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Supercapamtwe propert|es of hybrid PANI-Ni(OH),
nanocomposite electrodes

- Janardhan H. Shendkar
S.S.J. E. S. Arts, Commerce & Science College, Gangakhed, Dist. Parbhani, India

Abstract

Nanocomposite (NC) hybrid electrodes of polyaniline (PANI)-nickel hydroxide [Ni(OH),]
have been prepared by two-step electrodeposition processes onto stainless-steel (SS)
substrates. Enhanced stability of amorphous PANI- Ni(OH), NC electrodes with loading
of Ni(OH), electrode materials have been explored. PANI has a nanofibrous morphology
and on account of less loading of Ni(OH),, the NC electrodes retain an overall nanofibrous
morphology. The maximum specific capacitance (SC), obtained from integrated charge
under voltammetric conditions, for NC (electrodeposition of Ni(OH), for 05 min and 15
min onto PANI electrode surface) electrodes, are 20.08 F/g & 33.48 F/g, respectively.
The retention in SC values with scan rates from 10 to 100 mV/s for NC (05 min) and NC
(15 min) are 66.6% & 37.3% respectively. The retention in SC values with increase of
cycle number up to 1000 for NC (05 min) and NC (15 min) electrodes are 56.6% and
59.35% respectively, demonstrating higher electrochemical stability of NC electrodes
with loading time of Ni(OH),. Nearly 22.5 and 37.5 mC/cm2 charges, NC (05 min) and
NC (15 min) electrodes are obtained respectively.

Keywords

Electrochemical SupercapaCItors Nanocomposite, Polyaniline, Specific capacitance,
nanostructures, Nickel hydroxide, electrodeposition

1 Introduction :

Electrochemical supercapacitors (ES) have captivated appreciable attention in recent
years, as they are competent to provide high power density, long cyclability and fast -
charge/discharge capability [1]. Their use in consumer electronics like memory back-up
systems, digital communications, electrical vehicles and industrial power/energy
management etc., is widely known [2]. Based on their charge storage mechanism they
are of two categories i.e. electrical double layer capacitor and pseudocapacitor or faradaic
capacitor. In an electric double layer capacitor energy is physically stored by means of
ion adsorption at the electrode/electrolyte interface to form electric double layer whereas
in pseudocapacitor energy is stored chemically due to reversible surface or near-surface
faradaic reactions. As a result, the specific capacitance (SC) of the ES is proportional to
the accessible surface area of the electrode materials to the electrolyte ions for redox
reactions/electric double {ayer formation. In the preparation of SCs, the material of
electrode is one of the key factors affecting the performance of ECs. Therefore, the SC



31

value of active material can be increased by converting the bulk structure electrode material
to the nanostructure materials to provided high surface area on account of extremely
small in particle size and refined nano-morphological structure, which shortens the path
length of ion transfer to release mechanical stress during charge/discharge process [1, 3-
8]. Polyaniline (PANI) is one of the conducting polymer material used for ES due to
availability of several preparative methods for distinguishable morphologies, inexpensive
with environmental and chemical stabilities etc. [9]. Out of all morphologies nanofibers/
nanowires have attracted more attention due to their low inter-particle contact resistance;
higher conductivity and high accessible surface area have provided high SC value [10].
The backbone of PANI contains alternating nitrogen atoms and benzene rings. PANI
exists in form of base and/ot salt in three isolable oxidation states; leucoemeraldine
(fully reduced form with pale yellow colour), emeraldine (half-oxidized and protonated
form with green colour or half oxidized form with blue colour), and pernigraniline (fully
oxidized form with blue/violet colour) depending upon the degree of oxidation of the
nitrogen atoms. Of these, only emeraldine salt is electrically conductive [11] due to
possibility of supporting polaron or bipolarons as charge carriers. The main drawback of
PANI electrode lies not only in its lower cycle stability but also in electrochemical inactivity
in alkaline solution [12]. Hence, it is essential to make composite of the PANI with
another suitable supercapacitive electrode material to produce nanostructure morphology
to not only overcome the stability but also to achieve the novel properties of the
nanocomposite (NC) electrode useful for supercapacitive properties. NCs of PANI with
polymer [13], metals [14], metal oxides [15], carbon [16] and graphite [17] have been
studied and achieved the goals of high capacitance and better stability.

