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Abstract H" and Co®" ions co-doped polyaniline were syn-
thesized by cyclic voltammetry onto the stainless steel mesh
with various concentrations of cobalt chloride (CoCl,-6H,0)
in electrolyte. The structure and morphology of polyaniline
(PANI) and PANI/Co>" films were characterized by Fourier
transform infrared (FT-IR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), and X-ray photoelectron spec-
troscopy (XPS) techniques. The electrochemical properties of
PANI and PANI/Co®" films were investigated by cyclic volt-
ammetry, galvanostatic charge—discharge test, and electro-
chemical impedance spectroscopy (EIS) in 0.5 mol L™
H,SO4 electrolyte in a three-electrode system. The
PANI/0.3 M Co*" film shows a larger specific capacitance
of 736 F g ! at a current density of 3 mA/cm® and lower
resistance compared with the pure PANI film. The results
indicated that the PANI/Co?" films are promising material
for supercapacitors.

Keywords Nanomaterial - Cobalt ions - Supercapacitor -
Specific capacitance

Introduction

Supercapacitors featuring high power density, high specific
energy, and excellent long-term cyclability have currently
drawn great interest in energy storage devices for their com-
binative advantages of rechargeable batteries and convention-
al capacitors [ 1-3]. Active materials are the most crucial factor
in governing the electrochemical performance for
supercapacitors. Generally, the active materials have three
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kinds including carbon materials [4, 5], conducting polymers
[6, 7], and transition metal oxides [8, 9]. Among all these
materials mentioned above, conducting polymers are the most
promising materials as they possess redox pseudocapacitance
in addition to double-layer capacitance. Conducting polymers
offer the advantages of low cost compared with noble metal
oxides and high charge capacity compared with carbon mate-
rials [10-12]. Among the available conducting polymers,
polyaniline (PANI) has attracted much attention and been
intensively studied as an electrode material owing to its
unique proton doping/dedoping mechanism, intrinsic electri-
cal conductivity, facile synthesis, and environmental stability
[13-16].

PANI films are generally synthesized by different electro-
chemical methods in acid solutions containing aniline
[17-19]. The doping/dedoping process involves redox reac-
tions which are the basic of energy storage in doped PANI.
The effect of protonic acid dopants on the properties of PANI
has been widely investigated. In most cases, the ions of H" are
originating from inorganic acids (HCIl, H,SO,4, HCIOy, etc.)
[20, 21] and organic acids (such as p-toluene sulfonic acid)
[22]. Recently, more and more attention has been focused on
cations such as transition metal ions due to the unique electron
exchange property of the combination. Li et al. [23] reported
that H" and Zn*" co-doped PANI show higher specific capac-
itance and better thermal stability. Dhibar et al. [24] synthe-
sized PANI in pure and doped forms with various doping
levels of CuCl, using in situ polymerization method, PANI
in doped form shows a higher specific capacitance value of
626 F g ' at a scan rate 10 mV s ' with 2 wt% doping level
and has higher thermal stability. In our previous works
[25-27], we have investigated that PANI with different doping
levels of Ni**, Zn®", and Cu®" prepared by electrochemical
polymerization in acid solution were with better electrochem-
ical performance compared with pure PANI doped with H'.
H' and Ni*" co-doped PANI films well demonstrated which

@ Springer



1164

Ionics (2015) 21:1163-1170

has a larger specific capacitance of 658.3 F g ' at 5 mA cm >
[26]. Meanwhile, H" and Zn*" co-doped PANI films have the
superhigh specific capacitance of 738 F g ™' at 5 mA cm ? in
H,S0, electrolyte [27]. Thus, good capacitive performance
demonstrates that PANI doped with transition metal ions may
have potential superiority for the development of
supercapacitors.

To study the effects of more transition metal ions on the
electrochemical performance of PANI in detail, in this re-
search, the PANI/Co?" films were synthesized in HCI solution
containing CoCl,-6H,0 by cyclic voltammetry (CV) on low-
cost stainless steel wire mesh substrates. The electrochemical
properties of the PANI/Co®" films were investigated by cyclic
voltammetry, galvanostatic charge—discharge test, and electro-
chemical impedance spectroscopy (EIS) in a three-electrode
system. The structure and morphology of PANI/Co®" films
were characterized by Fourier transform infrared (FT-IR), X-
ray diffraction (XRD), scanning electron microscopy (SEM),
and X-ray photoelectron spectroscopy (XPS) techniques,
respectively.

