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ABSTRACT: Metallic nickel (Ni) was successfully dis-
persed onto a polyaniline (PANI) matrix by a simple one-
step electrochemical method. Ni particles as deposited
onto the polymer seemed to be much smaller compared to
those deposited onto bare Pt. The size of the Ni deposits
was found to be influenced by the electrolytic bath compo-
sition and potential sweep rate. The PANI matrix thus dis-
persed with Ni particles exhibited ferromagnetic behavior

and a lower electrical conductance. The decrease in con-
ductivity may be attributed to the partial blockage of the
conductive path by the Ni particles thus embedded in the
polymer matrix. � 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 103: 321–327, 2007
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INTRODUCTION

Polyaniline (PANI) is a conducting polymer that is
investigated often because it combines electronic con-
ductivity with the typical features of a plastic. The
possible applications1–3 of this material, ranging from
capacitors, batteries, electronic devices, and anticorro-
sive coatings to its use in the manufacturing process
of printed circuit boards and as a membrane in sen-
sors, largely rely on the conducting polymer being
shaped to suit the needs of a specific application.

New polymeric materials with interesting combina-
tions of physical properties can be prepared by the
formation of polymer blends, alloys, or composites.
Metal particles comprise a fundamentally interesting
class of matter in part because of an apparent dichot-
omy that exists between their sizes and many of their
physical and chemical properties. The properties of
metal particles, their free electron behaviors, and
straightforward surface modification are of potential
utility in chemical sensing, linear and nonlinear
optics, and a variety of nanoscale electronic device
schemes. Metal particles dispersed in conducting
polymer films have been described as possible electro-
catalysts for various electrode reactions.4–9 In fact,
composites of conducting polymers containing mag-
netic particles have many potential applications in
electromagnetic interference shielding,10 electrochro-
mic devices,11 and nonlinear optical systems.12 Until

now, many studies on composites with electromag-
netic properties have been reported. Yoneyama et al.13

and Partch et al.,14 for example, reported the incorpo-
ration of metal oxide particles into polypyrrole during
electropolymerization. Wan and coworkers15,16 also
reported a series of PANI composites containing
nanomagnets (e.g., Fe3O4) prepared by a chemical
method. Composites of PANI and polypyrrole con-
taining nanomagnets (e.g., g-Fe2O3 or Fe3O4) with
highly saturated magnetization and high conductivity
were also prepared by a chemical method,17–19 and an
electrochemical preparation of PANI composite con-
taining nickel (Ni) nanoclusters in a layer-by-layer
style has been reported recently.20 In addition, Tang
et al.21 developed a versatile process employing ani-
onic surfactants to prepare processable free-standing
films of PANI containing nanomagnets of g-Fe2O3 in
amounts as high as 50%. Because of the current inter-
est in these types of systems, we undertook this study
to describe the electrodeposition of Ni magnet onto
conventional and nonconventional electrodes. Thus,
here we report the electrodeposition of Ni onto Pt and
polymer matrices. Voltammetric, microscopic, electri-
cal, magnetic, and other physicochemical analyses of
the PANI matrices thus embedded with Ni magnet
were also examined.

EXPERIMENTAL

All of the reagents were analytical grade and were
purchased either from E. Merck (Darmstadt, Ger-
many) or BDH, Ltd. (Poole, UK). Aniline was distilled
twice under a nitrogen (N2) gas atmosphere. The solu-
tions used throughout the experiment were prepared
with doubly distilled water. A standard three-elec-
trode setup with two Pt electrodes as a working elec-
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trode (surface area ¼ 0.50 cm2), counterelectrode (sur-
face area ¼ 1.0 cm2), and saturated calomel electrode
were used as reference for all of the electrochemical
experiments. PANI was prepared from an electrolytic
medium comprised of 0.5M aniline and 0.8M H2SO4