Among the series of the transition metal oxides/hydroxides, nickel hydroxide [Ni(OH),]
is one of the electro-active metal hydroxides used as ES material. Due to well defined
redox activity, high theoretical supercapacitive value, low-cost and layered morphology,
nickel hydroxide becomes one of the important supercapacitive electrode material and
hence from decade this material is at the centre of research [18, 19]. However, it suffers
from drawback of weak adhesion between the nickel-based material and the current
collector (substrate), leading to the loss of active material, which shortens cycle life as a
supercapacitor electrode [20]. In order to overcome this drawback, NCs of Ni(OH), with
MnO, [21],Ni,S /3DGN (three dimensional graphene network)[22], graphene oxide [23],
CoO/rGO [24], Co,0,/RGO [25] etc.. have been with positive results.

In the preset work, PANI/Ni(OH), NC electrodes were developed by using
electrodeposition method and their structural, elemental analysis, morphological and
electrochemical properties like CV, galvanostatic charge-discharge and electrochemical
impedance are studied and explored. The electrodeposition of Ni(OH), onto the PANI
electrode has been carried out at negative potential, hence both process— of reduction of
PANI and electrodeposition of Ni(OH),.
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2 Experimental sectio
2.1 Materials Bt

Aniline, nickel nitrate hexahvdrate, sulphuric acid, acetone and sodium hydroxide of
analytical reagent grade were purchased from Merck. The distilled water and all reagents
were used without further purification.

2.2 Preparation of PANI-Ni(OH), NC electrode

Polymerizations of aqueous 0.5M aniline and 0.5M sulphuric acid solution into PANI
were carried out at constant potential of 0.75V for 5 minutes in a standard three-electrodes
glass cell; consisting of stainless-steel (SS) of 1cm x 4cm as working electrode, a platinum
plate of 1.5cm x 1.5cm, as counter electrode and Ag/AgCl electrode as reference electrode.
The working electrodes were cleaned with first by acetone and then by distilled water
ultrasonically; after polishing with emery paper, and dried in an air before each trial. The
depth and distance of the working electrode in a solution was kept 1cm from solution
surface as well as from the reference and counter electrode. The PANI electrodes were
electrodeposited on one side of SS substrate (1cm?*) which was dried in air before and
after immersion in distilled water for 2 min for further use.

Electrodeposition of PANI-Ni(OH), NC electrodes were obtained using aqueous solution
of 0.05M nickel nitrai¢ hexahydrated at a constant potential of -1.0V for Sminutes (A)
and 15minutes (B) onto PANI electrode. As prepared NC electrodes were immersed in
distilled water for 2 min and dried in air at room temperature before next characterizations.
2.3 Characterization techuigues

X-ray diffraction (XRD) measurements were carried out by using a (Ultima 1V, Rigaku
2500) diffractometer with a Cu’Ka radiation in the 2¢ range of 10"80°. The morphologies
and elemental analysis of the electrodes material were investigated on field-emission
scanning electron microscope (FE-SEM), Hitachi S-4800. The electrochemical deposition
and the CV of the NC film electrodes were carried out through a WonAtech (WPG 100
Potentiostat/ Galvanostat) electrochemical workstation. The electrochemical impedance
spectroscopy (EIS) studies were performed on IVIUM STAT workstation, The
Netherlands. All the electrochemical properties were studied in 1.0M NaOH electrolyte
solution.

3 Results and Discussion

3.1 Reaction kinetics :

The electrodeposition of aqueous solution of aniline + sulphuric acid resulted in green
coloured PANI electrode at a constant potential of +0.75V. According experimental
conditions, under applied constant potential in three electrodes system, a current through
the conducting substrate causes initially to deposit a compact layer/film of PANI, which
means the rate of lateral ¢lectrodeposition along surface of substrate, was initially greater
than vertical deposition. then the growth of PANI takes place along one dimension i.e.
vertical to the surface of subsirate, as the aniline monomer being continuously consumed
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in the deposition process instead of forming new nuclei. The further process of
electrodeposition resulted in the elongation of length along the initially deposited nuclei
to form the nanofiber/nanowire type morphology of PANI [26]. The electrodeposition of
Ni(OH), from the Ni(NO,), precursor was due to a reduction of the nitrate ions on the
PANI-SS electrode surface to produce hydroxide ions [27]. There is a raise of local pH
on account of the generation of the OH> jons, resulting in reaction between nickel ion
and hydroxide ion in the form of the precipitation of Ni(OH), at the electrode surface as
by reactions; : '

NO,~+ 7H,0% 8¢ 1 NH; +100H" (1)

