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KEYWORDS Abstract In this study, hierarchical polyaniline (PANI) nanosheets were electrochemically depos-
Polyaniline; ited on indium tin oxide nanoparticles coated fluorine-doped tin oxide glass (ITONPs-FTO) sub-
ITO nanoparticles; strate from an aqueous solution containing 0.5 M aniline and 1 M H,SO,4. The ITONPs provide
Electrochemical deposition; efficient support with high electroactive surface area in the electrochemical deposition of PANI
Jute sticks derived activated and produce excellent PANI films. The developed PANI film deposited on the ITONPs-FTO elec-
carbon; trode was characterized via field-emission scanning-electron microscopy, energy-dispersive X-ray
Asymmetri; hybrid spectroscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. A hybrid supercapacitor
supercapacitor (HSC) was fabricated using the developed PANI deposited ITONPs-FTO as a positrode and the

jute sticks derived activated carbon nanosheets coated FTO (JAC-FTO) as a negatrode. Because
of its high capacitive performance, unique structures of electrode materials, and optimum operating
potential window, the fabricated PANI-ITONPs-FTO//JAC-FTO HSC performed excellently in
0.1 M HCI aqueous electrolyte, delivering a high areal capacitance of 318 mF/cm? at a 1.0 mA/
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em? current density and exhibit a high energy density of 28 pWh/cm? at a high power density of
400 uW/cm?. Moreover, the HSC exhibits excellent cyclic stability with ~ 87% Coulombic effi-
ciency and ~ 91% capacitance retention after 1000 charge—discharge cycles.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Due to their long cycle life, high power density, and fast charge/dis-
charge activities, supercapacitors will be critical in meeting future
energy storage requirements in memory backup systems, hybrid elec-
tric vehicles, and industrial energy management (Miller and Simon
2008, Simon and Gogotsi 2008, Shah et al., 2022a, 2022b, 2022c).
However, their low energy density than their counterparts (batteries)
makes them appropriate for a limited range of applications (Zhu
et al., 2011, Yaseen et al., 2021). To overcome energy density limita-
tions, hierarchical nanostructured or nanoporous materials that stim-
ulate the specific capacitance of electrodes are being developed.
Another effective way to overcome the energy density (E = 1/2CV?)
limitations is to develop hybrid supercapacitors (HSCs), which inte-
grate electrodes’ different capacitive and pseudocapacitive behavior
to increase the capacitance and ultimately the energy density (Zhu
et al., 2011, Wei et al., 2019, Shah et al., 2022a, 2022b, 2022c).

According to their charge storage mechanisms, supercapacitors are
typically categorized into three major classes: (i) electrochemical
double-layer supercapacitors (EDLCs), (ii) pseudocapacitors, and
(iii) HSCs. EDLCs use carbonaceous materials (such as activated car-
bon) (Mohamedkhair et al., 2020, Shah et al., 2021a, 2021b, 2021c,
2022a, 2022b, 2022c¢) as positrode and negatrode for electrochemical
energy storage by adsorbing or desorbing electrolyte ions and produce
a double layer at the electrode electrolyte interface. Whereas, pseudo-
capacitors use redox active materials (such as conducting polymers and
transition metal oxides) (Zhou and Xu 2016, Shakil et al., 2021, Hasan
et al., 2022, Islam et al., 2022, Shah et al., 2022a, 2022b, 2022c¢) to store
charges via fast reversible redox reactions. Whereas HSCs combine the
overall performance of EDLCs and pseudocapacitors by using car-
bonaceous and redox-active materials and enhance the energy density,
power density, and specific capacitance (Muzaffar et al., 2019, Zhang
et al., 2022).