Experimental

Materials Aniline was purified and stored at —5 C before use.
All of the reagents purchased from Tianjin Chemical
Industrial Co. Ltd. (Tianjin, China) were analytical grade
and used without further purification. Double-distilled water
was used for the preparation of solutions.

Electrochemical deposition of PANI and PANI/Co”" The ma-
terials of PANI and PANI/Co”" were prepared by cyclic
voltammetric method in a classic one-compartment cell using
three-electrode configuration on CHI660B electrochemical
work station. Saturated calomel electrode (SCE) was used as
reference electrode, platinum sheet was used as a counter
electrode, and stainless steel wire mesh (type 316) was used
as a working electrode for PANI deposition, which the depos-
ited area was 1 cm” (1 cmx 1 cm) with other area insulated by
a PTFE coating. In order to reduce stains on the surface, the
stainless steel wire mesh was rinsed with acetone in ultrasonic
bath for 10 min, immersed in ethanol ultrasonically for
10 min, and finally washed by distilled water, last air-dried
for use. The cyclic voltammetry (CV) curves were recorded in
amixture of 0.5 mol L' (M) HCl and 0.2 mol L™ aniline with
different concentrations of 0.05, 0.1, 0.3, 0.5, and 0.8 mol L™
CoCl,-6H,0 at room temperature for 71 cycles by scanning
the potential from —0.2 to 0.9 V at a scanning rate of
20 mV s . After deposition, PANI/Co*" films were rinsed
with 0.5 mol L™" HCI in order to remove soluble monomeric
species and then dried under vacuum at 60°C for 12 h. The
pure PANI film was prepared following the above process
without CoCl,-6H,0 and then obtained.
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Characterization of the samples The samples used for struc-
ture characterizations were the powers scraped from PANI and
PANI/Co®" films on stainless steel wire mesh substrates. The
structure was characterized by FT-IR (Nicolet, type210,
America) which was recorded between 4000 and 500 cm .
The XRD patterns were characterized by D/MAX-2400X X-
ray diffractometer with CuKo radiation (A=0.154056 nm),
employing a scanning rate of 10° min™" in the 26 range of 10—
90°. The morphology of PANI and PANI/Co*>" were charac-
terized by SEM (JEOL JSM-6701F). The XPS data were
obtained by a V.G. ESCA Laboratory 210 photoelectron spec-
trometer with a MgKo source, the spectra were acquired with
a 30-eV pass energy.

Electrochemical measurement Electrochemical studies were
carried out in a three-electrode system. PANI and PANI/Co*"
films, a platinum electrode, and a saturated calomel electrode
(SCE) were used as working electrode, counter electrode, and
reference electrode, respectively. The electrochemical proper-
ties were evaluated by the cyclic voltammetry (CV), galvano-
static charge—discharge test (CP), and electrochemical imped-
ance spectroscopy (EIS) in a glass cell with 0.5 mol L™
H,S0, aqueous solution as the electrolyte. Cyclic voltamme-
try and charge—discharge test were performed in the potential
window ranging from 0 to 0.7 V vs. SCE. EIS measurements
were recorded in the frequency range from 10° to 102 Hz
with an excitation signal of 4 mV. All of the above electro-
chemical measurements were evaluated on a CHI660B elec-
trochemical workstation (Chenhua, Shanghai, China).

Results and discussion

FT-IR Fig. 1 shows the FT-IR spectra of the pure PANI film
and PANI/Co”" film prepared in the solution with 0.3 mol L™
Co?". The main characteristic peaks of PANI/Co®" film were
assigned as follows: the bands at 1558 and 1471 cm ' were
assigned to the N=Q=N stretching (Q represents the quinoid
unit) and the N-B-N stretching (B represents the benzenoid
unit), respectively. The bands located at 1297 and 1234 cm ™'
were ascribed to C—N stretching vibration of quinoid rings and
benzenoid rings, respectively. While the bands at 1116 and
802 cm ' reflected the C—H in-plane deformation and out-of-
plane vibration, respectively, from Fig. 1, we can see that
some vibration frequencies of the PANI/Co®" film are shifted
to lower wavenumbers compared with those of the PANI film.
The red shift of the IR absorption peaks is referred to be a
signature of the conversion of the quinoid rings to the benze-
noid rings by a proton-induced spin unpairing mechanism
[28], which was considered to be an indication of increasing
degree of charge delocalization on the PANI backbone [29]. It
implies that PANI doped with Co®" leads to an increase of
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Fig. 1 FT-IR spectra of PANI (a) and PANI/Co®" (b) films prepared in
the solution with 0.3 mol L™! Co*"

charge delocalization on the PANI backbone compared to
doping solely with HCL.

