference ability towards ascorbic acid (AA). In 
addition, the fabricated biosensor showed superior performances with two wide linear ranges from 1 to 80 M and from 1.5 to 
3.5 mM and a low detection limit of 0.01 M. 
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1  Introduction 

Carbon nanotube (CNT) has attracted much interest due to 
its outstanding properties such as electronics, mechanics, 
and structural characteristics. It has been used to facilitate 
the immobilization of biological molecules and can serve as 
a biosensor [1]. For example, it can accelerate electron 
transfer for a large number of electroactive species and 
show electrocatalytic activity towards biological com-
pounds such as nicotinamide adenine dinucleotide (NADH) 
[2], dopamine (DA) [3], and H2O2 [4]. Recently, it has been 
reported that CNT doped with other non-carbon chemical 
elements (such as boron, nitrogen, etc.) can further improve 
the mechanics and electrical properties of CNT. The curva-
ture changes the chemically inert graphite surface and 
makes it easier to incorporate atoms on the tube surface [5]. 

Among all the potential dopants, nitrogen is considered to 
be an excellent element for the chemical doping of carbon 
materials because of its comparable atomic size and five 
valence electrons available to form strong valence bonds 
with carbon atoms [6]. The doping of nitrogen to some ex-
tent undermines the ordered structure of CNT and creates a 
certain number of defect sites on the wall. The defects based 
on the bamboo-shaped N-CNTs can be modified easier than 
that of pure CNT, resulting in higher functionality and elec-
trochemical activity of N-CNTs. Conjugation of one-pair 
electrons of nitrogen and the graphene -system [7] may 
create nanomaterials with better electronic and mechanical 
properties [8]. In previous studies, the doping of nitrogen 
has been successfully employed to modify CNT. For in-
stance, N-dopant increases the metallic behavior, affects the 
lattice alignment, and regulates the growth mechanism of 
CNT. Moreover, it has been demonstrated that the doping of 
nitrogen enhances the biocompatibility and sensitivity of 
CNTs in biosensing field [9]. 



1616 Feng XM, et al.   Sci China Chem   October (2011) Vol.54 No.10 

Polyaniline (PANI) is one of the most important con-
ducting polymers and has been researched intensively over 
the past few years due to its ease of synthesis, well elec-
tronic and optical properties [10] and environmental stabil-
ity [11]. Although PANI has many advantages and holds 
high position among the conducting polymers owing to its 
unique tunable conductivity either by protonic acid doping 
or redox doping, its electroactivity can only be retained in 
acidic media, normally at pH < 4.0 [7]. Such a limitation 
greatly hinders its application in biological fields. To date, 
much effort has been made to improve the electrochemical 
activity of PANI in the neutral condition, which is mainly 
based on a protonic acid and functional polymer doping 
mechanism. For example, electroactive PANI in the neutral 
media has been synthesized either by introducing sulfonic 
[12], boronic [9], phosphonic [8], carboxyl [13], or acidic 
groups on the phenyl ring [14] or by doping the PANI with 
functional polymers, such as poly(vinyl alcohol), poly (eth-      
ylene oxide), and poly[(N-vinyl pyrrolidone)-co-(vinyl al-
cohol)] by copolymerization of aniline with the polyelec-
trolyte or polyelectrolytemonomer [15].  

The fabrication of CNT/PANI composites has attracted 
great interest in recent years because the incorporation of 
PANI into CNT can result in new composite materials with 
enhanced electronic properties. The effective site-selective 
interaction between the -bonds in the aromatic rings of the 
PANI and the graphitic structure of multiwall carbon nano-
tubes (MWNTs) will strongly facilitate the charge-transfer 
reaction between the two components. Li et al. [16] adopted 
MWNTs with minimal defects as templates and facilely 
fabricated CNT/PANI nanocomposites with uniform core-     
shell structures by ultrasonic assisted in situ polymerization. 
As a result, great improvements in the electrical and elec-
trochemical properties of the resulting nanocomposites were 
observed. Guo et al. [17] produced SWNT-PANI-Au nano-
particles composite in an one-pot fashion. However, the 
electrochemical activity of SWNT-PANI-Au was not good 
in neutral conditions. Recently, Komathi et al. [18] fabri-
cated a biosensor on the utility of interconnected structure 
of MWNTs, silica network, and PANI chains for immobili-
zation of a redox enzyme (horseradish peroxidase, HRP), 
and the direct electrochemistry of HRP could be realized 
due to synergistic contributions from conducting CNT, 
electron mediating PANI chains and porous silica network. 
Although these CNT/PANI composites have been reported, 
the synthesis and application in biosensing of 
N-CNTs/PANI nanocomposite with improved electrochem-
ical activity are rarely reported.  

