Polymer(Korea), Vol. 40, No. 5, pp. 728-735 (2016)
http://dx.doi.org/10.7317/pk.2016.40.5.728

HM7|siats hMuio| Eajoldale] M7|SHEN S W

DEZX|0| 0|Xl= AE

de2s" 20
S S L e T
(20161 49 8Y A, 20169 6¥ 1Y 74, 20161 62 4 A=)

02

rlo

Effects of Electrodeposition Methods on Electrochemical and
Morphological Properties of Polyaniline

Eunok Kim' and Minjeong Choi

Department of Chemistry, the University of Suwon, Hwaseong-si, Gyeonggi-do 18323, Korea
(Received April 8, 2016; Revised June 1, 2016; Accepted June 4, 2016)

E5: HA$H (potentiodynamic) A FH (galvanostatic)>Z polyaniline 52 A3k, A7]3}e2] HIHH
ol Fe| M7Istety gl 722 EAI REZAC vXe S st F IS AW ot
sbsPgeel =g Ede] 2pols fsidith. ke BFo] REEA= ME U AT IS It Hdd
HoZ Az HFe| 4, layer-by-layer 7S T3l vl F+d3t FEZXE Yepd}. b
2 Az 5L T Qla AR REZAE Uehith HAR I JHdFHes Az 50 ARVIR,)
= 242 949} 171 nm, A== 2.742} 0.98 S/cme|th.

Abstract: Polyaniline (PAni) films were electrodeposited in the potentiodynamic and galvanostatic modes, and the effects
of the deposition methods on the electrochemical, structural, and morphological properties of the films are discussed. The
two deposition methods resulted in different degrees of oxidation and doping degrees as well as film crystallinities. Fur-
thermore, the morphologies of the films were affected by the different growth processes. In the case of the PAni film
deposited in the potentiodynamic mode, a smoother and more homogeneous morphology was observed owing to the
layer-by-layer growth of the film. On the other hand, in the case of the PAni film deposited in the galvanostatic mode,
a rougher surface morphology was observed owing to the degradation process. The root-mean-square roughness values
of the films deposited in the potentiodynamic and galvanostatic modes were 94 and 171 nm, respectively, while their con-

ductivities were 2.74 and 0.98 S/cm, respectively.
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Introduction

Conducting polymers have attracted considerable interest
owing to their high electrical conductivities and good envi-
ronmental stabilities, as well as the ease of preparation. Poly-
pyrrole, polyaniline (PAni), and polythiophene are the most
widely studied conducting polymers. Among these polymers,
PAni has emerged as a promising candidate with significant
potential for use in various applications, including in light-
emitting diodes, transparent electrodes, and gas and humidity
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sensors, as well as for the electromagnetic radiation and cor-
rosion protection of metals.! Conducting polymers are pref-
erentially prepared by electropolymerization, which is a
popular and general method, because of its simplicity and
reproducibility. Furthermore, it requires only a single-com-
partment cell.?> The morphology of electrodeposited PAni films
depends significantly on deposition parameters, such as the
concentration of the monomer, type of protonic acid used, pH
of the resultant solution, deposition time and temperature, and
applied current.’

The polymerization of aniline involves the insertion of chlo-
ride anions as a dopant in HCI, which is used as the electrolyte.
The process can be expressed as follows:
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(PAni), + nyCI" — [PAni**(CI), ], + nye”

Here, y refers to the doping degree (ratio of the number of
protonated polaronic emeraldine to the number of unproton-
ated aniline monomers).* On the application of potential, oligo-
mers are generated at the interface between the electrode and
the electrolyte solution; these grow to a critical chain length, at
which they become insoluble in the electrolytic solution. Con-
sequently, they precipitate on the electrode surface and pro-
duce nuclei, which continue to grow, yielding a polymeric
layer.?

The properties of PAni films are typically affected by depo-
sition methods (i.e., potentiodynamic, potentiostatic, and gal-
vanostatic). PAni films prepared using the potentiodynamic
mode (PDM) exhibit a surface morphology different from
those of the film prepared in the potentiostatic and galva-
nostatic modes (GSM). During potentiodynamic deposition,
the potential is swept between low and high potentials in
cycles, resulting in layer-by-layer deposition, with each layer
becoming electrically active before the next one is deposited.
On the other hand, during galvanostatic deposition, the current
can be controlled. Hence, the deposition rate of these films
can be controlled with greater accuracy.®

The aim of this study is to investigate the effects of the depo-
sition method used on the electrochemical, structural, and mor-
phological properties of PAni films. The fabricated PAni are
characterized by cyclic voltammetry (CV), chronopotentiom-
etry (CP), Fourier transform infrared (FTIR) and UV-Visible
spectroscopy (UV-Vis), scanning electron microscopy (SEM),
atomic force microscopy (AFM), X-ray diffraction (XRD), and
the 4-point probe method.