XRD Fig. 2 shows the XRD patterns of the PANI and
PANI/0.3 M Co?" films. One broad peak can be observed at
260=25.42° from both of Fig. 2a, b, which were attributed to
the characteristic peak of amorphous PANI. However, two
other peaks at 260=14.29° and 21.01° were observed from
XRD pattern of PANI/0.3 M Co** film (Fig. 2b), which
resulted in the periodicity parallel and perpendicular to the
polymer chain [30]. This confirms lower crystallinity and
conductive emeraldine salt structure of PANI.

SEM The morphologies of PANI and PANI/0.3 M Co?" films
deposited on stainless steel mesh were measured by SEM, as
shown in Fig. 3. As shown in Fig. 3a, the morphology of pure
PANI exhibits a coral-like structure; meanwhile, PANI/0.3 M
Co”" film shows a quite similar structure (Fig. 3¢). Also, from
Fig. 3b, d, PANI/0.3 M Co*" film shows a large, rough surface
and nanostructure with nanorods, quite different from PANI;
the pure PANI shows a surface with obviously few particles
on its outside surface. The structure of PANI/0.3 M Co*" may
provide a larger surface area to volume ratio resulting in a high
charge/discharge rate and specific capacitance. It is consistent
with the results we drew from previous works [25-27], these
indicate that the increased growth rate of PANI mainly
depended on the presence of transition metal ions such as
NiZ", Zn?*, Cu?', and Co*", which could lead to further
nucleation. It is probably because these transition metal ions
have multiple doping positions proved by FT-IR which may
bind to several nitrogen sites in a PANI chain or form inter-
chain linkages among several adjacent PANI chains by coor-
dination [31]. This organic—inorganic interaction is beneficial
for supercapacitors, which leads to the decrease of the diffu-
sion resistance of electrolyte into the electrode matrix.

X-ray photoelectron spectra The chemical bonding states of
each element on the surface of PANI/0.3 M Co?" are evaluated
by XPS technique. Figure 4a shows the typical survey spectra
of the PANI/0.3 M Co*" film. From Fig. 4a, it announces that
the deposit is composed of C, N, O, Cl, and Co elements
without other obvious impurities. The obtained atomic weight
percent of Cls, N1s, Ols, C12p, and Co2p in the PANI/0.3 M
Co*" filmis 61.18, 10.04, 22.07, 6.1, and 0.6 %, respectively.
Figure 4b shows the core level spectra of the Co2p region of

Fig. 2 XRD spectra of PANI (a)
and PANI/Co®" (b) films prepared
in the solution with 0.3 mol/L
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Fig. 3 SEM images of PANI (a,
b) film and PANI/ Co>" (¢, d) film
prepared in the solution with

0.3 mol/L Co**

the sample. The Co 2p3/2, 2pl/2, and satellite peaks are
computer fitted considering two spin—orbit doublets charac-
teristic of Co®" and Co>". The 2p3/2-to-2p1/2 separation of
15.7 eV and the very flat, weak satellite peaks indicate that the
majority of cobalt is diamagnetic Co>* [32].

Cyclic voltammetric test To evaluate the effect of Co®" on the
electrochemical characteristics of PANI film electrode for
supercapacitors, current—potential response was employed in
the potential range of 0 to 0.7 V versus SCE. Figure 5 illus-
trates the CV curves of PANI and PANI/Co®" film electrodes
at a scan rate of 3 mV s ! in 0.5 mol L ! H,SO, electrolyte.
The CV curves of PANI/Co”" films were similar to those of
PANI film and revealed a little deviation from a rectangular
form, whereas some considerable differences were observed.
The peak currents of the PANI/Co®" film electrodes were
relatively higher than those of PANI film, implying that a
larger specific capacitance for the PANI/Co”" film electrodes
can be anticipated. This increase can be attributed to the redox
process involved with Co*".