In this work, we use simple self-assembly method to fab-
ricate N-CNTs/PANI nanocomposites and then develop a 
biosensor to the detection of dopamine (DA). The prepared 
nanocomposites were characterized by means of TEM, 
TGA, FT-IR, and UV-vis. The TEM results showed that it 
had an encapsulated structure with the outer layer of PANI 
and the inner layer of N-CNTs. Furthermore, the fabricated 

N-CNTs/PANI had high electrochemical activity in neutral 
even alkaline solutions. Based on the excellent redox prop-
erties, the nanocomposite was immobilized on an electrode 
to construct a DA biosensor. The biosensor showed good 
reproducibility, stability, and selectivity with two linear 
responses to DA in the ranges from 1 to 80 M and from 
1.5 to 3.5 mM and a low detection limit of 0.01 M.  

2  Experiment 

2.1  Materials 

Aniline, hydrochloride(HCl), ammonium persulfate 
((NH4)2S2O8, APS), phthalic diglycol diacrylate (PDDA) 
(Mw: 200,000–350,000), polystyrene sulfonic acid sodium 
(PSS) (Mw: 70,000), were purchased from Shanghai Che-     
mical Reagent Company. Nafion, a 5 wt% solution in a 
mixture of lower aliphatic alcohols and 20% water, was 
obtained from Aldrich. Ascorbic acid (AA) and DA chlo-
ride were purchased from Sigma Chemicals and used as re-
ceived. Other chemicals were of analytical reagent grade and 
without further purification. Phosphate buffer solution (PBS) 
was prepared from NaH2PO4 (0.1 M) and Na2HPO4 (0.1 M) 
and adjusted the pH with 0.1 M H3PO4 and NaOH solutions. 
Freshly prepared AA and DA solutions were used for all 
experiments. 

2.2  Synthesis of N-CNTs/PANI nanocomposites  

N-CNTs (5% nitrogen doped), N-CNTs were prepared, 
purified, shortened and –COO– introduced processes were 
as follows [19]: first, the catalyst was removed by 6 M 
NaOH at 110 °C for 6 h, and then by 6 M HCl at 90 °C for 
6 h; second, the N-CNTs was acidificated by HNO3 at 
110 °C for 6 h. In each step, the product was filtered and 
washed with double distilled water until the filtrate became 
neutral and finally dried.  

250 L of PDDA was dissolved in 10 mL of 0.5 M NaCl 
aqueous solution, then 10 mL N-CNTs (2.5 mg/mL) was 
added to the above solution under stirring for 20 min. After 
that, the mixture was washed with distilled water for several 
times to prepare PDDA-modified N-CNTs. PDDA-modified 
N-CNTs were dispersed into 10 mL PSS (1%) of 0.5 M 
NaCl aqueous solution under stirring for another 20 min and 
washed as the above method. Then PSS-modified N-CNTs 
could be obtained. 100 L aniline was added to 10 mL 
PSS-modified N-CNTs of 0.1 M HCl aqueous solutions. 
After stirring for 30 min, APS was added to the above mix-
ture and the reaction was allowed to proceed overnight. The 
molar ratio of aniline to APS was 1. After that, the mixture 
was centrifuged and completely washed with distilled water 
and ethanol for several times. The final product was dried in 
vacuum at 80 °C for 24 h. 
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2.3  Preparation of the N-CNTs/PANI-modified GCE 

A GCE was polished to a mirror surface before each ex-
periment with 0.05 m Al2O3 slurry, and then ultrasonicated 
in distilled water successively. N-CNTs/PANI nanocompo-
sites were dispersed in distilled water to form a 3.0 mg/mL 
solution and ultrasonically treated for 30 min. The pretreat-
ed GCE was cast with 5 L of the suspension of 
N-CNTs/PANI nanocomposites. The electrode was then 
coated with 2 L of 1% Nafion solution and dried in air. 

2.4  Characterization 

Ultraviolet-visible (UV-vis) spectra were recorded with a 
Shimadzu UV-3600 and the samples were dispersed in dou-
ble-distilled water. Fourier transform infrared (FT-IR) spec-
tra of samples in KBr pellets were recorded with a Bruker 
model VECTOR22 Fourier transform spectrometer. Trans-
mission electron microscopy (TEM) images were obtained 
with a JEOL JEM-200CX electron microscope. Thermogra-
vimetry analysis (TGA) was determined using a DTG-60 
from room temperature to 800 °C with a heating rate of 
10 °C/min in nitrogen atmosphere. Electrochemical experi-
ments were performed on a CHI660C electrochemical work-
station (Chenhua Co., Shanghai, China) in a three-electrode 
configuration. A saturated calomel electrode (SCE) and a 
platinum electrode served as the reference and counter elec-
trode, respectively. The working electrode was an N-CNTs/    
PANI-modified GCE. 