Experimental

Materials. Aniline (>99.0%, Duksan Pure Chemicals) was
purified by double distillation before use. Hydrochloric acid
(HCl, 37.0%, Duksan Pure Chemicals) and dimethyl sulfoxide
(DMSO, >99.0%, Sigma-Aldrich) were used as received. All
the aqueous solutions were prepared using deionized water
(>182 MQ).

Electrochemical Polymerization. The electrochemical
experiments were performed in a one-compartment three-elec-
trode electrochemical cell. Aniline was used in a concentration
of 0.3 M in an electrolyte solution of 1.5 M HCI. N, gas was
flushed to remove the oxygen present during the preparation of
the electrolyte solution. The deposition area of the working

electrode, indium tin oxide (ITO, 9.55 Q/cm?), was 0.25 cm?.
A platinum plate (1.0 cmx1.5 cm) and a Ag/AgCl (3 M NaCl)
electrode were used as the counter and reference electrodes,
respectively. The surface of the ITO electrode was cleaned by
sonication for 20 min in ethanol, followed by careful rinsing
with distilled water and ethanol in sequence. The electropo-
lymerization of aniline was performed either by CV using a
sweep rate of 10 mV/s for 20 cycles between 0.0 and 1.1 V or
by CP for 80 min at a current density of 2.4 mA/cm®. The
experiments were conducted at 273 K. The HCI doped PAni
(PAni-salt) was dedoped using sodium hydroxide to obtain the
emeraldine base (PAni-EB). The PAni films were dried in a
vacuum oven at 50 °C for 24 h.

Characterization. The electrochemical experiments were
performed using a WBCS 3000 battery cycler (WonATech).
The polymer structures of the films were investigated using
FTIR. FTIR spectra was recorded on an FTIR/ATR 4100 spec-
trometer (Jasco) in the attenuated total reflection mode for
wavenumbers of 600-1600 cm™. UV-Vis spectra was recorded
on an S-3100 Spectrophotometer (Scinco) over the wave-
lengths of 250-1100 nm using DMSO as the solvent. Since
SEM only provides visual data related to the morphologies of
the films, AFM was also employed to obtain more detailed
morphological information. AFM is better for investigating the
surface morphologies to obtain their roughness values. In par-
ticular, AFM can provides two dimensional (2-D) and three
dimensional (3-D) images of the film surfaces.” The films were
rinsed with methanol and coated with Pt prior to the SEM
imaging of their surfaces. The SEM images were recorded at
15 kV using an MAIA 3 (Tescan) system. Further, 2-D and 3-
D AFM images were acquired using an NX 10 (Park Systems)
system operating in the non-contact mode. Etched silicon tips
were employed for the morphology evaluations. In order to
avoid artifacts from the tips, each experiment was performed
using a new tip. X-ray diffraction (XRD) was performed using
a D2 Phaser (Bruker) diffractometer with Cu-Ka radiation (A=
0.154 nm) at 40 kV and 40 mA. The scan range (26) was 16°-
30°. The thicknesses of the films were measured using a
micrometer caliper, while their sheet resistances and conduc-
tivities were measured by the 4-point probe technique using a
2401 source measurement unit (Keithley).

Results and Discussion

Figure 1 shows the CV curves obtained during the polym-
erization of aniline. After the 1% cycle, film growth is con-
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Figure 1. Cyclic voltammetry curves obtained during the growth of
PAni films.

