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ABSTRACT: Uniform polyaniline (PANI) nanoparticles
with typical sizes of about 50 nm were electropolymerlzed
on indium tin ox1de surfaces in the presence of Co*"

Ni?*, Cu®", or Zn>*. According to shaping theory, we first
suggest the reason forming PANI spherical particles. Their
conductivity, UV-vis spectra, FTIR spectra, X-ray diffraction,
and thermogravimetric analysis were investigated. The con-
ductivities and crystallinity of PANI doped with these ions are

higher than those of PANI doped with HC1 (PANI/HCI). Both
UV-vis absorption szpectra and FTIR spectra indicate the inter-
actions between Co*", Ni?t, Cu®>", or Zn** and PANI chains.
TG analﬂyms also shows that the thermal stability of PANI doped
by Co? , or Zn** is lower than that of PANI/
HCl. © 2007 Wlley Perlodlcals, Inc. ] Appl Polym Sci 106: 652-658, 2007

Key words: polyaniline; nanoparticles; SEM; FTIR; UV-vis

INTRODUCTION

Over the last years the trend toward miniatur-
ization has led to the development of nanochemistry.
Nanostructured  (nanoparticles/rods/wires/fibers)
conducting polymers having unusual physical and
chemical properties have attracted great research
interests. Much research has been conducted on the
nanostructure of polyaniline (PANI) because it
exhibits good environmental stability and its electri-
cal properties can be modified by changing oxidation
states and protonation states.” Nanostructures of
PANI offer the possibility of enhanced performance
since they combine the properties of low-dimen-
sional organic conductors with high surface area
materials. For example, in sensor applications, nano-
structured PANI has greater sensitivity and swifter
time response relative to its conventional bulk coun-
terpart because of higher effective surface area and
shorter penetration depth for target molecules.>*
Besides, PANI nanoparticles have been used in ana-
lytical separation,” proposed as diagnostics,® applied
in electrorheological studies,” and catalysis.® Control
of the particle morphology is desirable in various
applications.”

Recently, various strategies including template
synthesis, interfacial polymerization, self-assembly,
and stepwise electrochemical deposition have been
developed for the preparation of PANI nanostruc-
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tures.''™"” For example, PANI nanotubes or nanofib-
ers with diameters <100 nm can be made by tem-
plate-guided polymerization within channels of
zeolites'® or nanoporous membranes.'” ! Addin

structural directing molecules such as surfactants”
or polyelectrolyte™ to the chemical polymerization
bath is another way to obtain PANI nanostructures.
Electrospinning® can also produce conducting poly-
mer nanofibers without templates. Many methods of
preparing PANI nanostructures have been reported,
but new simple and economical methods are still
being explored.

Macromolecular complex forming interactions
between PANI and metal ions give rise to novel
chemical and physical properties.”>*> However, it
hardly reported effect of metal ions on morphology
of PANIL In this article, we reported on a simple
electrochemical method synthesized PANI nanopar-
ticles through doping Co**, Ni**, Cu®*, or Zn*" dur-
ing the polymerization and the effects of these ions
on properties of PANI nanoparticle. The morphology
of the PANI nanoparticle has been carefully ana-
lyzed using a scanning electron microscope (SEM)
and transmission electron microscopy (TEM), and
some characterizations of resulting products such as
UV-vis spectroscopy, FTIR spectroscopy, conductiv-
ity, X-ray diffraction (XRD), and thermogravimetric
analysis (TGA) are also shown.

EXPERIMENTAL
Chemicals

The monomer aniline (reagent grade) was distilled
into colorless under reduced pressure prior to use.
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Other chemicals were reagent grade and used as
received without further treatment. All of the aque-
ous solutions were prepared with double distilled
water.

Synthesis

The electrochemical polymerization of aniline was
carried out in a classical one-compartment three-
electrode cell at ambient temperature, approxi-
mately 20°C. An indium tin oxide conducting
glass (ITO) or a platinum sheet was used as work-
ing electrode; another platinum sheet and a satu-
rated calomel electrode (SCE) were used as coun-
ter electrode and the reference electrode, respec-
tively. All potentials given here are referred to the
SCE. PANI films were obtained using the method
at 0.8 V in a solution containing 0.2 mol dm >
aniline, 1.0 mol dm™? hydrochloric acid (HCI),
and 0.2 mol dm 2 CoCl,, or 0.2 mol dm > NiCl,,
or 0.2 mol dm™® CuCl, or 0.2 mol dm™2 ZnCl,.
Excellent cohesive films or product samples of
PANI were formed on the ITO or platinum sheet.
The films or product samples were rinsed with 1.0
mol dm™® HCIl. The product samples were dried
at 78°C for 48 h.

