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Electrochemical supercapacitive properties of polyaniline (PANI)/cobalt hydroxide (Co(OH),)-nickel hydroxide
(Ni(OH),) nanocomposite (NC) electrode materials, synthesized potentiostatically via a electrochemical de-
position method, are explored and compared with PANI and Co(OH),-Ni(OH), electrode materials. From the

Polyaniline surface analysis, an amorphous PANI, NCs and Co(OH),-Ni(OH), are entirely different from one another. The
:::zﬁlba e":lm PANI surface demonstrates nanofibrous morphology, NCs exhibits nanofiber-platelet morphology and Co
Nanocpomposiles (OH),-Ni(OH), endows platelet-type surface morphology. The electrochemical properties of the PANI, NCs and
Co(OH),-Ni(OH), electrode materials are obtained from the cyclic-voltammetry and galvanostatic charge-dis-
charge measurements. The specific capacitances of PANI, NCs and Co(OH),-Ni(OH), measured at a sweep rate of
10 mV/s in a 1.0 M NaOH electrolyte are found to be 0.59, 50.0-74.1 and 312.5F/g, respectively. The retention
values of PANI, NCs and Co(OH),~Ni(OH), obtained at the same scan rate for 1000 cycles are 25.8, 70.5-57 and
42.4%, respectively. This work clearly illustrates the reasons for a weak electrochemical performance of PANI
and its composites with Co(OH),-Ni(OH); in alkaline electrolyte over Co(OH),-Ni(OH), electrode material.
Introduction supercapacitors where charges store by a virue ofredox reactions be-

The development of global economy, the increasing demand of
energy which depleted the fossil fuel and increased environmental
pollution, has created the need for clean, efficient and sustainable en-
ergy sources. These clean, reliable and sustainable energy sources are
supposed to have the technological applications. Hence, energy storage
devices like batteries, capacitors and supercapacitors have received a
prime importance nowadays. From several energy storage devices
electrochemical supercapacitors, as a source of high power density, are
essentially used in hybrid electric vehicles and portable electronic items
[1]. Therefore, the protection against power disruption of batteries or
fuel cells can overcome by providing complimentary back up power
through supercapacitors, and moreover, they minimise the energy
density and power density gap between conventional capacitors and
batteries [2,3]. Depending upon the charge storage mechanism electric
double layer capacitors, where charges store at interface of electrode/
electrolyte electrostatically, and pseudocapacitors or redox or faradaic

tween electrode material and electrolyte are two forms of super-
capacitors [4]. The main problem in the development of supercapacitor
technology is its low energy density which can be cover up by adding a
material of high battery-type material as a composite material. It has
been evidenced that the limitations of carbon/polymer-based super-
capacitor materials are defeated by adding either battery or pseudo-
capacitor-type electrode materials. The supercapacitive materials like
carbon, conducting polymers, metal oxides/hydroxides and their com-
posites [4-6] have received considerable attention in synergistic elec-
trode materials. The specific capacitance (SC) of carbon-based electrode
materials is caused by electric double layer capacitance kinetics, which
mainly depends upon the surface area accessibility and electrical con-
ductivity. The porous nature of carbon provides a high surface area and
hence, a low SC which directed scientists to look after the composite
electrode materials i.e. addition of conducting polymer in transition
metal oxides/hydroxides etc. [7]. The conducting polymers/oxides/
hydroxides/layered double hydroxides etc., have demonstrated a
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pseudocapacitance nature due to their intercalation/de-intercalation
kinetics. Polyaniline, one of the most important conducting polymers, is
suffering from a low cycling life [8] and metal oxides/hydroxides like
RuO,, MnO,/Mn(OH), C00/C0203/Co(OH)2, NiO/Ni(OH), demon-
strated commercial cavalry due issue caused by dissociation/corrosion
in spite of their high performance on account of several redox reactions
{31