trolled by the autocatalytic polymerization of aniline throughout
the subsequent cycles.® The oxidation and reduction peaks are
shifted in the positive and negative directions, respectively.
The shifts in these peaks are consistent with the ohmic con-
tribution to the overpotential behavior, which is attributed to
the internal resistance of the electrode.*' Figure 2 shows the
CV curves corresponding to the 4™ to 8" cycles. Stable cycling
was achieved after continuous potential sweeps for a few
cycles."" A typical CV curve of PAni exhibits two sets of peaks
related to redox reactions; these are accompanied by charge
transfer and mass transport.'> The first redox couple is asso-
ciated with the conversion of the leucoemeraldine form into
the polaronic emeraldine form."*'* The positive charge on the
aniline units in the polaronic emeraldine form is balanced by
a negatively charged anion.' In order to compensate for the
charge of PAni, anion transfer from the electrolyte solution,
that is, doping, is necessary.”” The second redox couple is
related to the conversion of the polaronic emeraldine form into
the pernigraniline form." However, in the case of thick films,
the doping/dedoping of the anions is not reversible, as the
anions inserted within the polymer get trapped in the polymer
matrix (Figure 1).'° Moreover, if the overall reaction is not
mass transport, then sluggish electron transfer controls the
kinetics.!”” With an increase in the number of cycles, the oxi-
dation peak disappears. Further, the corresponding reduction
peak is not observed in the reverse sweep. This behavior is
characteristic of an irreversible process.'®

Figure 3 shows the CV curves for the first two cycles.
During the 1* anodic sweep, the current for the oxidation of
the aniline monomers began to increase at 0.85 V; this is con-
sidered to be the rate-determining step. During the reverse
sweep, at 1.1V, the current still continued to increase in the
cathodic sweep; this is mainly attributes to the increase in the
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Figure 2. Cyclic voltammetry curves for PAni films for the 4™ to 8"
cycles.
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Figure 3. Cyclic voltammetry curves for PAni films for the 1* and
2™ cycles.

electrode surface area because of film formation. The max-
imum current was observed at approximately 0.94 V, followed
by the sharp decrease in current; this sharp decrease is caused
by a decrease in the reaction kinetics, owing to the low poten-
tial region.'”? Polarons, which were generated during the 1%
cycle, undergo a coupling reaction in order to produce
dimers.' As the dimer exhibits higher conjugation than the
monomer, it is oxidized more readily (see the 2™ cycle).”

In the GSM, the current flow in the working electrode
remains constant. This deposition method allows for the film
thickness to be controlled by adjusting the duration of the
polymerization. Galvanostatic deposition requires an appro-
priate selection of current density values.” Figure 4 shows the
CP curves obtained during the growth of PAni films: the
curves corresponding to various current densities of 1.4, 1.6,
1.7, 2.0, and 2.3 mA/cm? are shown in the inset. As a stable CP
curve is obtained for a current density of 1.7 mA/cm?, this cur-
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Figure 4. Chronopotentiometry curves obtained during the growth
of PAni films. Inset shows the chronopotentiograms obtained at dif-
ferent current densities.

rent density is selected in further experiments. Polymerization
consists of three steps. The first step indicates an overshoot in
the potential from 0.21 to 2.67 V during the first few minutes;
this is probably indicative of the difficulty in forming dimers
and oligomers.*** Also, this result implies two opposite
effects: an increase of the polymerization rate and the enhance-
ment of degradation process.® Once PAni was formed and
degradation process was enhanced, the potential decreased
from 2.67 to 0.70 V in the second step; this decrease is
attributed to the fact that the potential required for the oxi-
dation of the already formed film is less than that of the aniline
monomer. In the last step, after the surface of the ITO was
completely covered with a PAni film, polymerization pro-
ceeded at a nearly constant potential of 0.70 V.** This sug-
gests that there is competition between polymerization and
degradation process, which occurs at approximately the same
rates.”

Figure 5 shows the FTIR spectra of the PAni films prepared
by PDM and GSM, which are similar to each other. Peaks
observed at 1563 and 1475 cm™ in the spectra are assigned to
the stretching vibrations of the quinone (Q) and benzene (B)
rings, respectively. The presence of these two peaks clearly
shows that the polymer is composed of amine and imine
units.”” The intensity ratio of these two peaks (I, /Is) can be
used to estimate the degree of oxidation of PAni. The intensity
ratios for the films prepared under PDM and GSM are 0.966
and 0.922, respectively, suggesting that the degree of oxidation
of PAni formed by PDM is greater than that formed by GSM.
A peak observed at 1284 cm, attributes to the stretching of C-
N bonds in secondary aromatic amines and the delocalization
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00 /W’\/ \/\/ i (GSM)
3 N\
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@
2
5 /\\/
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Figure 5. FTIR spectra of PAni films prepared by potentiodynamic
and galvanostatic modes.

of 7 electrons, induced by the doping of the polymer. Another
peak is observed at 1256 cm™, indicative of the electrically
conductive form of PAni-salt.”® This peak is ascribable to the
stretching of the C-N" polaron structure, which is generated by
doping. The doping degree of the film prepared by PDM is
possibly greater than that of GSM, as demonstrated by the ratio
between the intensity of the peak at 1257 cm™, which assigned
to the polaron structure, to that of the peak at 1284 cm™, which
assigned to the delocalization of m electrons.