Apparatus

A DH-1 potentiostat—galvanostat was used for elec-
trochemical polymerization of aniline. The morphol-
ogy and structures of resulting products were char-
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acterized by a scanning electron microscope (SEM
XL-30 ESEM) and transmission electron microscope
(TEM TENCNAI-12) and FTIR and UV-vis spectrom-
eter, respectively. The UV-vis electronic absorption
spectra of PANI films were obtained on a UV-2550
spectrometer (Shimadzu) in the range of 300-900
nm. Infrared (IR) spectra were recorded on an
IFS66/S FTIR spectrometer (Bruker) at 4 cm~ ! reso-
lution on KBr pellets. TGA was performed using a
STA 409PC instrument (NETZSCH), at a heating rate
of 10°C min~ !, under nitrogen, from 30 to 700°C.
Conductivity of the resulting products was meas-
ured using conventional four-probe technique on
pressed pellets of the powder samples at 20°C. The
thickness of the pellets for conductivity measure-
ments is from 1.0 tol.5 mm. Wide-angle XRD pat-
terns for the powder samples were taken on a
MO3XHF?* diffractometer (Mac Science, Japan), using
Cu-Ka radiation (A = 1.54056 A), which was used to
obtain the degree of crystallinity.

RESULTS AND DISCUSSION
The SEM morphology of the PANI films

Figure 1(a) shows the morphology of PANI film
deposited onto ITO in solution containing 0.2 mol
dm 2 aniline and 1.0 mol dm™> HCl at 0.8 V for 15
min. It was seen from the SEM photographs that the
diameters of PANI particles are larger than 200 nm,
and the morphology of these particles is very irregu-
lar. When CoCl,, NiCl,, CuCl,, or ZnCl, of same

Figure 1 The morphology of PANI films electrochemical synthesized 15 min under different conditions: (a) HCI, (b)

CoCl,, (c) NiCl,, (d) CuCl,, and (e) ZnCL,.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 The TEM photographs of PANI electrochemical synthesized 15 min under different conditions: (a) CoCl,, (b)

NiCl,, (c) CuCl,, and (d) ZnCL,.

molar ratio as aniline were added into the solution,
the PANI film presents neat nanoparticles morphol-
ogy [Fig. 1(b—e)] and the area fraction of nanopar-
ticles with diameters of about 50-200 nm is over
95%. The results of TEM are consistent with those of
SEM (Fig. 2). It has been reported that some cations
can be doped inside PANI film and coordinate with
PANI chains.** Because electron configurations of
Co, Ni, Cu, or Zn are same as Fe, those ions may be
similar to the interaction between Fe and N.** The
lone-pair electrons of N atom in PANI chain interact
with 3d orbit of Co, Ni, Cu or, Zn atom to form corn
coordinate bond, which may lead to the alignment
of PANI growth and form a more compact and uni-
form morphology. It is favorable for increase of elec-
tron transfer.>

Figure 3 is a schematic illustration formed spheri-
cal PANI particles. To understand the formation
mechanism of PANI nanoparticles fully, we suggest
that process is as follows: the PANI chains are firstly
formed on ITO surface in the early stage of electro-
polymerization at constant potential. Then, Co*"
NiZ*, Cu?", or Zn?" in the solution can coordinate
with the lone-pair electrons of N atom in PANI
chains. The coordination effect makes PANI chains

Journal of Applied Polymer Science DOI 10.1002/app

transform into the complex molecule with polar
group [Fig. 3(a)]. The molecule is similar to surfac-
tant. According to shaping theory, when the size of
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Figure 3 Schematic illustration of shaping process of
spherical PANI particles. (a) The complex molecule with
polar group; (b) the complex molecule aggregate into
spherical particles.
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TABLE I
The Effects of Different Transition-Metal Ions on Conductivity of Resulting Products
Sample PANI-HC1 PANI/CoCl, PANI/NiCl, PANI/CuCl, PANI/ZnCl,
K/(S em™1) 1.87 3.58 2.82 2.20 6.42

the molecule with polar group comes up to the pro-
portion of the spherical particle morphology, it tends
to aggregate spherical particles [Fig. 3(b)].>” More
studies are needed to be carried out to better under-
stand the behavior of PANI ag%regation in the pres-
ence of Co**, Ni?t, Cu**, or Zn**.