either by constant potential at 1.0 V or by the sweep-
ing of the potential between �0.2 and 1.0 V. A solu-
tion containing 0.1M nickel(II) ammonium sulfate
[(NH4)2Ni(SO4)2 � 6H2O (Ni complex)] was used for Ni
deposition both onto Pt and PANI film electrodes. We
carried out Ni deposition by either passing a charge of
50 mC at a constant potential of �1.6 V or sweeping
the potential between �1.6 and 0.5 V. After several
scans (10), the sweeping was terminated as soon as it
reached about �1.6 V. The films thus prepared either
at constant potential or by the sweeping of the poten-
tial were then washed several times with distilled
water (pH ¼ 5.22) and peeled off from the substrate,
and the pasty mass samples were then dried in vacuo
before further characterization. All the potentials
reported here are given versus the saturated calomel
electrode. The solutions used in this study were
purged with N2 gas before use. All cyclic voltammo-
grams (CVs) were recorded with a potentiostat/galva-
nostat (Hokuto Denko, HABF 501, Tokyo, Japan)
equipped with an X-Y recorder (Riken Denshi Co,
Ltd., Tokyo, Japan). To maintain a maximum repro-
ducibility better than 610% in peak current values,
Pt electrodes were carefully polished with fine-
grained abrasive paper and were then cleaned several
times by potential cycling between �0.2 and 1.0 V at
50 mV/s in a 0.8M H2SO4 solution.

Opticalmicroscopic analysis of the samples as depos-
ited onto the Pt substrate was performed with an opti-
cal microscope (Swiftmaster II, Swift Instruments, Inc.,
Tokyo, Japan) coupled with a very high-precision
Cannon camera. Density measurements were carried
out in a pycnometer (Micromeritics multivolume auto-
pycnometer, model 1305, Norcross, GA) with the con-
ventional standard method. Analysis of Ni samples in
the polymer matrix was carried out with an energy dis-
perse X-raymicroanalyzer, whichwas an attachment of
a scanning electron microscope (XL-30, Philips, Eind-
hoven, The Netherlands) that was used for recording
scanning electronmicroscopy (SEM) images of the sam-
ples studied. Compressed pellet direct-current conduc-
tivity of the solid samples was measured at room tem-
perature by a standard two-point probe method with
an autoranging digital multimeter (Keithley 197A,
Cleveland, OH). Amagnetic balance (MagwayMSBMk1,
SherwoodScientific, Ltd., Cambridge, England)wasused
tomeasure themagnetic susceptibility of the samples.

RESULTS AND DISCUSSION

Cyclic voltammetry was used to show and compare
the electrodeposition of Ni on bare and PANI-coated

Pt electrodes. A typical CV obtained with the 0.1M
Ni-complex solution on the bare Pt electrode is shown
in Figure 1(a). When the potential was swept from
0.5 to �1.6 V at a scanning rate of 200 mV/s, a sharp
rise in cathodic current was seen, although on reverse
sweeping anodic current was observed at about
�0.3 V. A thin gray deposit was found to adhere on
the Pt substrate as soon as the potential reached at or
above �1.4 V. As the sweeping was repeated, both the
cathodic and anodic current increased further, indi-
cating the formation of more deposit onto the sub-
strate. The cathodic current at about �1.6 V may have
arisen due to the reduction of Niþ2 to metallic Ni that
might have deposited onto the Pt substrate. The
anodic current could have been due to the oxidation
of the thus deposited metallic Ni to Niþ2. The oxida-
tion and, hence, dissolution of the Ni deposit was fur-
ther examined by the sweeping of the potential
restricted between �0.5 and 0.0 V in 0.1M Ni-complex
solution at 200 mV/s, as shown in Figure 1(b). The
anodic current at about �0.3 V decreased as the
sweeping was repeated within the restricted potential
range. The decrease in anodic current may have
resulted from the dissolution of Ni that adhered pre-
viously onto the Pt substrate.

Figure 1 CVs showing the electrochemical (a) deposition
of Ni onto the bare Pt electrode and (b) dissolution of thus
deposited Ni from the Pt electrode in the 0.1M Ni-complex
solution at a scanning rate of 200 mV/s.
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Figure 2 shows optical microstructures of Ni mag-
nets as electrodeposited onto the Pt substrate under
different electrochemical conditions. The micrographs
in the rows 1, 2, and 3 result when Ni was deposited
from the electrolytic solutions having bath composi-

tions of (1) 0.1M Ni-complex solution (pH ¼ 4.95),
0.1M Ni-complex solution, and 0.1M H2BO3 (pH
¼ 4.89); (2) 0.1M Ni-complex solution and 0.1M
H2BO3, and (3) 1.0 � 10�4 M H2SO4, (pH ¼ 4.58),
respectively, by the sweeping of the potential between

Figure 2 Optical microstructures of Ni deposits onto the Pt substrate (Ni deposition in each case was done by the sweep-
ing of the potential 10 times between �1.6 and 0.5 V). Rows show the influence of the electrolytic bath conditions; col-
umns show the influence of the potential sweep rate on the electrodeposition of Ni.
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�1.6 and 0.5 V. As shown in the micrographs, Ni par-
ticles as grown onto the Pt had definite shapes with
sharp edges and were distributed randomly on the
substrate. The result also shows that the particle size
of the Ni particles was significantly affected by the
variation of the electrolytic solutions as exhibited in
the rows. The microstructures as depicted in columns
(a) and (b) show the Ni particles as deposited from
the same electrolytic solutions as mentioned previ-
ously for the rows but with the potential sweep rates
maintained at 50 and 200 mV/s, respectively. The Ni
particles as deposited at 200 mV/s seemed to be
smaller compared to those deposited at 50 mV/s. The
result clearly demonstrates that sweep rate used for
Ni electrodeposition also significantly affected the
particle size of Ni.