3  Results and discussion  

The shapes of N-CNTs and N-CNTs/PANI nanocomposites 
have been verified by TEM, as shown in Figure 1. From 
Figure 1(a) we can see that the pure N-CNTs are tangled 
rope-like tubes with smooth surface, while the N-CNTs/    
PANI composite has a network nanostructure with very 
rough surface. The N-CNTs display a well-dispersed one-    
dimensional structure with the outer diameter about 30 nm. 
In the TEM images of N-CNTs/PANI, the outer layer is 
PANI and the inner layer is constructed by N-CNTs, which 
indicates the formation of apparent encapsulated structures.  

 

 

Figure 1  TEM images of N-CNTs (a) and N-CNTs/PANI (b).  

The rough, amorphous outer PANI layer has an average 
thickness of about 30–40 nm.  

Figure 2 presents the TGA curves of N-CNTs, intrinsic 
PANI, and N-CNTs/PANI composite. The TGA curve of 
the acid-treated N-CNTs shows a 92% weight loss between 
465 and 554 °C, due to the oxidation of carbon into gaseous 
carbon dioxide. The residual weight percentage refers to the 
weight percentage content of the iron species present in the 
N-CNTs structure. The TGA curve of intrinsic PANI (Fig-
ure 2(b)) shows a 14% weight loss in the range of 23 and 
233 °C, attributing to the loss of water and acid dopants. 
The large weight loss starting at around 310 °C is believed 
to the oxidation of the skeletal PANI chain structure 
[20–22]. The total weight loss of intrinsic PANI is 100% in 
the experimental conditions. In the case of N-CNTs/PANI 
composite, TGA curve shows a three-step weight loss. The 
first weight loss is consistent with the loss of residual water 
and acid dopants, the next two weight losses in the regions 
of 309–569°C and 569–584°C are assigned to the oxidation 
and decomposition of the PANI and N-CNTs, respectively 
[23]. From the results we can estimate that the percentage 
content of N-CNTs in the composite is about 12%. The 
temperature of decomposition for PANI chains in the pure 
PANI and N-CNTs/PANI is similar because the content of 
N-CNTs in the composite is low.  

Typical UV-vis and FT-IR spectra of N-CNTs, intrinsic 
PANI, and N-CNTs/PANI are shown in Figure 3. It can be 
seen that the acid treated N-CNT has a maximum peak at 
about 250 nm, which is a clear diagnostic of covalent side 
wall functionalization, i.e. disruption of the conjugated  
system [17]. The UV-vis spectrum of PANI exhibits three 
absorption peaks at 340, 430, and 700 nm, which are the 
characteristic absorption peaks of the emeraldine oxidation 
state of PANI. The absorption peaks at 340 and 430 nm are 
attributed to the -* transition of benzenoidrings and polar-
onic peak reflecting protonation of backbone of the PANI. 
The peak at 700 nm represents the -polaron transition in-
dicating that the nanotubes are in the conductive state [24]. 
The spectrum of N-CNTs/PANI shows that the peaks at 250 
nm are consistent with the typical spectra of N-CNTs, but the  

 

 

Figure 2  TGA spectra of (a) N-CNTs, (b) PANI, and (c) N-CNTs/PANI. 
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Figure 3  UV-vis (A) and FT-IR (B) spectra of (a) N-CNTs, (b) PANI, and (c) N-CNTs/PANI. 

-* transition and the -polaron transition are very weak 
or lack of observation. It may be covered by the strong ab-
sorption peak of N-CNTs in the same region, indicating that 
PANI can be adsorbed on the N-CNTs surface efficiently. 
The absorption peak at about 700 nm shows a red shift in 
the spectrum of N-CNTs/PANI and becomes broader. This 
result indicates that the interaction between N-CNTs and 
PANI can increase the effective degree of electron delocal-
ization and facilitate the charge transfer process between the 
components of the system [25]. 