Instead of noble transition metal oxides/hydroxide more attention
has been paid on utilizing cheaper transition metal oxides/hydroxides
like MnO,, [M2% M3* (OH)J** (A" "nmH:0, MnCOs, CoO/
C0,03/Co(OH), and NiO/Ni(OH); etc., in supercapacitor technology.
The preference of cobalt and nickel oxides/hydroxides lies not only due
to their cheaper cost, but also due to their availability in several well-
defined redox states, easyness with which they synthesized and high
theoretical supercapacitance value [9]. Nickel hydroxide (Ni(OH)2)
reveals a low electrical conductivity {10] and weak adhesive force of
attraction between current collecting substrate and nickel-based mate-
rials [11] due to which its rate capability, reversibility and hence cycle
stability is hampered to some extent. The above problems can be solved
by; i) depositing Ni(OH)2 directly onto a three dimensional nickel foam
(Ni-foam) for high specific capacitance {12] due to addition of capa-
citance of Ni-foam and less mass deposition, ii) intercalating anions like
Cl~, NO;~ and $04°~ in Ni(OH); to exhibit enhancement in SC {13],
iii) refining electrode materials with nanosheets morphology also en-
hances the SC [14], iv) making composite of Ni(OH), with other tran-
sition metal oxides/hydroxides [15-19], V) developing the composites
with conducting reduced graphene oxides with enhanced specific ca-
pacitance and increased cycle life (20,211, vi) doping Mn [22] like
metals of several redox states. It is to be noted that these polymers are
stable in acidic electrolytes whereas, metal oxides are in an alkaline
electrolytes. The non-usability of polymers in alkaline electrolyte has
rarely been addressed thereby, this study explores in-depth investiga-
tion on the use of polymer/metal hydroxide composite (NC) electrode
materials in electrochemical supercapacitor (ES) applications.

Composite electrodes of polyaniline/cobalt hydroxide-nickel hy-
droxide (PANI/Co(OH)Z—Ni(OH)z) were synthesized onto a stainless-
less steel (SS) substrate and, after physical measurements i.e. X-ray
diffraction (XRD), field emission scanning electron microscope
(FESEM), energy dispersive X-ray (EDX), they were envisaged for their
electrochemical properties like cyclic voltammetry (CV) and galvano-
static charge — discharge (GCD).

Experimental section
Materials

All chemical reagents were analytical grade, purchased from Merck
and used without further purification. The chemicals used were cobalt
nitrate [Co(OH),-6H,0], nickel nitrate [Ni(OH),:6H,0], sodium hy-
droxide [NaOH], and acetone. The aqueous solutions were prepared in
double distilled water.

Preparation of PANI

The polymerization of 0.5M aniline was carried out in standard
three-electrode glass cell potentiostatically onto a SS working electrode
of 1em? area at 0.75V for 5min deposition time in the presence of
platinumn plate as a counter electrode and Ag/AgCl as a reference
electrode. The precursor for polymerization was a homogenous mixed
solution of 0.5 M aniline monomer and 0.5 M sulphuric acid, adjusted to
apH < 2. The SS substrate of 1 cm? was polished with a zero-polishing
paper, ultrasonically cleaned in distilled water and acetone, and then
dried in air before electrodeposition process and referred as (C1) elec-
trode in the present study.
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Preparation of NCs, and Co(l OH) ,~Ni(OH) electrodes

The composite (PANI/Co(OH)z—Ni(OH)Z)) electrode materials were
prepared in three-electrode glass cell at a constant potential of —1.0V
for 5 min and named as (C2), 10 min (C3), 15 min (C4) and 20 min (C5)
over PANI surface. The precursor solution for electrodeposition was a
mixture of 0.05M cobalt nitrate and 0.05M nickel nitrate. The pre-
pared composite electrodes were again immersed into the distilled
water and dried in air before their final use. The cathodic electro-
deposition was applied for obtaining Co(OH),-Ni(OH), electrodes at
constant potential of —1.0V for 10 min and named as (C6). The mass of
active electrode material loaded onto a SS substrate was determined on
comparing the difference between the SS and PANI, NCs and Co
(OH),-Ni(OH), which were 1.9, 2.4, 2.6, 2.8, 2.95 and 2.66 mg/cm2 for
(C1) to (C6) electrode materials, respectively. The difference in the
masses of deposited electrode materials was not surprisingly high.

