
European Polymer Journal 44 (2008) 2040–2045

M
A

CR
O

M
O

LE
CU

LA
R

N
A

N
O

TE
CH

N
O

LO
G

Y

Contents lists available at ScienceDirect

European Polymer Journal

journal homepage: www.elsevier .com/locate /europol j
Macromolecular Nanotechnology

Molybdic acid doped polyaniline micro/nanostructures via a
self-assembly process

Lixia Zhang a,b, Lijiuan Zhang a,c,*, Meixiang Wan a,*

a Institute of Chemistry, Chinese Academy of Sciences, Beijing Laboratory for Molecular Science (BNLMS), Beijing 100080, China
b Department of Chemistry, Guangxi Teachers Education University, Nanning 530001, China
c Department of Chemistry, The University of Auckland, Auckland, New Zealand

a r t i c l e i n f o a b s t r a c t
Article history:
Received 7 January 2008
Received in revised form 15 April 2008
Accepted 18 April 2008
Available online 10 May 2008

Keywords:
Polyaniline
Molybdic acid
Nanofibers
Hollow microspheres
Micelles
0014-3057/$ - see front matter � 2008 Elsevier Ltd
doi:10.1016/j.eurpolymj.2008.04.046

* Corresponding authors. Address: Department
University of Auckland, Auckland, New Zealand (L
Chemistry, Chinese Academy of Sciences, Beijing, C
+64 21 0770961.

E-mail addresses: zhang.lijuan@hotmail.com (
iccas.ac.cn (M. Wan).
Molybdic acid (H2MoO4, MA) doped polyaniline (PANI) micro/nanostructures were pre-
pared by a self-assembly process in the presence of ammonium persulfate ((NH4)2S2O8,
APS) as the oxidant. The morphology of PANI-MA changed from nanofibers or nanotubes
(�160 nm in diameter) to co-existence of nanofibers and microspheres (�3 lm in diame-
ter) and that accompanied an enhancement of the conductivity from 5.42 � 10�3 S cm�1 to
2.8 � 10�1 S cm�1as the molar ratio of MA to aniline varied from 0.01 to 1.5. With increas-
ing the polymerization time, moreover, the pH value of the reaction solution not only
decreased due to sulfuric acid produced during the course of the polymerization, but also
accompanied a change in morphology from microspheres to nanofibers. All above-
mentioned observations could be interpreted by spherical and cylindrical micelle
composed of MA as the ‘‘soft-template” in forming the micro/nanostructures.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Design and synthesis of materials with novel functions
and special micro/nanostructure (e.g. hollow spheres and
nanotubes or nanofibers, even their oriented arrays) have
received great attention in the nanoscience and nanotech-
nology [1,2]. The micro/nanostructured polyaniline (PANI)
has recently attracted considerable attention due to its
unique properties, such as high conductivity, easy of
preparation, good environmental stability and potential
application in nanoelectronic devices [3]. Up to now, tem-
plate-synthesis method [4], electro-spinning technique
. All rights reserved.
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[5,6], interfacial polymerization [7,8], emulsion or rever-
sal-emulsion [9,10] and template-free method [11–20]
have been used to prepare hollow spheres, nanotubes or
nanofibers of PANI. Among those methods, template-free
method, which sometimes is called as ‘‘soft-template”
method, is simple and cheap because of omitting template
and post-treatment of removal template. Up to date,
micro/nanostructured PANI has been doped by inorganic
acids (HCl, H2SO4, H3PO4, HBF4) [21], organic functional-
ized acid with –SO3H [22] or –COOH group [23] and sul-
fated C60 [24] or carbon nanotubes [25]. It is found that
the morphology of PANI micro/nanostructures is strongly
affected by the nature and concentration of the dopant
because of it acting as the doping and ‘‘soft-template”
function at the same time [26]. Thus, searching for a new
type of dopants to prepare the micro/nanostructured PANI
by the ‘‘soft-template” method is still necessary.

The molybdic acid (H2MoO4, MA) is not only a kind of
ramification of molybdenum, but also a typical metal acid.
MA has resembled structure of carboxyl (–COOH) with
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metal–oxide double bonds, whose molecular structure is

shown as Mo

O

O OH

OH

.