Because of its easy synthetic protocol, low cost, electrochemical
reversibility, mechanical flexibility, fast switching, low toxicity, and
comparatively high electrical conductivity, polyaniline (PANI) is a
promising positrode material for HSCs (Wang et al., 2006, Ma et al.,
2015, Shah et al., 2020, 2022a, 2022b, 2022c). However, PANI has a
low-rate capability, narrow operating potential window (OPW), and
poor cyclic stability. A homogeneous, well ordered, and nanometer
sized structure be required to improve the PANI-based electrodes elec-
trochemical performance. Various synthesis protocols have been used
to prepare PANI; however, the electrochemical deposition of PANI
could be considered as an efficient technique for developing highly effi-
cient and stable PANI electrodes for supercapacitors (Shah et al., 2020,
2022a, 2022b, 2022c). Along with the various electrochemical deposi-
tion parameters, i.e., deposition time, deposition potential, and depo-
sition medium, the substrate has a more pronounced effect on the
electrochemical properties of prepared PANI films (Dinh and Birss,
2000). Particularly, the substrate modification with conductive
nanometals before electrodeposition of PANI has a considerable effect
as a nanomaterials-modified substrate provides a large electroactive
surface area. This large electroactive surface area allows to deposit
of large amounts of PANI easily, i.e., ultimately, a large surface area
of PANI. The advancements made in recent years have demonstrated
the importance of a sustained effort focused on various nanomaterials
for electrochemical applications (Kang et al., 2010, Shaikh et al., 2015,
Alshalalfeh et al., 2016, Kawde et al., 2017, Abu Nayem et al., 2021a,
2021b, Islam et al., 2021, Usman et al., 2021). Recently, we have shown

that conductive indium tin oxide nanoparticles (ITONPs) could be
deposited on substrate electrodes to increase their electroactive surface
and electrocatalytic properties toward sulfide electrooxidation (Aziz
et al., 2017, 2018, Shah et al., 2021a, 2021b, 2021c). The ITONPs-
modified electrode showed much better electrochemical properties
compared to that of counter bulk electrodes (Aziz et al., 2017, 2018,
Akanda et al., 2020, Shah et al., 2021a, 2021b, 2021c). We also selected
the different methods for homogeneous deposition of ITONPs for the
different substrates. As an example, we homogeneously deposited the
ITONPs by drop-drying of the aqueous solution of ITONPs on a
glassy carbon electrode (Aziz et al., 2018), whereas we used linker
molecules to homogeneously deposit of ITONPs on bulk ITO elec-
trode by a similar drop-drying method (Aziz et al., 2017). Other
researchers have also prepared ITONPs films using spin coating, elec-
trospinning, inkjet printing, and thermal decomposition (Liu et al.,
2014, Mierzwa et al., 2018, Gilshtein et al., 2021, Shah et al., 2021a,
2021b, 2021c). The aqueous solution-based drop-drying method is
the simplest one as this is straightforward and has no requirements
for any expensive and toxic chemicals and sophisticated instrumenta-
tions. However, successfully homogeneous deposition by the drop-
drying method partially depends on the properties of the substrate.
It is noted that fluorine-doped tin oxide coated glass (FTO) substrate
is crystalline in nature and has a zig-zag surface which could be suit-
able for homogeneous deposition of ITONPs by drop-drying method
to provide high surface area (Aziz et al., 2015). As a result, this
ITONPs-modified FTO could be counted as a promising electrode
material to electrodeposition of PANI with high specific surface area
(SSA) and ultimately a high-performance electrode of supercapacitor.
Similarly, a suitable negatrode is required to accomplish a good perfor-
mance rate at a high energy density of HSCs (Gao et al., 2012, Xu
et al., 2020a, 2020b, Li et al., 2021). Due of their large SSA, high elec-
trical conductivity, and superior mechanical properties, biomass-
derived carbon materials have been identified as ideal candidate mate-
rials for supercapacitors (Chang et al., 2018, Ahammad et al., 2019,
Aziz et al., 2020, Roy et al., 2021, Shah et al., 2021a, 2021b, 2021c¢).
As an example, we fabricated symmetric EDLC supercapacitor using
highly porous jute sticks derived activated carbon nanosheets (JAC)
which possess proper combination of and macro-, meso-, and micro-
pores (Shah et al., 2021a, 2021b, 2021c). This carbon could be used
as cathode materials to fabricate HSCs.