Conductivity of resulting products

Table I gives the effects of Co*", Ni**, Cu**, or Zn*"
on the conductivity (k) of the resulting products
measured at 20°C. All samples were synthesized
electrochemically in 1.0 mol dm > HCl aqueous sol-
utions containing 0.2 mol dm™> aniline with and
without Co**, Ni**, Cu®*, or Zn?". It can be seen
clearly from Table I that compared with PANI/HC],
the conductivities of PANI doped with Co*", Ni*",
Cu®", or Zn*" are increased. Moreover, conductivity
of PANI doped by Zn*" and Co”>" are higher than
that of PANI doped by Ni*" and Cu®*. The phenom-
enon was assigned to the interaction between Co”",
Ni?*, Cu?*", or Zn®>" and PANI, which make PANI
chains form more regularly, and electron transfer
increase along the chains and results in an increase
of conductivity. Besides, according to the literature,*®
the PANI subchains become more rigid and ordered
under the influence of some metal ions, which leads
to a high degree of crystallinity. It has been known>**°
that PANI of higher crystallinity has a higher conduc-
tivity than that of amorphous PANI. Why are conduc-
tivities of PANT doped by Zn*" and Co*" higher than
that of the others? This may be relevant to the radius
of metal ions and the strength of coordination effect. It
can be found from the result of experiment that the
bigger the radius of metal cation is and the weaker the
coordination effect between PANI and metal ions is,
the higher the conductivity of PANI is.

UV-vis spectra of PANI

Figure 4 shows UV-vis absorption spectra of PANI
films deposited onto ITO, which was obtained in so-
lution containing 0.2 mol dm™3 aniline, 1.0 mol
dm ™2 HCl with and without Co?*", Ni**, Cu**, or
Zn*". The PANI films formed at different conditions
[Fig. 4(a—e)] show three characteristic absorption
bands at around 355, 440, and 845-860 nm. The char-
acteristic peaks of PANI films appear at about 355
nm because of n-n* transition of the benzenoid ring
and at about 440 nm and 845-860 nm because of
polaron-n* and r-polaron band transitions,*' respec-

tively. This shows that the above-mentioned PANI
films are in the doped state.

Compared with the PANI films doped by only
protonic acids [Fig. 4(a)], the absorption peaks
[Fig. 4(b—e)] at 355nm due to n-n* transition of the
benzenoid rings and about 440 nm due to the po-
laron-n* bands are almost not shifted, and the
peaks due to m-polaron transition of PANI films
obtained with Co®", Ni**, Cu**, or Zn>" appear at
the longer wavelength (from 845 to 855 nm, 860,
850, and 860 nm). The red shift implied that there
exists interaction between metal ions and PANI
chains,* which makes the energy gap of n-polaron
narrower. Besides, it is seen from the red shift of
UV-vis absorption spectra that the existence of
metal ions can enhance the delocalized area of con-
jugated m-electron. This is consistent with the
result of conductivity.

FTIR spectra of PANI

Figure 5 shows that the FTIR spectra of resulting
products, which were synthesized electrochemically
in the solution containing 0.2 mol dm > aniline, 1.0
mol dm ™2 HCl with and without Co*", Ni**, Cu®",
or Zn**. The bands assignments of Figure 4 are sum-
marized in Table 2. The characteristic peaks at about
1574 and 1492 cm ™! are attributed to the stretching
vibrations of N=Q=N ring, N—B—N ring, respec-
tively. The peak at 1300 cm ' corresponds to C—N

300 400 S00 600 700 800 900
A @um)

Figure 4 UV-vis absorption spectra of PANI films depos-

ited onto the ITO at constant potential of 0.8 V, polymer-
ization time is 15 min. (a) HCl, (b) NiCl,, (c) CoCl,, (d)
CuCl,, and (e) ZnCl,.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 FTIR spectra of PANI electrochemical synthe-
sized in different solutions at constant potential of 0.8 V.
(a) HCI, (b) CoCl,, (c) NiCl,, (d) CuCl,, and (e) ZnCl,.

stretching vibration. The peaks at 1126 and 808 cm ™'

are attributed to the characteristic of B—NH—Q or
B—NH—B bonds, and out-of-plane bending vibra-
tion of C—H of benzene rings (where B refers to the
benzenic-type rings and Q refers to the quinonic-
type rings). The PANI spectra present a good agree-
ment with the literature,**** except for a few shifts
in the wavenumbers. In addition, for all samples
the bands located at about 3400 cm™' and about
3200 cm ™" because of N—H bond stretching are not
shown here.

When PANI were obtained in solution containing
Co*", Ni*", Cu®*, or Zn**, the peaks (curve b—d) of
the quinoid unit shift to the higher wavenumber,
other peaks are almost not shifted. Concretely, the
existence of Co®", Ni**, Cu®>", or Zn*" makes the
peak of the stretching vibrations of N=Q=N ring
shift from 1574 to 1582 cm ™!, 1593, 1593, and 1600
cm ™', respectively. In addition, the characteristic of
B—NH—Q or B—NH—B bonds shifts 6-20 cm !
towards higher wavenumber when doping with
those ions. According to the precision of TENSOR 27
FTIR spectrometer (4 cm '), the peaks shift of FTIR
spectra may be caused by the coordination interac-
tion between PANI chains and metal ions. It is in
agreement with the conclusions of UV-vis spectra.
Besides, compared with PANI doped by different
metal ions, the peaks of the quinoid unit of PANI
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Figure 6 The XRD patterns of PANI electrochemical syn-
thesized in different solutions at constant potential of 0.8
V. (a) HC], (b) CoCl,, (c) NiCl,, (d) CuCl,, and (e) ZnCl,.

doped by Zn** have much greater shifts. The reason
is not clear yet.