Ni#+20H 't Ni(OH), )
In Ni(OH), electrodeposttion, the concentration of the Ni(NO,), precursor (0.05M) was
low in order to make 100% utilization of electrochemically generated OH ions because
at high concentration, NiJ(OH) o is formed at electrode surface which diffuses away
OHions from the reaction interface before deposition occurs [28, 29]. At the time of
electrodeposition of the Ni(OH), onto the PANI, PANI undergoes reduction from
emeraldine state to leucoemeraldine state with time, as its colour was changed from
green to greenish yellow or pale yellow.
3.2 Structural Elucidation
Fig. 1 shows the XRD patterns of the PANI/ Ni(OH), NC electrodes. The same nature of
intensity peaks in all XRD patterns marked * allow us to conclude as the peaks are of SS
substrate. As all peaks are resemble to peaks of SS and there was no trace peak of either
PANI or Ni(OH),, confirming an amorphous nature of both NCs. But in present study
PANI gets reduced at the time of electrodeposition of Ni(OH), into leucoemeraldine
state having amorphous nature and the less availability of time for the arrangement of
Ni2* ions with respect to OH ions produce amorphous structure of NCs (A) & (B)
electrodes.
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Fig. 1 XRD patterns of NCs (A) and (B) electrodes.
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3.3 Surface Morphology ,

The FESEM images of the NC {A)and (B) electrodesare presented in Fig. 2. The FESEM
of PANI electrode surface confirms nanofiber-type morphology. The nanofibers of PANI
were non-uniform in sizes and shapes. These nanofibers were not grown in a straight line
but bend to form secondary growth. The SEM images of the NCs of PANI and Ni(OH),
shows no much more changes in the nanofiber morphology, as deposition of Ni(OH), on
PANI is relatively very low due to two reasons, i) the reduction of the emeraldine state of
PANI into leucoemeraldine state of PANI, so some part of potential/current utilized in
reduction of PANI and remaining part of voltage/current utilized in reduction of nitrate
ions; ii) the leucoemeraldine state of PANI is an electrically non-conducting, but for this
conversion it takes some time at which the Ni(OH), deposited in porous PANI nanofiber,
which is an insufficient loading of Ni(OH), mass on PANI nanofiber to form platelet/
nanofiber composite morphology (as can seen from EDX spectrum Fig. 3).

200nm

Fig. 2 FESEM images of NC (A) and (B) electrode surfaces.
3.4 Chemical composition analysis

Fig. 3 shows energy dispersive X-ray analysis (EDX) spectra of NCs (A) and (B)
electrodes. These emitted characteristic x-ray spectral peaks qualitatively gives the
information of presence of C, N, Ni and O in both NCs for PANI and Ni(OH), indicates
the formation of NCs. The spectral peak at about 2.15 keV in all EDX specfra may be
the existence of spectral artifacts such as escape peak.

471 4 4.5 3
le (A le (53]
38 { | 36} {
i |
28 4 274 |
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1.9 § 18}
09 | In 09 IN
O o .
7 N o NI
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0.0 1.0 2038 O .S 60-70 8.0 0N 10 20 30 40 50 60 TO 3¢
Eneray - keV 3 Energy - keV

Fig. 3 EDX of NCs (A) and (B) electrodes.
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3.5 Electrochemical measurements
3.5.1 CVs and electro-active measurements
The capacitive behaviour of electrode materials are generally characterized using CV
curves. Fig. 4 presents typical CV curves of the (A) and (B) electrodes in 1.0M NaOH
electrolyte at a scan rate of 10mV/s, in the potential range from 0.1V to 0.5V. In these
CV curves, one pair of redox peak for Faradaic redox reactions are seen, suggesting the
capacitance is mainly due to Faradaic redox reactions. The anodic current in CV of NCs
has greater value than cathodic current. The current in CV increased with potential window
voltage to reach the maximum value due to redox reaction of active species of electrodes
and then decreased due to unavailability of active species for redox reaction with increase
in potential window voliage. indicates towards the variation of ohmic drop across the
electrode material during CV. Therefore, the current before starting redox reaction and
after completion of redox reaction may be due to electrolyte ion deposition to form electric
double layer. Thus, the capacitance of NC electrodes in alkaline electrolyte solution is
from the charge storage in the electric double layer at the electrode/electrolyte interface
and charge storage in the electrode material by redox reactions on the surface and hydroxyl
ion diffusion in the electrode active material [30]. i'or the Ni(OH),, in alkaline medium,
the surface Faradaic reaction follows [31]