In this study, we have used ITONPs-coated on FTO (ITONPs-
FTO) prepared by drop-drying as a substrate for electrochemical depo-
sition of PANI from an aqueous solution containing 1 M H,SO4 and
0.5 M aniline. The ITONPs provide efficient support in the electro-
chemical deposition of PANI and produce excellent PANI films. The
developed PANI deposited on ITONPs-FTO was used as a positrode,
and the JAC coated FTO (JAC-FTO) as a negatrode of the HSC. The
fabricated PANI-ITONPs-FTO//JAC-FTO HSC performed excel-
lently in 0.1 M HCI electrolyte and delivered a high energy density
at a high power density of 28 pWh/cm? and 400 pW/cm?, respectively.

2. Experimental

2.1. Materials

In the present study, aniline (ACS reagent > 99.5%), sulfuric
acid (H,SO4; ACS reagent 99.999%), sodium bicarbonate
(NaHCOs;), N-Methyl-2-pyrrolidone (NMP), hydrochloric
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acid (HCl; ACS reagent 37%), Whatman filter papers (grade
201), polyvinylidene fluoride (PVDF; average
Mw ~ 534000), fluorine doped tin oxide coated glass (FTO;
surface resistivity ~ 7 Q/sq), and indium tin oxide nanoparti-
cles (ITONPs; particle size 18 nm, 20 wt% in H,O) were pur-
chased from Sigma Aldrich (htips://www.sigmaaldrich.com).
The Specialty Gases Company Limited, Jubail, Kingdom of
Saudi Arabia supplied high purity nitrogen (N,) gas. Jute
sticks were collected from Mominpur-Keshabpur, Jessore,
Bangladesh. A water purification system (Barnstead Nanop-
ure, Thermo Scientific, USA) was used to acquire deionized
(DI) water.

2.2. Fabrication of ITONPs modified FTO electrode

Initially, the sigma Aldrich ITONPs solution (20 wt% in H,O)
was diluted with DI water sonicated for 30 min to get 1 mg/ml
solution. 100 pl from the prepared ITONPs solution was
dropped onto the FTO substrate (geometrical working area
1 x 1 cm?) and dried under ambient conditions for 12 h.
Fig. la and Fig. 1b shows the digital photographs of bare
FTO and ITONPs-FTO, respectively. The digital photograph
of the bare FTO and ITONPs-FTO clearly demonstrated the
homogeneous film formation of ITONPs on FTO by this
drop-drying method.

2.3. Effect of ITONPs in the electrochemical deposition of
PANI

For studying the effect of ITONPs in the electrochemical
deposition of PANI, PANI was electrochemically deposited
on bare FTO and ITONPs-FTO by an amperometric (cur-
rent-time transient) technique using a similar procedure as
reported by our group (Shah et al., 2020, 2022a, 2022b,
2022¢). The operational parameters were selected to
be + 0.85 V vs. Ag/AgCl as the deposition potential and
300 s as the deposition time. The electro-polymerization solu-
tion consisted of 1.0 M H,SO,4 and 0.5 M aniline. The working
area for the deposition of PANI on the substrates was selected
to be 1 x 1 cm? for efficient growth to be employed as a posi-

trode in the HSC. Amperometric experiments were performed
to deposit PANI on FTO and ITONPs-FTO substrates. The
developed electrodes were gently rinsed with DI water and
allowed to dry overnight under an ambient atmosphere. As
shown in Fig. lc, the deposition of PANI on ITONPs-FTO
exhibited a high current density and produced a smooth,
homogeneous, and compact two-dimensional PANI film. The
produced PANI film was green in color and strongly adhered
to the ITONPs-FTO substrate. This developed electrode will
be termed as PANI-ITONPs-FTO in the rest of the paper
for simple presentation. A similar experiment was performed
on a bare FTO substrate, which exhibited a very low ampero-
metric current, and the deposition was not good. This devel-
oped electrode will be termed as PANI-FTO in the rest of
the paper for simple presentation. The digital photographs of
PANI-FTO (Fig. 1d) and PANI-ITONPs-FTO electrodes
(Fig. 1e) also demonstrated that the PANI films are homoge-
neous and adequately adhered to the ITONPs-FTO as com-
pared to bare FTO. Various reports are also available by the
direct deposition of PANI on a bare ITO coated glass sub-
strate (Mohd et al., 2012, Mitchell et al., 2015, Aziz et al.,
2017, Shah et al., 2020). However, zigzag like surface of
FTO provides a high surface area for the tremendous deposi-
tion of ITONPs, which further provide an efficient pathway
excellent deposition of PANI. The schematic representation
for the step-by-step fabrication of the PANI-ITONPs-FTO
electrode is illustrated in Fig. If.