X-ray diffraction spectra

Figure 6 shows the XRD patterns of the PANI pre-
pared in the solution containing 0.2 mol dm™° ani-
line, 1.0 mol dm ™3 hydrochloric acid with and with-
out Co**, Ni**, Cu*", or Zn>*. The XRD profiles of
the PANI with metal ions are similar to that of the
PANI without metal ions. However, the degree of
crystallinity of PANI doped with transition metal
ions is larger than that of PANI/HCI. There are sev-
eral diffraction peaks between 20-values of 8 and
30°in the samples, which reveal the local crystallinity
of PANL*™* The peak of 20 = ~ 9° was assigned as
the scattering along the orientation parallel to the
PANI chain,® and the bands at approximately 26-
values of 15 and 22° demonstrated a partially amor-
phous nature.* The peaks at 20 = ~ 25° may be
caused by the periodicity perpendicular to the poly-
mer chain.*® These results indicate that the PANI
chains become more ordered under the influence of

TABLE II
FTIR Band Assignments of Samples in Figure 5
C=C quinoid C=C benzoid C—N C=C quinoid C—H
Sample ring (em™) ring (em™h (em™h ring (em™) (em™)
a 1574 1492 1300 1126 815
b 1582 1490 1305 1132 820
C 1593 1489 1305 1144 815
d 1593 1487 1304 1146 820
e 1600 1487 1300 1146 820

Journal of Applied Polymer Science DOI 10.1002/app
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metal ions, the degree of crystallinity is higher for
PANI doped with metal ions than that of PANI/
HCL

This higher crystallographic order of PANI chains
causes a decreased separation of the chains and
increased conductivity. It has been reported that
PANI of higher crystallinity has a higher conductiv-
ity than amorphous one,” so it was understandable
that the conductivity of PANI doped with Co*",
Ni**, Cu**, or Zn>" is higher than that of PANI/HCI.

TG analysis

Figure 7 shows that the TG curves of resulting prod-
ucts, which were prepared in solution containing 0.2
mol dm 2 aniline, 1.0 mol dm ™2 HCl with and with-
out Co*", Ni**, Cu®", or Zn*", the temperature
range taken between 30 and 700°C. From the TG
curves, we can see clearly that the weight looses of
PANI samples (curve b-d) in different temperature
ranges. All samples shown in Figure 6 exhibited a
similar thermal behavior, with a small variation in
degradation temperature. In general, the thermal
behavior of the PANI/HCI shows a three-step
weight loss process, the first stage weight loss from
50 to 140°C is about 7%, which was attributed to the
loss of water entrapped in the PANI and low molec-
ular weight oligomers.”" The second weight loss
ranging from 150 to 300°C is believed to be due to
the elimination of acid dopant (HC1)>*™* and the
third weight loss starting at about 350°C corresponds
to thermal decomposition of PANI backbone
chains.”>"°

As for the PANI prepared with Co**, Ni**, Cu*",
or Zn**, the thermal decomposition temperature of
PANI with metal ions is lower than that of PANI
without metal ions by about 50°C, which implies the
thermal stability of PANI prepared with Co™", Ni**,

100

Weight (%)
2

¢

e
d
b

c

100 200 300 400 S00 600 700
Temperatue (C)
Figure 7 The TG analysis of PANI electrochemical synthe-

sized in different solutions at constant potential of 0.8 V.
(a) HCI, (b) CoCl,, (c) NiCl,, (d) CuCl,, and (e) ZnCl,.
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Cu®* or Zn*", decreases. It is probably due to that
those ions can interact with PANI chains, and result
in the decrease of the PANI thermal stability.””

CONCLUSION

In summary, a facile and economical electrochemical
method to synthesize the nanoparticles of PANI
with Co?*, Ni?t, Cu®*, or Zn?>" was introduced. The
SEM photographs show that PANI nanoparticles
with typical size of about 50nm can be prepared on
ITO in the presence of Co*", Ni*", Cu**, or Zn*".
Both UV-vis absorption spectra and FTIR spectra
indicate the interactions between these ions and
PANI chains. The conductivities and crystallinity of
PANI doped with these ions are higher than those of
PANI/HCL TG analysis also shows that the thermal
stability of PANI doped with Co*", Ni**, Cu*", or
Zn*" is lower than that of PANI/HCI.
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