In the FT-IR spectrum of N-CNTs (figure 3(2A)), the 
characteristic vibration modes of the hydroxyl group (~3450 
cm1) and carbonyl group (~1640 cm1) are observed obvi-
ously, demonstrating that N-CNTs have been functionalized 
with carboxylic and carboxylate groups after treatment with 
acid [26, 27]. After the assembly of PANI, several new 
peaks are found in Figure 3B(c). The characteristic peaks at 
~1560–1580 cm1 and ~1480–1500 cm1 correspond to the 
C=C stretching of quinoid and benzenoid rings, those at 
~1290–1305 cm1 and ~1235–1245 cm1 are related to the 
C–N and C=N stretching modes, those at ~1116–1145 cm1 
are assigned to the in-plane bending of C–H, and those at 
~810–820 cm1 are attributable to the out-of-plane bending 
of C–H[28]. These characteristic peaks are in agreement with 
the FT-IR features of pure PANI, indicating that PANI has 
been effectively assembled on the surface of N-CNTs.  

The redox properties of the prepared N-CNTs/PANI 
composite are characterized by cyclic voltammetric (CV) 
experiments. Generally, PANI exists in three well-defined 
oxidation states: leucoemeraldine, emeraldine, and per-
nigraniline. All of the nitrogen atoms are amines in the leu-
coemeraldine state and imines in the pernigraniline state, 
respectively. Emeralding base and emeraldine salt forms 
can be interchanged depending on the pH value of the solu-
tion. For pure PANI, it is only electroactive when the pH is 
lower than 4.0 [29]. This greatly restricts its applicability in 
bioelectrochemistry, which normally requires a neutral pH 
environment. However, when PANI is combined with 
N-CNTs, the electroactive ability is greatly improved [30]. 

As shown in Figure 4, the N-CNTs/PANI nanocompo-
site-modified GCE shows two pairs of redox peaks in solu-
tion with pH of 1.0. The first and second oxidation waves 
correspond to the transition of leucoemeraldine to emerald-
ine salt and that of emeraldine salt to pernigraniline state in 
acid media, respectively [31]. With the increasing pH from 
5.0 to 8.0, the redox potentials of N-CNTs/PANI modified 
GCE shifted to more negative values for the reduction pro-
cess. It still has electroactivity even in PBS with a pH value 
of 8.0. The redox peaks observed in PBS from pH 5.0 to 8.0 
are the overlap of two redox processes for PANI under 
acidic conditions. 

The effect of scan rate () on the peak currents of the 
N-CNTs/PANI nanocomposite in the range from 50 to 500 
mV/s is shown in Figure 5. With the increase of scan rate, 
the anodic peak potential shifts toward a more positive val-
ue and the cathodic peak potential shifts toward a more 
negative value. Both the anodic and cathodic peak currents 
for PANI increase linearly with the square root of the scan 
rate (1/2), indicating that the peak current is diffusion-con-     
trolled. 

DA is one of the most important neurotransmitters and it 
has been implicated in physiological human processes in-
cluding attention, emotion, motivation and so on [32]. It has  

 

 

Figure 4  Cyclic voltammograms of N-CNTs/PANI-modified GCE 
measured in different pH PBS (from 5.0 to 8.0) at a scan rate of 100 mV/s. 
The inset shows the cyclic voltammogram of N-CNTs/PANI at pH of 1.0.  
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Figure 5  Cyclic voltammograms of N-CNTs/PANI modified GCE in 
PBS (pH 6.0) at different scan rates: from inside to outside 50, 100, 200, 
300, 400, 500 mV/s. Insert shows calibration plots between the cathodic 
and anodic peak current and the square root of the scan rate.  

received much attention in the development of methods  
for the detection of DA in biological fluids. Electroche- 
mical method has been proven to be rapid, simple, and se- 
nsitive. However, there are some problems about electro- 
chemical method due to the oxidative electrode reaction of  
DA. The main problem of electrochemical detection of DA  
is the interference from AA, which largely coexists with DA  
in brain tissue because they have an overlapping oxida- 
tion potential [33]. Thus, it is very important to improve the  
anti-interference ability for the detection of DA. 

Based on the excellent electrochemical behaviour of  

N-CNTs/PANI composite, it was immobilized on the sur- 
face of GCE and applied to construct a DA sensor. In the  
potential range of 0.8 and 0.4 V, CVs of N-CNTs/PANI-      
modified electrode in different pH PBS (from 5.0 to 8.0)  
before and after the addition of DA are shown in Figure 6(a)  
and (b), respectively. A new pair of redox peak occurred  
after the addition of DA, indicating that the N-CNTs/PANI  
composite can act as a catalyst for the oxidation of DA. This  
biosensor shows very good redox activity at neutral pH  
or even in an alkaline environment in PBS. Besides, the  
catalytic activity is maximal when pH value is 6.0, indica- 
ting that that pH 6.0 is the most suitable.  