Ni(OH), + OH > ”! NiOOH + H,O + ¢> 3)
From the observations of CV curves, it can be inferred that, the capacitance is majorly
from the Ni(OH), rather than PANI in NC electrodes as much more capacitance is stored
in aredox capacitor than in a double-layer capacitor. Area of CV curve, the charge density,
specific capacitance, energy density and power density values of the electrodeposited
individual and NC electrodes were calculated from the CV curves, according to the
following equation

A= [1(V)ar )
q=[1w)dv . 5)

T - ®
E=ic,W )
P=3C,(WV)5T ®)

where, 4 is area of the closed CV curve (mW), g is the charge density (mC/cm?), v =dV/
dt is scan rate (mV/s), Cs is specific capacitance (F/g), m is mass of electrode materials
(), WV is the potential window of CV, E is energy density (Wh/kg) and P is power
density (W/kg).
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The SC values calculat : !ate of 10mV/s for (A) and (B) electrodes were 20.08
F/g & 33.48 F/g respeptwclw Inthe present case, with electrodeposition time of Ni(OH),
onto PANI electrode, the SC values are maintained in NCs.

i e
— (B}

3

Current Density(mA/em? )

04 0.2 0.3 0.4 0.5
: Potential (V vs. Ag/AgCh

Fig.4 CV curves vof NC (A) and (B) electrodes in 1.0 M NaOH electrolyte.

3.5.2 Scan Rate Effect

The CV curve for relationship between current densities and scan rates has been
investigated for both electrodes at scan rate from 10mV/s to 100mV/s are shown in Fig.
5. The shape of anodic and cathodlc CV curve remained same for both electrodes. With
increasing the scan rate, the current density and hence peak current density of CV also
increased and the oxidation peaks shifted to a more positive position and the reduction
peaks slightly to a more negative position due to an increase of the internal diffusion
resistance within the electro-active material with an increase in scan rate [32]. The
increase in current density with scan rate was not linear, suggesting the assessable active
sites of electrode material by electrolyte species (cations /anions) were diffusion limited
than surface limited as the diffusion of electrolyte ions decreases with increasing scan
rate, which does not maintain the peak current density with scan rate. The dependence of
A, q, Cs, E and P with scan rate are depicted in Table 1. The retention in q, Cs and E is
same and is 66.6% & 37.3% respectively for electrodes (A) and (B). Therefore, electrode
(A) has maximum retention than (B) electrodes, with an increase in scan rate from 10 to
100mV/s, suggesting much better rate capability in NC electrode (A) as well as good ion
diffusion and electron transport ability at high current density. The retention in area of
CV curve and P is same and is 85.0%, and 73.2% respectively for electrodes (A) and (B).

In this case we find that the energy density for both electrodes decreased with increase in
power density with increase i scan rate.
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Fig.5 Séan z,i-z.tg:;_@tfect CV curves for electrodes (A) and (B).
Tablel Numerical values of A, g, Cs, E and P with scan rate for electrodes (A) and (B).

i

Sean [ Physical |40 56 50T 40 [ %0 [ 60 | 70 | 80 | 50 oo T oecr

Rate/ | Quantities o Reten-
Electr : : tion
~odes :
A@W) 102251045 | 06 [ 075 [ 095 | 105 | 1.5 | 13 | 14 | 15 | 859
q@mC/eny) | 22.5 £ 225 1200 1875 19.0 | 17.5 | 1642 | 16.25 | 15.55 | 15.0
@ Cs(F/g) 2008 2008 |17.85 | 1674 | 16.96 | 15.62 | 14.66 | 14.50 | 13.88 | 13,39 66.6%
E(Whkg) |0.446 0446 0396 03720376 | 0.347 | 0.325 |0.322 | 0.308 | 0.997
P(Wikg) |40.17 80.35 |107.1 134.0 [169.6 | 187.5 | 2053 | 232.1 | 2499 | 3676 | 859
A@W) (03751060 10.75 | 08 092 | 1.0 | 1.1 | 125 | 135 | 14 | 73.2%
@) |A@Clem) | 375 300 | 250 | 200 | 184 [1666 |15.71 |15.62] 150 | 140