In order to further research the oxidation and reduction
potentials and the properties of the PANI/Co?" film electrodes,
Fig. 6 shows the CV curves of the PANI/Co>" film prepared in
the solution with 0.3 mol L™ Co*" at scan rates of 3, 5, 10, and
20mV s ' In Fig. 6, three pairs of redox peaks (P1/P,’, P,/P,,
and P5/P3’) can be observed. They were attributed to the redox
process of PANI. Peak P/P,’ (0.27/0.01 V) corresponds to the
oxidization of leucoemeraldine (LE) to emeraldine base (EM).
Peak P,/P,’ (0.54/0.37 V) is attributed to formation of PANI
charge carriers consisting of polaron (radical cation) and
bipolaron (dication) forms delocalized on PANI chains [33].
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Peak P3/P;" (0.7/0.56 V) is due to the transformation of
emeraldine to pernigraniline base (PE) [34]. With the increase
of a scan rate from 3 to 20 mV s ', the redox peak current
rapidly increased, indicating a good rate ability of the
PANI/Co>" film electrodes in 0.5 mol L™ H,S0, electrolyte.

Galvanostatic charge—discharge experiments The galvano-
static charge—discharge studies are the most direct approach
to evaluate the applicability of supercapacitors. The specific
capacitance has been believed to approach to that of full
utilization of the electrode material at low current density
[35, 36], so we first measured the charge—discharge cycling
at a constant current of 3 mA cm 2. Figure 8 shows the typical
charge—discharge curves of the PANI and PANI/Co”*, which
can be seen that the charge and the discharge profiles of the
electrodes are slightly curved, exhibiting a pseudocapacitive
characteristic, which is in good agreement with the results of
CV curves. The specific capacitance (SC) values determined
from the CP curves are calculated according to the following
equation [25-27]:

Cm = [At/(mAV)

where C,, is specific capacitance (F g '),  is charge/discharge
current (A), At is the discharge time (s), AV is the potential
drop in the discharge progress (V), and m denotes the mass of
active material (5 mg). The calculated specific capacitances of
PANI, PANI/0.05 M Co**, PANI/0.1 M Co*", PANI/0.3 M
Co*", PANI/0.5 M Co*", and PANI/0.8 M Co*"are attributed
to 382, 419, 450, 736, 604, and 531 F g_l, respectively. As
shown in Fig. 7b, the specific capacitance of PANI and



Ionics (2015) 21:1163-1170

1167

Element content(%):
(A) Cls:61.18
ClI2p:6.1
Co2p:0.6
OA Co2p N1s:10.04
> 01s:22.07
g
E Cls
o
2
=
]
=2
1 " 1 " 1 n 1 " 1 n
1000 800 600 400 200 0
Binding Energy/eV
781.9
(B) Co 2p 34 Co 2p3/2
Co 2p3/2
785.
2
g Co 2p1/2
i
2 Co 2p3/2
E 2+
[}
& Co 2pl/2
1 1 1 1

810 800 790 780 770
Binding Energy(eV)

Fig. 4 a XPS survey spectra of the PANI/0.3 M Co*" film. b Core level
spectra of the Co 2p region

PANI/Co®" films appeared increasing from 382 to 736 F g
with the increasing of Co®" concentration in a range from 0 to
0.3 mol L™ because Co”" provides a least resistance path for
electrons transferring. The improved performance is mainly
attributed to the 7 interaction between Co®" and PANI.
Combined with our previous works [25-27], owing to the
presence of transition metal ions, the PANI/MZ" (M=Nij, Cu,
Zn, Co) films have an obvious improvement effect, which
makes the PANI/M"" films have more active sites for faradaic
reaction than the pure PANI film and facilitates the charge—
transfer of the PANI/M™" films. However, with the further
increasing of Co?" concentration, the specific capacitance of
PANI/Co*" film occurred to be decreased, which is contribut-
ed to the covering of Co”" onto the active sites of PANI.

The charge—discharge measurement of the PANI/0.3 M
Co*" (Fig. 7a) is also performed at various current density in
0.5 mol L' H,SOy electrolyte, respectively. The related spe-
cific capacitances are calculated to be 736, 715, 662, and
571 F g' corresponding to the PANI/0.3 M Co”" at current
densities of 3, 5, 10, and 20 mA cm 2, respectively. The anodic
charge curves are almost mirror symmetrical to their cathodic
discharge counterparts at each current density, indicating the
PANI/0.3 M Co*" electrode has a good electrochemical per-
formance. With the increase of charge—discharge current den-
sities, a potential drop has sharply increased due to the elec-
trode polarization and the internal resistance [37]. In contrast,
the IR drop is not obvious at relatively low current density.