As one can see, its –MoOOH group can be used to dope
PANI because of proton doping being character of PANI
[27], while the coordination chemistry of Mo(VI) has
aroused considerable interest in bio-chemical and catalytic
field [28–31]. To the best of our knowledge, there is no pa-
per regarding MA doped PANI micro/nanostructures pre-
pared by hard- or soft-template method [32].

Here MA doped PANI micro/nanostructures are re-
ported, which are prepared by a ‘‘soft-template” method
in the presence of ammonium persulfate ((NH4)2S2O8,
APS) as the oxidant. It is found that the morphology of
PANI-MA changes from nanofibers or nanotubes
(�160 nm in diameter) to co-existence of nanofibers and
microspheres (�3 lm in diameter) and the conductivity
increases from 3.15 � 10�3 S cm�1 to 3.8 � 10�1 S cm�1 as
the molar ratio of MA to aniline increases from 0 to 1.5.
With the increase of polymerization time, not only the
pH value of the reaction solution decreased due to produc-
tion of sulfuric acid in the process of the polymerization,
but also the morphology changed from microspheres to
nanofibers. The observations are discussed based on the
micelle composed of MA.
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2. Experimental

Molybdic acid (H2MoO4, MA) doped PANI micro/nano-
structures were prepared by a ‘‘soft-template” method in
the presence of ammonium persulfate ((NH)4S2O8, APS)
as the oxidizing agent. Synthesis process of PANI-MA mi-
cro/nanostructures is similar to our previous report [23].
For instance 0.2 mL aniline monomer and quantitative
amount of MA were dissolved in 20 mL of de-ionized water
under ultrasonic stirring for 10 min to form an emulsion of
aniline/MA complex at 0–5 �C. The mixture was cooled in
an ice bath and 10 mL pre-cooled aqueous solution of
APS (0.46 g) was added to the above mixture. The reaction
was kept for 12 h in the ice bath. The resulting precipitate
was washed with water, methanol and ether several times,
respectively. Finally, the product was dried in vacuum at
room temperature for 24 h. The effect of the molar ratio
of MA to aniline (represented by MA/An ratio) on the mor-
phology and conductivity of the micro/nanostructures was
investigated. Moreover, the influence of the polymeriza-
tion time on pH value of the reaction solution and mor-
phology of the as-synthesized micro/nanostructures was
also measured to understand the formation mechanism
of the self-assembled micro/nanostructures. The morphol-
ogies of PANI-MA micro/nanostructures were investigated
with a JEOL JSM-6700F field emission scanning electron
microscope (SEM) and a JEOL JEM-2010 transmission elec-
tron microscopy (TEM), respectively. The electron and
molecular structure was characterized by UV–visible and
FTIR spectra as well as X-ray photoelectron spectra. The
absorption spectra of the PANI-MA dissolved in m-cresol
were recorded from 300 to 1200 nm on a UV–visible
spectrophotometer (Hitachi UV3100). FTIR spectra were
performed on a Bruker EQUINOX55. X-ray photoelectron
spectroscopy (XPS) spectra were obtained at room temper-
ature on an ESCA 300 spectrometer employing Mg Ka radi-
ation. All the spectra were energy-referenced to the C(1s)
photoionization peak, to which was assigned a binding en-
ergy of 285.0 eV. The conductivity of the compressed pel-
lets at room temperature was measured by four-probe
method using a Keithley 196 System DMM Digital Multi-
meter and an Advantest R1642 programmable dc voltage/
current generator as the current source.

3. Results and discussion

3.1. Micro/nanostructured morphology and related formation
mechanism

It is found that morphology of PANI-MA is strongly
affected by the MA/An ratios. As shown in Fig. 1, the nanof-
ibers (�160 nm in diameter) or nanotubes (�145 nm in
diameter) are observed (Fig. 1a–d) when the MA/An ratio
is 0.01 and 0.05, respectively. When the MA/An ratio in-
creased to 0.3 and 1.5, on the other hand, hollow micro-
spheres (�3 lm in diameter) (Fig. 1e and f) are observed
except for nanotubes or nanofibers, resulting in co-
existence of microspheres and nanofibers or nanotubes.
Those results indicate variation of the MA/An ratios leads
to change in morphology of the PANI-MA.