Characterizations

The crystal structures of PANI, NCs and Co(OH)2-Ni(OH), electrode
materials were confirmed from XRD patterns, recorded on D8-
Discovery Bruker X-ray diffractometer which was operated under
40kV, 40 mA, and Cu Ka, A = 1.5406 A operating conditions in 6-26
geometry. The surface morphologies and qualitative elemental analysis
measurements of (C1)-(C6) electrode materials were confirmed by a
field-emission scanning electron microscopy (FESEM) images, recorded
on Hitachi S-4800 at 15kV accelerating voltage equipped with energy
dispersive X-ray spectroscopy (EDX). Electrochemical measurements
such as CV and GCD were performed on electrochemical work station
WonAtech. The galvanostatic charging-discharging measurements were
attempted on IVIUMSTAT workstation, the Netherlands. The electro-
chemical measurements were studied at room-temperature (27°C)in a
1.0 M NaOH aqueous electrolyte solution.

Results and discussion
Reaction kinetics

The anodic electrodeposition of PANI was carried out potentiosta-
tically at 0.75V as above this potential non-conducting pernigraniline
state of PANI is favoured instead of forming conducting emeraldine
PANI [23]. The applied potential resulted in the formation of 2D thin
compact layer/film of PANI onto a SS substrate. Then an increased
continuous consumption of aniline monomer in electrodeposition limits
the formation of new nuclei which changes the surface morphology
from 2D plates to 1D nanofibers [24]. The electrodeposition of the Co
(OH), and Ni(OH), onto a SS-PANI and SS was a result of nitrate ions
reduction, which increases the local pH of the solution close to the
cathode by forming OH ™ ions. The reaction of the OH™ ions with Co*"
and Ni2* ions from electrolyte solution results the deposition of Co
(OH),-Ni(OH), deposits onto PANI-SS and SS electrodes could be as
follows [25.26]

NOj + 7H, O+ 8¢~ — NHj + 100H™ 1)
Co?* + 20H- — Co(OH), (2)
Ni2* + 20H~ — Ni(OH), 3)

Structural elucidation

The structures of PANI, NCs and Co(OH),-Ni(OH), (hereafter C1,
C2, C3, C4, C5 and C6) electrodes were determined by the XRD patterns
(Fig. 1). In the XRD pattern, the peaks marked with * symbol were of SS
substrate. No new peaks were noted in all XRD patterns, suggesting the
formation of an amorphous or nanocrystalline electrode materials.
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Fig. 1. The XRD spectra of C1-C6 electrodes.

Generally, polymers and metals hydroxides, obtained using soft che-
mical solution methods, are an amorphous in nature.

Elemental analysis

The EDX spectra are of C1-C6 electrodes are shown in Fig. 2. The
EDX spectrum of C1 confirmed elements like carbon (C), nitrogen (N) of
PANI and oxygen for absorbed water in PANI nanofiber network. In the
EDX spectrums of C2-CS5, basic elements were carbon (C), nitrogen (N),
oxygen (0O), cobalt (Co) and nickel (Ni). And in spectrum C6, elements
like cobalt, nickel and oxygen were anticipated from Co(OH), and Ni
(OH),. The presence of iron (Fe) could be from the SS and the element
platinum (Pt) is due to sputtering of very thin layer of platinum as all
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electrode materials were nonconductive in nature, which, in fact, is
unprecedented. It is to be noted that in all EDX measurements only
elementals like C, O, Ni and Co detected, confirming a qualitative
analysis of the product materials.

Morphological evolution

The FESEM images of C1-C6 electrode materials are shown in Fig. 3
where, a nanofibrous surface morphology of C1 with diameters ranging
from 50 to 100 nm is evidenced. The open spaces present in-between
them could provide direct paths for the ions of electrolyte to access a
maximum electrode material surface for better performance. The
FESEM images of C2-C5 are the surfaces of NC electrodes. With in-
crease of time, the electrodeposition of Co(OH), and Ni(OH), onto
PANI nanofibers increases by connecting these nanofibers (Fig. 3C2,
C3). But, in the FESEM images of C4 & C5, the deposition was not well
clear as like in C2 & C3, though the specific capacitance of C4 was
higher in all composite electrode materials, suggesting non-uniform
deposition of Co(OH), & Ni(OH), over PANI nanofibers, as observed
from respective FESEM images i.e. C2-C5 of Fig. 3. The FESEM image of
C6 exhibited 2D platelet-type surface morphology of 20 to 30 nm in
thickness.