An attempt was also made to deposit Ni magnet on
the PANI film. For this purpose, PANI film was first
grown onto a Pt substrate from an electrolytic solution
containing 0.5M aniline and 0.8M H2SO4 by the
sweeping of the potential between �0.2 and 1.0 V at
100 mV/s. A typical CV during the synthesis of PANI
is shown in Figure 3(a). The sharp rise in current at
about 0.8 V indicated the oxidation of aniline to
PANI.22,23 The anodic peak at about 0.2 V and ca-
thodic peak at about 0 V corresponded to the oxida-
tion (doping) and reduction (dedoping) of the PANI
film.24,25 The film thus grown onto the Pt was then
washed several times with distilled water to remove

any traces of monomer or byproducts that might have
been produced during polymerization. The PANI-
coated Pt substrate was then placed in the electro-
chemical cell containing 0.1M Ni-complex solution,
and potential sweeping between �1.6 and 0.5 V was
then carried out at 200 mV/s to deposit Ni into the
PANI film. A typical CV is shown in Figure 3(b). The
sharp rise in cathodic current at about �1.6 V and in
the anodic current at about 0.3 V is shown in the vol-
tammogram. The results seem to be identical with
those depicted in Figure 1(a) suggesting that Niþ2

from the electrolytic solution was reduced to metallic
Ni at the PANI substrate (PANI/Ni) at about �1.6 V,
and it oxidized back in the reverse scan to the electro-
lytic solution around �0.3 V. The deposition of Ni
onto the PANI substrate was evidenced further from
its dissolution process. The result is described in
Figure 4. The oxidation and, hence, dissolution of the
Ni deposit from the polymer was performed by the
sweeping of the potential as restricted between �0.5
and 0.3 V in 0.1M Ni-complex solution at 200 mV/s,
as shown in Figure 4(a). The anodic current at about
�0.3 V and higher decreased as the sweeping was
repeated within the restricted potential range. The
decrease in anodic current may have resulted from
the dissolution of Ni that incorporated previously
into the PANI substrate. This observation was absent,
as shown in Figure 4(b), if the PANI substrate without
Ni was examined under similar electrolytic and
experimental conditions, as shown in Figure 4(a). The
results depicted in Figure 4 thus suggest that Ni was
successfully incorporated into the PANI matrix under
the experimental conditions we used. The charge
versus time (Q–t) plot for the Ni dissolution process
was used to get insight into the real charge that
indeed was consumed for Ni deposition onto the
polymer matrix. For this purpose, Ni was deposited
onto the PANI film by the passing of a 50-mC charge
at �1.6 V. The film was then held at a constant poten-
tial of 0.1 V, and the charge released was recorded
with time. The result is shown in Figure 5. The resid-
ual charge as observed in the Q–t plot (Fig. 5) was sub-
tracted from the observed charge passed to obtain the
real charge for Ni deposition. The maximum real
charge, 0.017 mC, thus predicted (obtained by extrap-
olation) seemed to be much smaller than the charge
originally injected (50 mC) during Ni deposition onto
the polymer. With the similar Q–t plot, the anion and
cation doping–dedoping charges of polythiophene
films were successful predicted by other workers.26

The PANI/Ni powder sample was analyzed for its
Ni content by an energy disperse X-ray microanalysis
method. The average Ni content in the sample was
approximately 4.12%. The densities of the PANI and
PANI/Ni samples were also measured and were 1.47
and 1.63 g/cm3, respectively. The observed density of
PANI seemed to be consistent with results from a pre-

Figure 3 CVs showing the (a) electrochemical synthesis
of PANI onto the Pt substrate by the sweeping of the
potential five times between �0.2 and 1.0 V in 0.5M aniline
and 0.8M H2SO4 at 100 mV/s and (b) deposition of Ni
onto thus synthesized PANI in the 0.1M Ni-complex solu-
tion by the sweeping of the potential several times (for
Fig. 4, it is 10 times) between �1.6 and 0.5 at 200 mV/s.
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vious article.27 The results also show that the observed
density of PANI/Ni was higher than that of the bulk
PANI. This finding appears to be reasonable if one
considers the incorporation of Ni particles into the
polymer matrix. The presence of Ni in the PANI/Ni
matrix was further evidenced by the number of
experiments described next.