In order to evaluate the stability of the electrodes, the
charge—discharge cycling tests are conducted for 250 cycles,
as shown in Fig. 7d. The variations of specific capacitances of
PANI and PAN1/0.3 M Co®" films are performed at the current
density of 3 mA cm 2. Clearly, the specific capacitance reten-
tions are retained at 43.4 and 58.1 % by contrary with the

Fig. 5 CV curves of PANI and a: PANI
PANI/Co*" films at a scan rate of 0.015
3mV s 'in 0.5 mol L™! H,S0,
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Fig. 6 CV curves of PANI/Co>" 0.08
film prepared in the solution with F a: 3 mV/s
0.3 mol L™" Co* in 0.5 mol L™ 006 | 1
H,SO; at different scan rates ) b: S5mV/s
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d:
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initial specific capacitances of PANI and PANI/0.3 M Co?*  during the redox process, and the nanometer dimension of the
films. The specific capacitances of whole prepared electrodes ~ electrode materials reduces the diffusion resistance of the

have an obvious decrease in the beginning, which is contrib-  electrolyte ions in the electrode. Compared with our previous
uted to the degradation of incompletely formed polymer or ~ works, we found that transition metal ions such as Ni**, Zn*",
some un-doped PANI. Compared with the specific capaci- ~ Cu®", and Co®" did not have a direct effect of improving the

tance retention of PANI, the Co”" in the PANI/0.3 M Co®"  stability of PANIL The transition metal ions doped PANI
film has an important and positive effect to the cycleability of ~ showed a relatively good stability and the improvement may
the PANI, due to the network or matrix of PANI chains with ~ be attributed to the redox process involved with transition
doping of Co*" provides good synergy of volume changes  metal ions, rough surface of nanorods structure, and
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Fig. 8 EIS of PANI and 6
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interaction between M"" and PANI. However, with the doping
transition metal ions continuous embedding and emergence,
the volume of PANI expansion and contraction repeatedly
which can cause the damage to the polymer chain, the doped
PANI did not have a satisfactory cycleability. For practical
application, the cycle stability of PANI remains to be further
improved.

Electrochemical impedance spectroscopy Fig. 8 shows the
electrochemical impedance spectra in the form of Nyquist
plots for PANI and PANI/Co”" films with the target of inves-
tigating the electrochemical behavior at the electrode/
electrolyte interface. The impedance plots show a semicircle
in the high-frequency region, where the high-frequency inter-
cept of the semicircle on the real axis corresponds to the
resistance of the electrolyte, the intrinsic resistance of the
active material, and the contact resistance at the interface
active material/current collector. The diameter of the semicir-
cle provides a value of the charge—transfer resistance (R.) at
the electrode/electrolyte interface, which depends on ion dif-
fusion in the electrolyte to the electrode interface, and a tilted
straight line in the low-frequency region represents a limiting

—\WW—]
R AWWW—{CPE}—
Rct

Fig 9 Equivalent circuit for the simulation of EIS spectra of PANI and
PANI/Co®* films

Z'/ohm

diffusion process in H,SO, electrolyte, which shows the char-
acteristic feature of ideal capacitive behavior [38]. As can be
seen from Fig. 8, the charge transfer resistances estimated
from the diameter of the semicircles are attributed to 0.51,
0.23,0.18, 0.44, and 0.12 ohms with the increase of Co>" ions.
In general, the semicircle diameter of PANI/Co®" is smaller
than that of PANI, indicating that Co”" has reduced the
charge—transfer resistance. The almost vertical line suggests
the ideally capacitive behavior of the electrodes.

To further confirm the influence of the nanostructure on the
electrochemical performance, the equivalent circuit consisted
with the above behaviors is showed in Fig. 9. The charge—
transfer resistance of PANI and PANI/Co?" films called Ry,
which has been described as a pseudo-charge—transfer resis-
tance and a straight sloping line in the low-frequency range
corresponding to the diffusive resistance. Ry, is the solution
resistance in the circuit. Besides, the two constant-phase ele-
ments CPE ;| and CPE, are denoted as the double-layer capac-
itance and ionic diffusion process resulting in Warburg behav-
ior in the electrode, respectively.

Conclusions

The PANI and PANI/Co®" films were synthesized by cyclic
voltammetry on a stainless steel wire mesh. The morphology
and capacitive behavior of the composites were thoroughly
studied. Compared with the pure PANI film, PANI/0.3 M
Co?" shows a larger specific capacitance of 736 F g ' at a
current density of 3 mA cm 2 and relatively good cycleability.
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Accordingly, Co*" has the positive role on the PANI, which
can be considered as a potential way to improve the perfor-
mance in supercapacitors.
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