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Abstract Composites of multiwall carbon nanotubes

(MWNTs), polyaniline (PANI), and gold nanoparticles

were prepared by one pot synthesis. Based on the interac-

tion between aniline monomers and MWNTs, aniline

molecules were adsorbed and polymerized on the surface

of MWNTs. The nanocomposites were characterized by

transmission electron microscopy (TEM), X-ray diffraction

analysis (XRD), Fourier transform infrared spectroscopy

(FT-IR), and X-ray photoemission spectroscopy (XPS).

The sensors based on Au/PANI/MWNT nanocomposites

were tested for on-line monitoring of ammonia gas. The

results show that the as-prepared sensors have superior

sensitivity, and good repeatability upon repeated exposure

to ammonia gas.

Introduction

Since discovered by Iijima [1], carbon nanotubes (CNTs)

have been attracted a lot efforts to explore and develop

their applications. Recently, CNTs have been considered

as prime materials for gas adsorption due to their high

surface-to-volume ratio, hollow geometry, and unique

electrical properties [2–4], which leads to high sensitivities

to charged analytes [5]. Gas sensors based on CNTs have

been extensively studied and are being emerged both as

high sensitive gas detectors [4, 6–12] and for biosensing

application [13].

Recent research interest has been focused on the prep-

aration of nanomaterials/nanocomposites involving the

combination of CNTs, conducting polymers and metal

nanoparticles by employing various methodologies such as

sol–gel process, self-assembly, electrochemical, and

chemical methods [14–18]. Polyaniline (PANI) is one of

the most important conducting polymers with many

advantages such as an inexpensive monomer, a simple

polymerization reaction with high yield, and excellent

stability [19]. On the top of those qualities, PANI has a

distinct doping mechanism. Protonation by acid–base

chemistry leads to an internal redox reaction and the con-

version from a low conductivity emeraldine base into a

highly conducting emeraldine salt. This implies that PANI

can be used in highly sensitivity sensors for reaction that

involve an acid or base, such as NH3 and HCl gas [20–22].

Besides, attaching the metal nanoparticles onto the surface

of nanotubes or to sidewalls to obtain hybrid nanocom-

posites is gaining interest, which can enhance the sen-

sitivity of the sensors based on CNTs [23].

Ammonia is one of the important industrial exhaust

gases with high toxicity [24, 25]. With the increasing of the

human awareness of environmental problems in industrial

gases, the requirement of detecting these gases has greatly

increased. Unfunctionalized CNTs-based sensors have

been demonstrated for the detection of NH3 and NO2 under

ambient conditions [6, 7]. The main sensing mechanism of

the sensors based on CNTs has been suggested as an

electron-donating/electron-withdrawing charge transfer

between the molecules and the semiconducting CNTs,

which affected the conductivity of CNTs [6]. However, the
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less than ideal sensitivity and lack of selectivity limits

CNTs in practical applications. Recently, many approaches

have been developed to functionalized CNTs, including

covalent and noncovalent chemical functionalization, and

in studies these have shown improved performance as gas

sensors. So it is promising to develop a simple and ver-

satile functionalization technique which enables fabrication

of CNT-based sensors with improved sensitivity and

selectivity.

In this paper, we have established one pot synthesis of

the Au/PANI/multiwall carbon nanotubes (MWNTs)

nanocomposites. The MWNTs were refluxed in HNO3

solution, which produced carboxylic acid groups at the

defect sites and thus improved the solubility of the car-

boxylic groups contained MWNTs in HCl solution. When

HAuCl4 as the oxidant was mixed with the aniline mono-

mers in the solution, the reduction of HAuCl4 and the

oxidization occur simultaneously, leading to the formation

of Au nanoparticles and PANI. Based on the interaction

between aniline monomers and MWNTs, the PANI was in

situ polymerized and absorbed at the surface of the

MWNTs with the Au nanoparticles dispersed in. Here we

demonstrate that the Au/PANI/MWNTs nanocomposites

can be acted as sensors for the detection of ammonia gas.

The sensors show a high sensitivity, good reversibility, and

repeatability.

Experimental

Reagents

Aniline (Aldrich) was distilled before using. Multiwall car-

bon nanotubes, MWNTs (diameter is 20–40 nm) obtained

from Shenzhen Nanotechnologies Co. Ltd were rinsed with

double-distilled water and dried. Nitric acid, methanol,

chloroaurate acid, and hydrochloric acid (Analytical grade,

Aldrich) were used as received.

Fabrication of the Au/PANI/MWNT nanocomposites

Fifty milligrams of MWNTs were refluxed in 4 M HNO3

for 24 h and filtered through a polycarbonate membrane

(0.2 lm pore size). The product was washed using double-

distilled water and dried in vacuum at 60 �C for 12 h. After

that, 5 mg MWNT-COOH was added to the solution of

aniline (10 mM) with 1 M HCl and then sonicated for 3 h

to obtain a homogeous solution. An aqueous solution of

HAuCl4 in 1 M HCl was quickly added to the above

solution. The mixture was allowed to react at 0–5 �C (in an

ice bath) for 12 h with stirring. The product was washed

with double-distilled water several times and dried under

vacuum at room temperature.