2.4. Preparation of JAC

In a similar manner to our previous study (Shah et al., 2021a,
2021b, 2021c), the JAC were synthesized from jute sticks. The
jute sticks (biomass) were washed with DI water and dried in
an electric vacuum oven at 100 °C for 24 h. The dried jute
sticks were cut into small pieces and grinded, with a normal
kitchen grinder, to a fine powder. The obtained jute sticks
powder was passed through a 100 um mesh and mixed at a
1:4 ratio with the activating agent (NaHCO;). The mixture
was then added to an alumina boat crucible, placed in a tube
furnace, and carbonized at 850 °C for 5 h under a N, environ-
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Fig. 1

PANI-ITONDs-FTO

Aniline Solution

Digital photographs of the (a) bare FTO and (b) ITONPs-FTO substrates. (c) Chronoamperometric curves for electrochemical

deposition of PANI on (i) ITONPs-FTO and (ii) bare FTO at + 0.85 V vs. Ag/AgCl using amperometric i-t technique. Digital
photographs of (d) PANI-FTO and (e) PANI-ITONPs-FTO electrodes. (f) Schematic representation for the step-by-step fabrication of

PANI-ITONPs-FTO electrode.
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ment. In the carbonization process, the heating rate was fixed
at 10 °C/min and the cooling rate was fixed at 5 °C/min. The
resultant carbonized jute powder was washed with 0.5 M
HCI, rinsed twice using DI water, and then filtered to remove
additional contaminants from pyrolyzed jute powder that may
be produced owing to activation. The filtered carbonized pow-
der was then placed in an electric vacuum oven and dried at
80 °C for 24 h, yielding JAC.

2.5. Fabrication of negatrode and the HSC cell

For the fabrication of negatrode (JAC-FTO), 85 wt% JAC
and 15 wt% PVDF were dispersed in NMP solvent and stirred
at 60 °C for 5 h to get homogenous slurry. The resulting slurry
was cast on bare FTO (1 x 1 cm?) and heated at 80 °C in an
electric vacuum oven for 12 h. The HSC cell was assembled
using the PANI-ITONPs-FTO as a positrode, the JAC-FTO
as a negatrode, and fitted with the separator soaked in
0.1 M HCI electrolyte into a sandwich-type cell’s construction
(i.e., electrode/separator-electrolyte/electrode). In the rest of
the paper, the assembled HSC will be termed as PANI-
ITONPs-FTO//JAC-FTO HSC.

2.6. Instrumentations

The electrode materials’ phase purity and crystalline structure
were investigated using the X-ray diffraction (XRD) technique
on a Rigaku Miniflex-1II diffractometer with Cu-K-Alpha radi-
ations (=0.15416 nm) operating at 40 kV constant voltage and
a 30 mA constant current. It was discovered that the morphol-
ogy of the electrodes produced could be studied using a high-
resolution field-emission scanning electron microscope
(FESEM, Quattro S). With the help of an Oxford instruments
Xmass detector equipped with the FESEM, we performed
energy dispersive X-Ray spectroscopy (EDS). A monochro-
matic Al-K-alpha monochromatic X-ray source was used to
determine the electrode’s oxidation states using X-ray photo-
electron spectroscopy (XPS; Thermo-Scientific, ESCALAB-
250Xi XPS-Microprobe, USA). The electrochemical measure-
ments were carried out on a computer-controlled electrochem-
ical workstation (CH Instrument 760E), which was used for
the entire experiment.