According to our previous report [26], the micelles
composed of MA are formed in the reaction solution due
to its hydrophilic –MoOOH group of MA that act as the
‘‘soft-templates” in the formation of PANI-MA micro/
nanostructures. Our previous measurements on Freeze-
fracture Electron Micrographs-TEM (FFEM-TEM) [33] also
suggested that the spherical micelles are formed, and those
spherical micelles can be aggregated to form cylindrical
micelles, depending on the reaction conditions, especially
the molar ratio of dopant to aniline. In addition, aniline
can be diffused into the micelles to form aniline filled
micelles. At a low MA/An ratio, the cylindrical micelle filled
with or without aniline might be regarded as a ‘‘soft-tem-
plate” in forming the PANI-MA nanotubes or nanofibers.
This is consistent with our observations as shown in Fig.
1a–d. At a high MA/An ratio, on the other hand, hydrogen
bonding of –OH group of MA with amine group of PANI
may be a driving force to form hollow microspheres
[23,34], resulting in co-existence of hollow spheres and
nanotubes or nanofibers.

In order to further understand the self-assembly pro-
cess of those micro/nanostructures, the effect of existence
of MA and the polymerization time on pH value of the
reaction solution and morphology of the as-synthesized
micro/nanostructures was measured. In the absence of
added MA, nanotubes or microspheres were not observed
under the synthesis conditions used in this experiment,
indicating MA plays an important role in the formation of
the self-assembled micro/nanostructures. It is found that
the pH value of the reaction solution decreases with the in-
crease of the polymerization time due to sulfuric acid
(H2SO4) produced during the polymerization of aniline
monomer with APS as the oxidant [3,35] as shown in



Fig. 1. SEM and TEM images of PANI-MA prepared at different MA/An ratio: (a) and (b) 0.01, (c) and (d) 0.05; (e) and (f) 0.3.
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Fig. 2. Effect of polymerization time on the pH value of solution at diff-
erent MA/An ratio: (a) 0.05, (b) 0.3, (c) 1.5 and (d) 0.

2042 L. Zhang et al. / European Polymer Journal 44 (2008) 2040–2045

M
A

CR
O

M
O

LE
CU

LA
R

N
A

N
O

TE
CH

N
O

LO
G

Y

Fig. 2. However, drop down speed of the pH value with
time is affected by with and without MA as the dopant.
In the case of no MA, for instance, the pH value decreased
very quickly with the polymerization time, which maybe
unfavorable to form nanostructure. The initial pH value
of the reaction solution with and without MA is measured
to be 6.5 and 6.9, respectively. However, the final pH value
is the same in all the experiments, indicating the pH value
of the reaction solution is mainly controlled by the sulfuric
acid produced from APS. It needs to be noted that the var-
iation of pH value with polymerization time strongly de-
pends on the MA/An ratio during the middle range of
polymerization (e.g. 2–10 h). With the increase of poly-
merization time, the morphology of the PANI-MA changed
from microspheres to co-existence of microspheres and
nanofibers as shown in Fig. 3. Under the condition of co-
existence of microspheres and nanofibers, it is found that
the formation of the nanotubers or nanofibers are behind
the microspheres, for instance, the microspheres were
formed after polymerization for 2 h whereas the nanofi-
bers were not appeared until seven hours reaction. This
indicates that spherical micelles formed during the initial
stage are dominated and served as the ‘‘soft-templates”
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Fig. 3. SEM images of as-synthesized PANI-MA micro/nanostructures at the MA/An ratio of 0.3 for (a) pH 2.5 for 5 h, and (b) pH 1.4 for 10 h.
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Fig. 4. UV–visible spectra of the PANI-MA dissolved in m-cresol at diff-
erent MA/An ratio: (a) 0.05, (b) 0.3 (c) 1 and (d) 1.5.
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in the formation of microspheres during initial polymeriza-
tion stage. With the increase of polymerization time, those
spherical micelles aggregate to form cylindrical or junction
micelles through an aggregation process that are served as
the ‘‘soft-templates” in the formation of nanotubes or
microspheres, depending on the MA/An ratios. Above-
descriptions suggest that morphology of the ‘‘soft-tem-
plates” is different, depending on the MA/An ratios and
polymerization time. Therefore, it is reasonable to under-
stand why morphology of the PANI-MA micro/nanostruc-
tures is affected by the MA/An ratios and polymerization
times.