Characterization

Transmission electron microscopy images were recorded

on a Hitachi H-800 transmission electron microscope

operated at an accelerating voltage of 200 kV. Fourier

transform infrared (FT-IR) spectrum of the nanocomposites

was recorded using a NEXUS-870 FT-IR spectrophotomer

in the region 400–2000 cm-1 using KBr pellets. A Philips

X’pert-PRO X-ray diffractometer was employed using a

Cu-Ka source to obtain XRD spectrum of the nanocom-

posites. XPS measurement of a film of the sample was

carried out on a VG ESCALAB MKII instrument at a

pressure greater than 10-6 Pa.

Measurement of gas sensing

The gold comb-like electrode covered with nanocompos-

ites has been located in a sealed chamber (1 L) with a gas

inlet/outlet for gas exposure experiments. The gas sensing

experiments have been performed by measuring the elec-

trical conductance of the sensor upon exposing to different

concentration of ammonia gas. The dc electrical conduc-

tance of the sensor has been measured in the two-pole

format by the volt-amperometric technique using 6487

Picoammeter/Voltage Source (Keithley, USA). Then, the

sensor was exposed to the selected concentration of

ammonia gas until the sensor’s response reached a steady

value, followed by purging the sensor with dry air until the

sensor recovered initial resistance. After that, the sensor

was exposed to another concentration of ammonia gas.

This process was repeated many times to evaluate the

sensitivity, reversibility, and repeatability of the sensor.

Results and discussion

The Au/PANI/MWNT nanocomposites have successfully

prepared by a single step or one pot synthesis. The forma-

tion mechanism of the Au/PANI/MWNT nanocomposites

is believed to arise from strong interaction between aniline

monomer and MWNTs. Figure 1 schematically depicts the

formation mechanism of Au/PANI/MWNT nanocompos-

ites. This interaction is believed to be caused by the

presence of the p–p* electron interaction, as well as the

hydrogen bond interaction between the carboxyl groups of

MWNTs and the amino groups of the aniline monomer [26].

Such strong interaction ensures that the aniline monomers

are absorbed on the surface of MWNTs, which serve as the

core and the self-assembly template during the formation of

the tubular nanocomposites. When the aniline monomers

are mixed with the chloroaurate acid, the reduction of

HAuCl4 and oxidation of aniline monomers occur simul-

taneously, leading to the formation of gold nanoparticles

5862 J Mater Sci (2008) 43:5861–5866

123



and PANI in situ polymerized cause by the strong interac-

tion between MWNTs and aniline monomers. Although

there are carboxylic groups on the defect sites of MWNTs to

increase the solubility of MWNTs in HCl solution, some

MWNT bundles remain randomly configured. Conse-

quently, some gaps may exist between individual MWNTs

to allow the aniline monomers to wriggle into such gaps,

followed by in situ polymerization cause by the strong

interaction between MWNTs and aniline monomers. The

growing PANI polymer chain would wedge away the

MWNT bundles and then break down the bundles into

individual MWNTs. In this case, MWNTs are uniformly

and individually dispersed into PANI matrices. The site-

selective interaction between the quinoid ring of the poly-

mer and MWNTs caused PANI polymer chains to be

adsorbed at the surface of the MWNTs and formed the shell

of the tubular nanocomposites [27].

Figure 2 shows typical TEM image of the Au/PANI/

MWNT nanocomposites. Clearly, a tubular layer of a

highly uniformly coated PANI film is present on the

MWNTs surface, and the diameter of the as-prepared

tubular Au/PANI/MWNT nanocomposites is about 150–

200 nm. And, the diameter of the original MWNTs is

20–40 nm. The image reveals that the resulting Au/PANI/

MWNT nanocomposites is the typical core-shell structure,

and the MWNTs serves as the core and are individually

wrapped by the PANI. The aniline monomers are uni-

formly polymerized on the MWNTs and form a tubular

shell of Au/PANI/MWNT nanocomposites. Besides, the

presence of Au nanoparticles can be witnessed from the

TEM image. The dark spots in TEM image are the Au

nanoparticles. It is to be noted that Au nanoparticles are

anchored or decorated on the walls of MWNTs coated with

a layer of PANI. It is also likely that a portion of Au

nanoparticles may be entrapped in the layer of PANI that

could not be noticed on the surface of MWNTs. Because

the Au nanoparticles are dispersed in the PANI/MWNT

composites and the TEM image is at low magnification, it

is hard to estimate the exact particle size of the Au nano-

particles. But the particle size can be determined from the

XRD data with Debye–Scherrer formula, which is calcu-

lated to be about 20 nm. An electron diffraction (ED)

pattern of this area shows the diffraction dots of the gold

and the characteristic rings of polymer, which further

proves that the nanocomposite consists of amorphous

PANI and Au nanoparticles.