2.7. Electrochemical measurements

Galvanostatic charge/discharge (GCD), cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS) mea-
surements were carried out on the PANI-ITONPs-FTO//JAC-
FTO HSC in two-electrode configurations using a CHI-760E
electrochemical workstation. The areal capacitances (in F/
cm?) of the PANI-ITONPs-FTO electrode and PANI-
ITONPs-FTO//JAC-FTO HSC were measured from CV
curves and GCD profiles by using eq. (1) and eq. (2), respec-
tively (Shah et al., 2021a, 2021b, 2021c, Shah et al., 2022a,
2022b, 2022c).

[1av

= J 7 1
Cor AxvxAV (1)
Ixt
= 2
Coco A XAV 2)

where [TIdV, A, v, AV, I, and t represent area under CV curve
(W), geometric area (cm?) of the one electrode in PANI-
ITONPs-FTO and two electrodes in the PANI-ITONPs-
FTO//JAC-FTO HSC, scan rate (V/s), OPW (V), discharging
current (A), and discharging time (sec) in the GCD profile.

The energy density (E, Wh/cm?) and power density (P, W/
cm?) of the PANI-ITONPs-FTO//JAC-FTO HSC were calcu-
lated by using eq. (3) and eq. (4), respectively (Shah et al.,
2021a, 2021b, 2021c, Aziz et al., 2022).

_ 0.5 x CGCD X AVZ

E
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3. Results and discussion
3.1. Structural and morphological investigations

3.1.1. FESEM

The surface morphologies of the PANI-ITONPs-FTO,
ITONPs-FTO, and bare FTO were characterized via FESEM,
and the findings are presented in Fig. 2. Fig. 2a-c presents the
FESEM micrographs at different magnifications of the bare
FTO substrate, showing faceted grains with sizes in a wide
range from ~ 200 to ~ 500 nm. Whereas the surface morphol-
ogy of the ITONPs-FTO substrate is presented in Fig. 2d-f,
clearly showing that the zig-zag surface of the FTO surface
is covered with ITONPs and form a highly porous ITONPs
film. Such homogenously ITONPs film can provide a high sur-
face area for the proper deposition of PANI. As shown in
Fig. 2g-i, the ultrathin hierarchical PANI nanosheets with
smooth surfaces cover the ITONPs-FTO substrate uniformly
and densely. This demonstrates that the electrochemical depo-
sition produced a homogeneous PANI film of hierarchical
nanosheet-type nanostructure on the ITONPs-FTO surface.
The PANI film on ITO-FTO possesses a lot of nanometer sizes
channels which is helpful for easy diffusion of the electrolyte.
The morphology of PANI-ITONPs-FTO is quite different
from the morphology of PANI-plane ITO. The sheet size of
electrodeposited PANI on plane ITO was in micrometer in
ranges, i.e., low supercapacitance performance (Shah et al.,
2020). Furthermore, because PANI is directly deposited on
the ITONPs-FTO, the electrodes can be constructed without
a binder. As a result, the electrochemically prepared PANI-
ITONPs-FTO could be an effective electrode for supercapaci-
tor applications.

3.1.2. EDS

The EDS analysis and elemental mapping confirmed the chem-
ical composition of PANI and ITONPs on the FTO surface.
The EDS spectrum (Fig. 3a) represents the relevant peaks cor-
responding to the elements carbon (C), nitrogen (N), indium
(In), tin (Sn), and oxygen (O), demonstrating the existence of
PANI and ITONPs. Similarly, the fluorine (F) peak along with
the Sn and O peaks confirmed the effect of the FTO substrate.
Whereas no extra elemental peaks were identified, confirming
no contaminants in the produced PANI-ITONPs-FTO elec-
trode. The elemental mapping images, displayed in Fig. 3b,
illustrate the uniform distribution of the corresponding ele-
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Fig. 3
distributions of PANI-ITONPs-FTO electrode.

ments, i.e., C, O, Sn, In, F, and N on the PANI-ITONPs-FTO
electrode surface.