The intensity ratio for the film grown by PDM is greater than
that of GSM. Moreover, peaks observed at 1135-1140 cm™ is
attributes to the vibration of the -NH™= structure, which is also
generated by doping. In the case of the film deposited by
PDM, the peak intensity is greater at 1140 cm™. Once again,
this result demonstrates a higher doping degree for the film
deposited by PDM. The region between 700 and 900 cm™ cor-
responds to deformation of aromatic rings and out-of-plane
vibration of C-H bonds.”** These FTIR spectra demonstrate
that, in the film prepared potentiodynamically, the degree of
oxidation and doping degree are greater than those in the film
prepared galvanostatically.

Figure 6 shows the UV-Vis spectra of PAni-EB and PAni
obtained under PDM and GSM. The spectra of PAni-EB
shows two absorption peaks, at ~360 and ~630 nm. The first
peak at ~360 nm is due to m-rt* transition associated with the
7 electrons in the benzene ring which mainly a function of
intrachain interaction. The second peak at ~630 nm is assigned
to the excitation of an electron from the highest occupied
molecular orbital (HOMO) of the benzene ring to the lowest
unoccupied molecular orbital (LUMO) of the quinone ring.
This peak reflects both intra- and interchain interactions." As
an additional electronic state was formed by doping, the PAni-
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Figure 6. UV-Vis spectra of PAni-EB and PAni prepared by poten-
tiodynamic and galvanostatic mode.

salt exhibits a different spectra from that of PAni-EB.*! The
PAni-salt exhibited three characteristic peaks: at ~300 nm,
attributed to m-m* transition, and two polaron peaks at ~460
and ~820 nm in the visible region, which are attributes to the
polaron-n* and m-polaron transitions (Figure 6), respectively.’
According to Abdiryim et al., the doping degree can be
roughly estimated from the ratio of absorbances at ~820 nm
(m-polaron) and ~300 nm (n-*).* Based on this ratio, it is fur-
ther confirmed that PAni prepared by PDM exhibits a higher
doping degree. Results obtained from UV-Vis spectra indicate
that the doping degree is affected by the deposition method.
Moreover, the results obtained from the UV-Vis spectra are in
agreement with FTIR results, confirming that the doping
degree of the PAni prepared potentiodynamically is higher
than that prepared galvanostatically.

The morphologies of the PAni films are analyzed by SEM
and AFM. Figure 7 shows the SEM images of the PAni films
prepared by (a) PDM and (b) GSM. In both cases, fibril-like
morphologies are observed to be intrinsic for the PAni film
deposited on ITO.** According to Kemp et al., fibril formation
occurs in three stages. First, nucleation occurs on the ITO sur-
face; this is followed by horizontal growth to form a compact
2-D layer. Finally, vertical growth occurs, which extends the
fibrils in the vertical direction.*® As confirms in Figure 7(a), a
smoother and more homogeneous morphology is observed,
whereas some aggregates along the fibrils are observed in Fig-
ure 7(b). As the layer-by-layer growth occurs in the case of the
film deposited by PDM, fresh nucleation during each cycle is
likely to produce a discontinuous phase.*® Thus, interme-
diates, which are formed during degradation process, could be
released or terminates polymer growth.”” Further, these inter-
mediates could be trapped within the PAni film because of its
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Figure 7. SEM images of PAni films prepared by (a) potentiody-
namic; (b) galvanostatic modes.

continuous growth.*® Irregularities observed along the fibrils in
the form of aggregates in the film prepared by GSM are caused
by polymer degradation process.*

Figure 8 shows the AFM images of the PAni films prepared
by (a) PDM and (b) GSM. The root-mean-square roughness
(R,) values of the films prepared by PDM and GSM are 94 and
171 nm, respectively. The surface of the film prepared by
PDM s significantly smoother with fewer intermediates,
resulting in a more stable film.”” On the other hand, the higher
R, value of film grown by GSM is attributed to the aggregation
of polymer chains.*” These aggregates on the surface are prob-
ably caused by the overgrowth of the chains.*’ Hence, the sur-
face of the film prepared galvanostatically is rougher and less
homogeneous as compared with that prepared potentiody-
namically, due to its aggregates.