CV measurement

The electrochemical capacitive properties of C1-C6 electrode ma-
terials were measured with CV spectra at the scan rate of 10mV/s in
1.0 M NaOH aqueous electrolyte as shown in Fig. 4a. The mass loading
and geometrical area of all active electrode materials were nearly same
within potential range of —0.2 to 0.5V for C1, 0.0 to 0.5V for C2-C5
and —0.1 to 0.5V for C6. An inset of Fig. 4a is an enlarged view of CV
of C1 i.e. PANI, where instead of pronounced peak, increase in current
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Fig. 2. The EDX spectrums showing elementals present over C1-C6 electrode surfaces.
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Fig. 3. The FESEM images of C1-C6 electrodes showing a surface change from nanorods to nanoplatelets.

with voltage (and decrease in current with decrease of voltage) is free
from the redox activity in alkaline medium, hence the capacitance may
be due to electrostatic adsorption and desorption of electrolyte ions at
the surface of the electrode materials. While in NCs electrode materials
i.e. C2-C5 as well as in C6 anodic and cathodic peaks are clearly seen
on account of the presence of following redox reactions over Co(OH), &
Ni(OH), [27,28]

Co(OH), + OH™ « CoOOH + H, O+ e~ 4)
CoOOH + OH™ & CoO + H, O+ e~ (5)
Ni(OH), + OH™ < NiOOH + H, O+ ¢~ (6)

The redox reactions of Co(OH), involve 2e~ per redox reaction
while Ni(OH), involves 1e~ per redox reaction. The first pair of redox
current peak of Co(OH), is due to oxidation reaction conversion be-
tween Co(OH), to CoOOH and reduction reaction in reverse direction
(Eq. (4)). The second pair of redox current peak is due to the oxidation
of CoOOH to CoO and reduction in the reverse direction (Eq. (5)). Due
to conversion of Ni(OH), to NiOOH by oxidation and in reverse direc-
tion by reduction for Ni(OH), only one pair of redox current peak is
obtained (Eq. (6)). The ideal shape of the CV of supercapacitive elec-
trode material is rectangular. The CV curves of EDLC are more
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rectangular than that contain the redox reactions i.e. pseudocapacitive
[29]. In the present case, the as-prepared C2-C5 electrodes demon-
strated more rectangular shape as compared to C6. The area of CV,
charge density, SC, energy density (E) and power density (P) of all
electrode materials were determined by the following equations

A= /‘I(V)dv )

1
q= ;fl(V)dV

(8)
sC = '—n—g—v ©)
E= %q(vwZ (10)
p= %C\.(VV)%— (1)

where, A is area of the closed CV curve (mW), q is the charge density
(mC/cm?), v = dV/dt is the scan rate (mV/s), m is the mass of electrode
materials (g), VV is the potential window of CV, E is energy density
(Wh/kg) and P is power density (W/kg). The maximum specific capa-
citance values obtained at 10 mV/s were 0.59, 50, 46.4, 85.7, 74.1 and
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Fig. 4. (a) CV, and (b) scan rate vs. current density plots of C1-C6 electrodes.
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Fig. 5. The CV curves of C1-C6 electrodes at scan rate from 10 to 100 mV/s.

312.5F/g for C1, C2, C3, C4, C5 and C6 electrode materials, respec- scan rate. The shape of CV is changed significantly from 10 to 100 mV/s

tively. The change in the performance is attributed to different; a) for electrodes (Fig. 5C1-C6). The anodic current peaks moved towards
surface appearance, and b) charge transfer resistance. Among all elec- the positive potential side, while cathodic current peaks towards the
trode materials C6 revealed a high SC performance of 312.5F/g over negative potential side, which is a function of availability of electrode
others, suggesting performance of PANNi and NCs electrode materials material. In present case, the anodic/cathodic current density increases
in alkaline electrolyte is inferior. The sweep rate effect on the perfor- with scan rate, but is failed to maintain a linear relation with scan rate,
mance of each electrode was carried out from 10 to 100 mV s~ ' which suggesting the current density produced by active sites of electrode
is shown in Fig. 4b where, a linear relation is evidenced. The peak materials is not only surface dependent but is diffusion dependent also
current (+ve/—ve) and area under each CV increased with the scan [30]. The deviation of the current density from a linear variation with
rate, evidencing a direct proportion relation between the area and the scan rate is more for C6 than other electrode materials. But, for C4
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electrode the variation of current density is approx'\mately more linear
with scan rate.