3.1.3. XRD

The purity, phase, and crystallinity of the electrochemical
deposited PANI on ITONPs-FTO substrate were determined
using XRD measurements. Fig. 4 demonstrates the XRD pat-
terns of bare FTO, ITONPs-FTO, and PANI-ITONPs-FTO.
The XRD pattern of the FTO substrate represents the typical

5

500 nm 200 nm

(a) EDS spectrum of PANI-ITONPs modified FTO, (b) EDS overall elemental mapping and the corresponding elemental

diffraction peaks at around 20 = 27°, 35°, 39°, 52°, 55°, 62°,
67°, and 79° of the FTO conductive glass substrate, which
are assigned to tetragonal SnO, (JCPDS card no. 41-1445)
(Peng et al., 2011, Kong et al., 2017). Similarly, the XRD pat-
tern ITONPs-FTO consisted of two sets of peaks for FTO used
as a substrate and the ITONPs. All the characteristic diffrac-
tion peaks of ITONPs at around 20 = 23°, 31°, 32°, 36°,
38°, 46°, 57°, 61°, and 72° are ascribed to the In,O; (JCPDS
card no. 71-2195) (Liu et al., 2018). Finally, the XRD pattern
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Fig. 4 XRD patterns of bare FTO, ITONPs-FTO, and PANI-
ITONPs-FTO. The inset shows the XRD pattern of commercial
PANI powder.

of the PANI-ITONPs-FTO electrode consisted of the three
sets of peaks occurring from the FTO, ITONPs, and PANI.
PANI-ITONPs-FTO displayed two sharp peaks between
260 = 10° to 20°, corresponding to (121) and (100) diffraction
planes of the PANI due to their highly crystalline nature. The
intense peak at around 26 = 18° could be ascribed to the (100)
diffraction plan of PANI and is ascribed to the perpendicular
and parallel polymer chain periodicity of the PANI in its emer-
aldine base form (Zhou et al., 2014, Wang et al., 2017,
Padmapriya et al., 2018). Such high crystalline PANI could
provide an efficient pathway for the electrolyte ion diffusion
and increase the possibility to prepare high-performance
supercapacitor electrode materials (Wang et al., 2017, Chen
et al., 2021). The PANI with high crystallinity provide more
active sites for electrolyte ion diffusion and Faradaic redox
reactions, thus, the prepared PANI-ITONPs-FTO exhibit
excellent rate capability and high specific capacitance (Pang
et al., 2017). As a reference, the XRD data of commercial
PANI powder was recorded (inset of Fig. 4), which shows
the major peaks at 20 < 20°. This further confirm that the
diffraction peaks at 20 = 10° to 20° in the XRD pattern of
PANI-ITONPs-FTO are related to the electrochemically
deposited PANI over the ITONPs-FTO substrate.

3.1.4. XPS

XPS is a sophisticated technique used to determine the oxida-
tion states existing in a sample and determine functionalities
for faradaic/non-faradaic reactions during the charging and
discharging of supercapacitors (Peng et al., 2015, Xu et al.,
2020a, 2020b, He et al., 2022). The XPS analysis was carried
out to confirm the chemical states of the PANI-ITONPs-
FTO. The wide range of XPS survey spectrum is shown in
Fig. 5a, which clearly shows Cls, Nls, Ols, In3d, and Sn3d
as the major elements and S2p as the minor trace element.
The high resolution deconvoluted Cls spectra in Fig. 5b shows
three major peaks at binding energies of 284.6, 286.1, and
287.8 eV, which corresponds to the existence of C — C, C —