The PAni structure was evaluated by XRD, in order to inves-
tigating the crystallinity and ordering of the polymer chains.
Figure 9 shows XRD patterns of the PAni films prepared by
PDM and GSM. The patterns of PAni exhibit three peaks
superimposed on a broad scattering background, indicating
that chains are partially crystalline.*” These three peaks are
observed at 20 of 16.3° (d=5.43 A), 21.1° (@=4.21 A), and
25.3° (d=3.52 A), respectively. The first peak is indicative of
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Figure 8. AFM images of PAni prepared by (a) potentiodynamic; (b) galvanostatic modes.
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Figure 9. XRD patterns of PAni prepared by potentiodynamic and
galvanostatic modes.

intrachain ordering within the polymer chains.** The film pre-
pared under PDM exhibits a strong and sharp peak at 16.3°,
which implies that the film has an ordered structure in contrast
to the film prepared under GSM. This result is probably
attributed to the periodic interruption in the growth of the poly-
mer: thus, the polymer chains have time to rearrange them-
selves during potentiodynamic polymerization, The second
peak is attributed to periodicity parallel to the backbone chain;
it also represents the characteristic distance between the ring
planes of benzene rings in adjacent chains or close-contact
interchain distance.”> The last peak is attributed to periodicity

perpendicular to the backbone chain; it also corresponds to the
face-to-face interchain stacking distance between phenyl rings.
Thus, the increase in the intensity of this peak along with the
decrease in background intensity implies improved m-m inter-
chain stacking, which suggests a more planar chain confor-
mation with reduced torsion angles between the phenyl rings
and the ring planes of the backbone.** In short, the XRD pat-
terns reveal that the intra- and interchains are more ordered in
the PAni film prepared potentiodynamically.

The sheet resistances are 12.58 and 35.01 €/sq and the con-
ductivities are 2.74 and 0.98 S/cm for the PAni films grown by
PDM and GSM, respectively. The structural changes induced
by doping affects its conductivity: this can be explained on the
basis of the different degrees of oxidation as well as doping
degrees of PAni.”* For the films prepared under PDM, the
increase in conductivity is caused by a higher degree of oxi-
dation and doping degree as compared with that of GSM.*
Typically, degradation process is associated with the short-
ening of the chain length, which yields irregularities and a
more resistive skeleton in the polymer. Consequently, when
degradation process occurs, conductivity decreases.* The
irregularities on the surface of the film prepared under GSM
adversely affects conductivity.*® PAni is reported to consist of
ordered crystalline regions in an amorphous medium. The
ordered regions are the primary factors responsible for elec-
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trical conductivity.”® The higher ordered structure in the film
prepared under PDM, which was characterized by XRD,
results in higher electrical conductivity. As a result, it can be
concluded that the conductivity of PAni is affected by various
factors, including its degree of oxidation, doping degree, mor-
phology, as well as the crystallinity of the PAni. On account of
its growth process, the PAni film prepared galvanostatically
exhibits a lower conductivity.

Conclusions

In this study, the effects of the deposition methods (poten-
tiodynamic and galvanostatic) on the electrochemical, struc-
tural, and morphological properties of PAni are discussed. The
PAni exhibits different degrees of oxidation as well as doping
degree, which is higher under potentiodynamic deposition. The
polymerization of aniline is determined to be irreversible, as
confirmed by the CV curves, which also exhibits autocatalytic
polymerization and overpotential behavior. When degradation
process is enhanced, the potential decreases in CP curve. As a
result, the PAni film prepared galvanostatically exhibits aggre-
gates on the surface. The surface roughness of the film pre-
pared potentiodynamically is higher than that prepared
galvanostatically. The different deposition methods also affect
the ordering of the polymer chains. The film grown poten-
tiodynamically exhibits a highly ordered crystalline structure
as compared with that grown galvanostatically. The conduc-
tivity is lower for the film prepared under galvanostatic con-
dition. These results are confirmed that the degree of oxidation
and doping degree as well as the crystallinity of the PAni pre-
pared galvanostatically are lower and that its surface is rough.
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