Figure 6 shows the optical micrographs of PANI
[Fig. 6(a)] and PANI/Ni [Fig. 6(b)] films as electrode-
posited on the Pt substrates. A wide distribution of
grain particles was seen in the microstructure of
PANI/Ni [Fig. 6(b)], whereas such particles were
absent in the microstructure of the PANI matrix
[Fig. 6(a)]. The grain particles as observed in the
microstructure [Fig. 6(b)] could have been the Ni par-
ticles that electrodeposited onto the PANI film. Inter-
estingly, the size of Ni grains in the polymer matrix
seemed to be much smaller compared to that of those
deposited on the bare Pt substrate under identical ex-
perimental conditions, as described in Figure 2[1(b)].
Figure 6(c,d) depicts the SEM images for PANI and
PANI/Ni films, respectively. In this case, Ni was elec-
trodeposited onto the PANI film from the Ni-complex
solution by passing 50-mC charges at a constant
potential mode of �1.6 V. The image of PANI surface
seemed to be fibril with a rough surface. A similar ob-
servation was also reported by Zhang et al.28 for the
PANI sample prepared electrochemically. The surface
morphology of the PANI/Ni film was quite different
from that of PANI. The surface of the PANI/Ni film
seemed to have several small hilly zones of triangular
shape resembling the shape of Ni deposits onto the Pt
substrate, as depicted in Figure 2. This difference in
the morphological structure may have resulted from
the incorporation of Ni particles into the PANI matrix.

To obtain insight about the magnetic properties, the
magnetic susceptibility of the PANI and PANI/Ni

samples was measured with a magnetic balance. The
mass susceptibility (wg) was predicted with the follow-
ing relation:

wg ¼
CBal � lðR� R0Þ

109 �m

where l is the sample length (cm), m is the mass of
the sample (g), R is the reading for the tube plus sam-
ple, R0 is the empty tube reading, and CBal is the bal-
ance calibration constant. The wg values were eval-
uated to be �3.680 � 10�7 and 9.025 � 10�5 for the
PANI and PANI/Ni samples, respectively. The ob-
served higher gram susceptibility obtained for the
PANI/Ni sample clearly indicated the ferromagnetic
nature of the material.

The compressed pellet direct-current conductivities
of the PANI and PANI/Ni samples measured at room
temperature by a conventional two-point probe tech-
nique were 4.83 � 10�3 and 3.16 � 10�7 S/cm, respec-
tively. The observed conductivity of the PANI sample
was consistent with previous work29 reported for a
dedoped PANI. The lower conductance for the PANI/
Ni sample, presumably due to the interparticle contact
resistance arising from the incorporation of Ni particles
in the PANI matrix.30 Because the electrical behavior of
the sample was so far controlled by the polymer com-
ponent, the mechanism of conduction was expected to
be similar to those of the bulk polymer.

CONCLUSIONS

Free-standing PANI/Ni film with a Ni content as high
as 4.12% was prepared by a simple one-step electro-
chemical method. The control of particle size of Ni

Figure 4 CVs of (a) Ni-deposited PANI and (b) bare
PANI matrices (matrices were prepared as in Fig. 3) in the
0.1M Ni-complex solution at 200 mV/s.

Figure 5 Q–t plot of Ni dissolution from the Ni-deposited
PANI matrix in the 0.1M Ni-complex solution. Ni deposi-
tion onto the bare PANI was carried out by the passing of
a 50-mC charge at �1.6 V.
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was achieved by the judicious selection of electrolytic
media and potential sweep rate. The size of the Ni
particles as deposited onto the PANI matrix appeared
to be much smaller compared to that deposited on a
bare Pt substrate. The PANI matrix exhibited excellent
ferromagnetism on incorporation of Ni in it. The elec-
trical conductance of PANI was also greatly modified
by the presence of Ni in the polymer matrix.

The authors thank the Department of Material and Mettal-
lurgical Engineering, Bangladesh University of Engineering
and Technology, and Department of Chemistry, Dhaka Uni-
versity for assistance with SEM and magnetic susceptibility
measurements, respectively.
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