Scan rate effect

The scan rate relation with area of CV curve, charge density, power
density and energy density are shown in F ig. 6 (a-d) confirming more or
less a similar nature. The area of CV curve should linearly vary with
scan rate for good response. From Fig. 6a it is observed that the area
under CV curve for C6 electrode increased with scan rate initially and
then, approximately, remained unchanged, suggesting its more

usefulness at lower scan rates and not at higher scan rates. But, in case
of electrode C4, the area under CV curve increases with of scan rate,
showing its better performance over NCs and C6 electrode materials.
The percentage retentions (%) of CV curves, as a function of scan rate,
with charge, power and energy densities confirmed a better contribu-
tion of C6 over C1 and rest electrode materials. The same nature of
retention for charge density, specific capacitance and energy density
values was evidenced. The power density vs. energy plots of C1-C6
electrode materials endowed better performance of C6 that of others.
From the scan rate effect study one can approve a better performance of
C6 electrode than PANI and NGs electrodes. The plot between energy
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Fig.7. CV plots of C1, C4 and C6 electrode materials from 1 to 1000™ cycles. Plots

of C1, C4 & C6 electrodes.

density and power density as shown in Fig. 6e suggested a better re-
sponse for C6 electrode, so electrochemical stability properties of three
electrodes i.e. C1, C4 and C6 were studied in rest of the work. Effect of
specific capacitance vs. scan rate of all electrode materials as provided
in Fig. 6f for C1-C6 electrodes at all scan rates corroborated a better
performance of C6 electrode over others which may be due to a small
charge resistance and availability of several redox states.

Cycling stability
The cycling tests of C1, C4 and C6 electrodes were operated for
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of cycle number vs.; a-c) specific capacitance, b) energy density, ¢) power density

1000 cycles to find the effect of cycling number on the specific capa-
citance, energy density and power density (Fig. 7C1, C4 and C6). From
the cyclic stability curves it is inferred that the C6 electrode material
availed higher specific capacitance, energy density and power density
over C1 and C4 electrodes (Fig. 7a-c), suggesting presence of better
adhesion force of attraction between current collecting substrate and
electrode material. The value of specific capacitance for C6 was higher
than C1 and C4 electrodes which is attributed to its lower charge
transfer resistance caused by a presence of two metal hydroxides.
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Fig. 8. The GCD measurements of C1, C4 and C6 electrodes.

Galvanostatic charge-discharge measurement

The specific capacitance (Cs), energy density (E) and power density
(P) from GCD curves (Fig. 8) of C1-C6 electrodes were determined by
following equations

It
G=aw (12)
i .
e (2 GOVV) (13)
E
EEE (14)

where, I is the discharging current (mA) and t is the discharging time
(s). The Cs values of C1, C4 and C6 electrodes calculated by GCD curves
were respectively 0.28 F/g at 0.1 mA/cm?, 37.07 F/g at 0.5 mA/cm?
and 136.78 F/g at 0.5 mA/cm? as PANI (C1) shows a low charge in-
duction capacity, due to which, the charge-discharge plot was at-
tempted at lower current density value than other two electrodes. From
the charge-discharge plots electrode C6 demonstrated better capacitive
performance than both PANI and other NCs electrode materials due to
its higher charging-discharging time within a fixed potential window.

Conclusions

This manuscript presents synthesis and studied on physical and
electrochemical properties of PANI, PANI/Co(OH),-Ni(OH), and Co
(OH),-Ni(OH), electrode materials onto a stainless-steel substrate.
Elemental mapping analysis has, un-doubtedly, supported the synthesis
of these electrode materials. All electrode materials have contributed an
amorphous crystal structure however, there is significant change in
their surface appearance i.e. from nanorods to platelets with an addi-
tion of Co(OH),-Ni(OH),. An electrochemical performance

measurements attempted on these electrode materials confirm better
energy storage potential in Co(OH),-Ni(OH), over PANI and NCs
electrode materials as its specific capacitance, energy density, power
density measured from both CV and GCD measurements at 10mV/s
were much higher, suggesting the use of PANI with metal oxides/hy-
droxides is unable to produce synergic effect which we experience/
expect in other composite electrodes materials.
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