FT–IR spectrum (Fig. 3) of PANI and Au/PANI/MWNT

nanocomposites is presented. The spectral characteristic of

Au/PANI/MWNT nanocomposites mainly resembles

PANI. The characteristic bands of PANI at wavenumbers

of 1574 cm-1 (assigned to the stretching of the quinoid

rings), 1492 cm-1 (C=C stretching of benzenoid rings),

1296 cm-1 (C–N stretching mode), and 1120 cm-1

(N=Q=N,Q representing the quinoid ring) are observed

clearly in the FT–IR spectrum of the nanocomposites, and

are identical to those of the emeraldine salt form of PANI.

XRD pattern recorded from a drop-coated film of the

sample on a silica substrate is shown in Fig. 4. The (111),

(200), (220), and (311) Bragg reflections of face-centered

cubic (fcc) Au are clearly observed [28]. A weak broad

peak centered at 2h = 26 may be attributed to the amor-

phous PANI chain [29]. Results from XRD analysis

support the presence of PANI and Au0 nanoparticles in the

nanocomposites.
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Fig. 1 Schematic drawing of

the mechanism governing the

formation of Au/PANI/MWNT

nanocomposites

Fig. 2 TEM images of the Au/PANI/MWNT nanocomposites (inset:

an ED pattern of the nanocomposites)
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A chemical analysis of the Au/PANI/MWNT nano-

composites is done using XPS. Figure 5 shows the XPS

spectrum of the Au 4f and N 1s of the sample. Figure 5a

shows the Au 4f7/2 and Au 4f5/2 doublet with the bonding

energies of 83.85 and 87.55 eV, respectively. These are

typical value for Au0 [30]. Figure 5b shows the typical

high resolution core-level N 1 s spectra of the nanocom-

posites. The peak appearing at around 399 eV is an

indication of the formation of PANI [31].

Figure 6 shows the sensor’s response to different con-

centration of ammonia gas. The resistance of the sensor

dramatically increases upon exposed to ammonia gas, and

then decreased upon return to pure dry air. Depending on

ammonia concentration, the response time of the sensors to

ammonia exposure ranged from 1 to 10 min, while the

recover time was about 15 min. The sensing mechanism is

governed by the protonation/deprotonation phenomena. In

the electrically conductive state, PANI is a P-type semi-

conductor with N+–H adsorption sites. The resistance

change will be modulated by the protonation–deprotona-

tion brought by ammonia gas [32, 33]. As ammonia gas is

injected, ammonia gas molecules withdraw protons from

N+–H sites to form energetically more favorable NH4
+.

This deprotonation process reduces PANI from the emer-

aldine salt state to the emeraldine base state, leading to the

reduced hole density in the PANI and thus an increased

Fig. 3 FT-IR spectrum of (a) PANI and (b) Au/PANI/MWNT

nanocomposites

Fig. 4 XRD pattern of the Au/PANI/MWNT nanocomposites

Fig. 5 XPS spectrum of Au 4f
and N 1 s of the Au/PANI/

MWNT nanocomposites. (a) Au

4f and (b) N 1 s

Fig. 6 Real-time detection of the current for different concentration

ammonia gas
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resistance. When the sensor is purged with dry air, the

process is reversed, NH4
+ decomposes to form NH3 and a

proton, and the initial doping level and resistance recover.

Figure 7 shows the sensitivity change of as a function of

ammonia gas concentration. The sensitivity is defined as

the relative resistance change for a given concentration, or

DR/R0 = (R1 - R0)/R0, where R1 is the steady-state resis-

tance after exposure to ammonia gas and R0 is the initial

resistance before exposure to ammonia gas. It can be seen

that the sensors exhibited a linear response of ammonia gas

for concentration ranging from 200 ppb to 10 ppm. But

when the concentration was above 10 ppm, the sensors

displayed a nonlinear response.

A good repeatability or long-term stability is another

important parameter of the gas sensor material. Figure 8

represents the electrical response of the Au/PANI/MWNT

nanocomposites sensor upon periodic exposure to ammonia

gas. As the sensor is exposed to ammonia gas, the rapid

increment in resistance is observed. After the sensor is

purged with dry air, the resistance is observed to recover

slowly due to the desorption of ammonia gas molecules

from the sensor. The cyclic tests present similar responses

more than five times. The mean sensitivity of the sensor

response to 25 ppm ammonia gas is 0.638 and the standard

deviation is 0.039. Then, we repeat the process a few days

later with a number of the Au/PANI/MWNT based sensors

and find that the sensors all show a good repeatability.

These facts suggest that the sensor have a good repeat-

ability and can be repeatedly used in detecting ammonia

gas with excellent stability.

Conclusions

One part synthesis of a nanocomposites comprising of

MWNTs, PANI, and Au nanoparticles was successfully

established. Carboxylic acid groups contained MWNTs

were used as a template for the formation of a composite of

doped PANI with MWNTs. Based on the interaction

between aniline monomers and c-MWNTs, aniline mole-

cules were adsorbed and then polymerized on surfaces of

c-MWNTs. We have also demonstrated a simple method to

fabricate Au/PANI/MWNT-based gas sensors. The ammonia

gas sensor produced using this method was shown to have

superior sensitivity and good repeatability. The novel

approach presented herein can be extended to the synthesis

of other noble metal based on PANI/MWNT. This is a

promising step toward the development of miniaturized

devices with extensive analytical capabilities.
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