Simultaneous determination of DA and AA at N-CNTs/  
PANI-modified GCE was carried out using differential  
pulse voltammograms (DPV). DPV has much higher sensi- 
tivity and better resolution compared to CV. The contribu- 
tion of charging current to the background current is negli- 
gible in DPV [34]. Figure 7 is the DPV obtained at  
N-CNTs/PANI -modified GCE in pH 6.0 PBS without DA  
and AA (curve (a)), with 1 mM AA (curve (b)) and 1mM  
DA (curve (c)), respectively. All curves show an oxidation  
peak at 0.05 V, corresponding to the transition from leu- 
coemeraldine to pernigraniline. 

After the addition of DA, a large oxidation peak of DA  
appears at 0.19 V, as shown in Figure 7(c). At the same time,  
the oxidation peak current of N-CNTs/PANI nanocompo-  
sites increases due to the interaction between the nanocom- 
posites and DA or its reduction products. However, only  
a small shoulder peak appears when AA is added (Figure  
7(b)). It can be seen that although the concentration of  

 

 

Figure 6  Cyclic voltammograms of N-CNTs/PANI-modified GCE in the absence (a) and presence (b) of DA at different pH of (A) 5.0, (B) 6.0, (C) 7.0, 
and (D) 8.0 at a scan rate 100 mV/s.  
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AA and DA is the same, the peak current of DA is much 
higher than that of AA, indicating DA can be detected in the 
presence of AA and the anti-interference ability of the bio-
sensor is enhanced. The possible reason is that there may be 
some interaction between AA and N-CNTs/PANI nanocom-
posites, which has hampered oxidation of AA [32].  

To further investigate the electrocatalytic ability of the 
N-CNTs/PANI-modified GCE, amperometric detection of 
DA at constant potential was carried out. Figure 8 shows the 
current-time curve of the biosensor on successive addition 
of DA in 0.1 M PBS solution (pH 6.0) at an applied poten-
tial of 375 mV. The biosensor showed two linear responses 
to DA concentration in the ranges from 1 to 80 M and 
from 1.5 to 3.5 mM, with a low detection limit of 0.01 M. 
The performance of this DA biosensor is much better than 
the reported data [35]. The high sensitivity in detecting DA 
suggested that N-CNTs/PANI enhanced efficiency of elec-
tron transfer between DA and the electrode greatly.  

The effect of possible interfering species on DA detection  
 

 

Figure 7  Differential pulse voltammograms of N-CNTs/PANI-modified 
GCE in 0.1 M pH 6.0 PBS. Blank (a), (a) +1 mM AA (b), and (a) + 1mM 
DA (c).  

 

Figure 8  Amperometric response of the biosensor to successive addition 
of DA in 0.1 M pH 6.0 PBS at an applied potential of 375 mV. Insert 
shows calibration curve for the peak current and the concentration of DA.  

was examined using the same concentration of AA, uric  
acid, and glucose, which caused an increase of 8.0%, 7.0%,  
and 2.0% in the oxidation current of 1mM DA, respectively.  
This result suggested that the proposed biosensor has high  
selectivity, and has little interference from the endogenously  
coexisted electroactive substances. 

The reproducibility and stability of the biosensor was  
investigated by successively detecting 1 mM DA for 6 times,  
the relative standard deviation (RSD) was 0.5%, demon- 
strating a good reproducibility. After 100 successive 
scanning the response still retained 96% value of the  
initial response, suggesting the acceptable durability of the  
biosensor. In addition, the RSD of current signals for meas- 
urement of 1 mM DA at five independently prepared bio- 
sensors was 4.2%, proving the good reproducibility of the  
biosensor. When N-CNTs/PANI-modified GCE was stored  
at 4 °C and measured at intervals over several days, no  
obvious decrease in the response to DA was observed after  
seven days.  

4  Conclusions 

In this work, N-CNTs/PANI nanocomposites were success-
fully fabricated by self-assembly method. The morphology, 
composition, and optical properties of the resulting products 
were characterized by TEM, TGA, FT-IR, UV-vis, and CV. 
The CV results showed that N-CNTs/PANI nanocomposites 
had excellent redox activity not only in acidic but also in 
neutral environment. A highly selective dopamine biosensor 
could be constructed based on the particular characteristic 
of N-CNTs/PANI nanocomposites. The biosensor could 
detect DA at its very low concentration in the presence of 
AA in an neutral environment. Furthermore, the biosensor 
showed good reproducibility and stability.  
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