3.2. Structural characterizations and electrical properties

The molecular structure of the micro/nanostructures
was characterized by UV–visible absorption, FTIR and
XPS spectra. Fig. 4 is UV–visible absorption spectra of the
micro/nanostructures dissolved in m-cresol that showed
the two bands at 400–430 nm and longer than 700 nm
are observed. Both of peaks are identical to the emeraldine
salt form of PANI, the first one is related to the partial
protonation of PANI, while the second broad peak with a
long tail is assigned as the polaron band [36]. However,
the polaron band shifted to 700 nm from 825 nm as
the MA/An ratio increasing from 0.05 to 1.5, as shown in
Fig. 4.

The FTIR spectra of PANI micro/nanostructures obtained
in the different molar ratio of MA to An were measured as
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Fig. 5. FTIR spectra of the PANI-MA prepared at different MA/An ratio: (a)
0.05, (b) 0.3, (c) 1 and (d) 1.5.
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Fig. 7. XPS spectra of PANI-MA nanofibers: (a) wide scan and (b) narrow
scan of MoVI.
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shown in Fig. 5. The stretching vibration of the quinone
ring at 1578 cm�1 and of the benzene ring at 1496 cm�1,
as well as the C–H stretching vibration of aromatic conju-
gation at 1303 cm�1 and 1140 cm�1 were observed. Espe-
cially, the bands at 804 and 423 cm�1 related to the C–H
deformation, the band at 570 cm�1 attributed to the amine
deformation as well as the band at 512 cm�1 ascribed to
the C–N–C torsion were also observed. These results indi-
cated that the polymer chains of the micro/nanostructures
are identical to the conventional PANI [27,37]. Meanwhile,
the bands at 938, 891, 865, 754, 620, and 570 cm�1 relating
to the stretching vibrations and bendings of MA appeared
[29], indicating PANI is doped by MA as the dopant. More-
over, the bands at 938 and 891 cm�1 corresponding to the
stretching of Mo@O double bond become stronger with the
increase of MA/An ratio, which means more and more MA
doped into the main chain of PANI. The conductivity mea-
sured by four-probe-method increased from 3.15 �
10�3 S cm�1 to 2.8 � 10�1 S cm�1 when the MA/An ratio
changed from 0 to 1.5 due to the increase of the doping le-
vel from 12.3% to 29.9% (XPS result) as increasing the MA/
An ratio (Fig. 6), which is consistent with the result of FTIR
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Fig. 6. Dependence of the conductivity of PANI-MA with the MA/An ratio.
(Fig. 5) and further confirm that the PANI is doped by MA.
The results obtained on X-ray photoelectron spectroscopy
(XPS) also suggested that the existence of MoVI with a
binding energy of Mo3d5/2 (232.7 eV) in the micro/nano-
structures (Fig. 7) [38]. That means Mo did not take redox
reaction and keep the original style in the PANI micro/
nanostructures.

4. Conclusions

This paper presented an excellent example that a
change in morphology of PANI-MA from nanofibers or
nanotubes to co-existence of hollow spheres and nanofi-
bers or nanotubes could be realized by only changing
the molar ratio of MA to aniline through a self-assembly
process. With the increase of polymerization time, the
pH value of the reaction solution not only decreased
due to sulfuric acid produced from APS, but also accom-
panied a variation of the morphology from spheres to
nanofibers because of the existence of MA. All above-de-
scribed observations could be interpreted by spherical
and cylindrical micelles made in MA acting as the ‘‘soft-
templates” in the formation of the PANI-MA micro/
nanostructures.
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