Cs(F/g) [3348 12678 12232 | 17.85 | 1642 | 14.88 | 14.03 | 13.65 | 1396 | 135 | 37.3%
E(Whvkg) |0.744 0.595 | 0496 | 0.396 | 0.365 | 0.330 | 0.311 |0.310 | 0.297 | 0.397
P(Wike) [6696 107.7 (1339 | 142.8 | 164.2 | 178.5 | 196.4 | 223.2 | 241.0 | 250.0 | 73.9%
3.5.4 Cyclic Stability
As, for real supercapacitor operations and applications, besides high specific capacitance,
an excellent long cycle life stubi lity is also required. Therefore, cyclic stability test with
CV curves at a scan rate of 40m Vs with a potential range from 0.1V t0 0.5V for electrodes
(A & B), was carried ’iﬁu;?a. ‘ gwen in Fig. 6 for 1000 cycles. The variation of q,Cs, E
and P demonstrated a same nature of decrease in the values of electrodes (A) and (B)
with a retention of 56.6% and 59.35% respectively as in Table 2, indicating an
improvement in the cyclic stability of NC electrodes with time of electrodeposition. The
CV curves of NC electrodes demonstrated well-defined pair of oxidation/reduction peaks
from 1 to 1000 cycles. In the stability CV curves of electrodes (A) & (B), the oxidation
and reduction peak potentials were shifted towards more positive potential. The
differences of oxidation and reduction peak potentials of electrodes (A) and (B) for 1 to
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1000 cycles were

difference between tential and the reduction potential is a measure of

the reversibility of thi n and the relatively small values obtained here was
an indication of a be ibility [33-35] in NC electrode which is also evidenced
from Table 2. ol ~
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curves of (A) and (B) electrodes.

s, E and P and cycle number for electrodes (A) &

0.1

CycleNO. |  Physical 1 200 | 400 | 600 | 800 | 1000 | %of
[Electrodes Quantities Retention

A(mW) 0.75 | 0.675 | 0.575 0.5 0425 | 0425
q(mClem’) | 1875 | 1687 | 1437 | 12.5 | 10.62 | 10.62
) Cs(F/g) | 1674 | 1506 | 12.83 | 11.16 | 948 | 948 | s5400%
E(Whkg) | 0.372 | 0334 | 0285 | 0.248 | 0210 | 0.210
P(Whg) | 1339 120.5 | 102.6 | 89.28 | 75.89 | 75.89
0.625 | 0.575 | 0.525 | 0.475
1562 | 1437 | 13.12 | 11.87
13.95 | 12.83 | 11.71 | 10.60 | 593504
0310 | 0.285 | 0.260 | 0.235
1116 | 1026 | 93.75 | 84.82
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Fig 7 (a) EIS curves of ‘e‘lgct'r,o'de's (A) & (B); (b) at high and medium frequency,
enlarged EIS curves of (A) & (B) electrodes.

AC impedance spectroscopy was used to measure the resistance associated with electrolyte
solution between reference electrode and working electrode, active electrode material
and interface of electrode/electrolyte. The EIS study was carried out with ac voltage of
amplitude 5SmV, in the frequency range of 0.01Hzto 1.5MHz. The Nyquist plots between
the real part of impedance Zy (K&!) and the imaginary part of impedance Z3 (K&!) are
presented in Fig. 7. The locus of the curve/line of the plot of real and imaginary part of
impedance is composed of a half semicircle at high frequency (> 10°Hz), a straight line
at middle frequency (10* Hz to 1Hz) and again a semicircle at low frequency (< 1Hz).In
high frequency region, the internal resistance is due to electrolyte solution, active material
particles and contact between particles of active material having lower value shows
conductivity. The diameter of the semicircle represents the charge transfer resistance of
NCs electrode, but with electrodeposition time it increases slightly. At the middle region
of frequency, a sloppy straight line yielded a small phase angle for NCs electrodes. Non-
conducting electrode generally yields a phase angle of 45°, while diffusion control in a
semi-infinite pore yields a phase angle of 22.5° [36], hence NC electrodes confirmed
better diffusion of Na*/Ot> ions in middle frequency region [36, 37].

Conclusion N

Electrochemical deposition synthesis of amorphous PANI-Ni(OH)2 electrodes was carried
out at room temperature. For synthesizing NC electrodes, a two-step electrodeposition
method was applied. The SC values, estimated from the CV areas, of NC electrodes (A)
and (B) measured at 10 mV/s scan rate in 1.0M NaOH were 20.08 F/g & 33.48 F/g
respectively. The variation of g, Cs, E and P demonstrated a same nature of decrease in
values of electrodes (A) and (B) with retention of 56.6% and 59.35% respectively,
indicating an improvement in the cyclic stability of NC electrodes with time of
electrodeposition. The retention in g, Csand E is same and is 66.6% & 37.3% respectively
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for electrodes (A) and (), NC electrodes confirmed better diffusion of Na*/OH> ions in
middle frequency regmn
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