N, and C — O/C = O bonds in PANI (Peng et al., 2015,
Shah et al., 2022a, 2022b, 2022¢). The high resolution decon-
voluted N1s spectrum (Fig. 5c) exhibits two major peaks cen-
tered at around binding energies of 402.3 and 398.7 eV,
indicating the presence of N* and = N~ groups, respectively.
The high resolution deconvoluted In3d spectrum (Fig. 5d)
shows two asymmetric In3ds;, and In3ds,, peaks of ITONPs
positioned at around 445.6 eV and 453 eV, respectively
(Pujilaksono et al., 2005). The high resolution deconvoluted
Sn3d spectrum (Fig. 5e) shows the Sn3ds;, and Sn3ds), peaks
of ITO at around 4858 and 4954 ¢V, respectively
(Pujilaksono et al., 2005). The high resolution deconvoluted
Ols spectrum (Fig. 5f) shows peaks at 531.2 eV and
532.9 eV, indicating the C = O bond and C — OH/C — O —
C bonds, respectively. The incorporation of SO ions during
the electrochemical deposition of PANI in the H,SO, acid
bath was defined by the existence of the S2p state (Fig. 5g)
in the PANI-ITONPs-FTO electrode.

3.2. Electrochemical investigations

The electrochemical performances of the ITONPs-FTO and
bare FTO substrates were investigated in a three-electrode
electrochemical cell. The investigated substrate, Ag/AgCl
(sat. KCl), and platinum wire were used as working, reference,
and counter electrodes, respectively. Fig. 6a compares the CV
curves of ITONPs-FTO and bare FTO, demonstrating the
high electrochemical double layer charging current of
ITONPs-FTO compared with bare FTO in a wide OPW from
—0.1 Vto 1.0 Vvs. Ag/AgClin 0.1 M HCI aqueous electrolyte
at the same scan rate of 50 mV/s. The CV curves of the
ITONPs-FTO substrate in Fig. 6a demonstrate a stable elec-
trochemical performance in a wide OPW. The ITONPs-FTO
substrate reveals excellent capacitive behavior with an areal
capacitance of ~ 18 mF/em?. Therefore, ITONPs-FTO could
be considered an efficient substrate material for producing
high-performance supercapacitor electrodes. Whereas the CV
curves of bare FTO (Fig. 6b) also show the unstable electro-
chemical behavior of the FTO substrate in the applied poten-
tial range and can deliver a very low areal capacitance (~0.2
mF/cm?).

Electrochemical surface area (ECSA) is an important
parameter representing the electrode materials area reachable
to the electrolyte used for charge transfer and/or storage
(Dupont et al., 2013, Browne et al., 2016). The ECSA of
ITONPs-FTO was estimated by determining the double-layer
capacitance (Cqy) from the CV curves using eq. (5) (Deb
Nath et al., 2019, Han et al., 2019, Mohamedkhair et al.,
2020).

C(ll
ECSA = C. (5)
where Cg is the electrochemical areal-specific capacitance of
materials or the capacitance of an atomically smooth flat sur-
face of the materials per unit area. The ECSA measurements
were conducted in 0.1 M HCI aqueous electrolyte in the
non-faradaic region of an OPW from + 0.1 Vto + 02V
vs. Ag/AgCl using different scan rates from 0.01 to 0.1 V/s,
as shown in Fig. 6¢c. The anodic charging current at + 0.2 V
vs. Ag/AgCl of each CV curve was plotted versus the respec-
tive scan rate, which yields a linear plot as shown in Fig. 6d.
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The slope of this linear plot is equal to the Cg;, which was esti-
mated to be 2.94 mF. It was reported that a smooth and flat
surface area of 1 cm? (in the case of metal oxides) exhibits
an average C, of 0.04 mF/cm® (McCrory et al., 2013,
McCrory et al., 2015, Han et al., 2019, Connor et al., 2020,
Zhou et al., 2021). The ECSA of the ITONPs-FTO was calcu-

lated to be 73.4 cm?, which is 73.4 times that of the corre-
sponding geometric surface area, implying that ITONPs can
provide an efficient surface area and improve electrochemical
properties of the surface significantly. This result correlates
with the prediction of SEM analysis. Therefore, ITONPs-
FTO could be considered an excellent substrate for developing
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supercapacitor electrodes, especially through electrochemical
deposition.

The electrochemical supercapacitor performance of the
PANI-ITONPs-FTO electrode was first analyzed in 0.1 M
HCI electrolyte using a three-electrode electrochemical cell.
PANI-ITONPs-FTO, platinum wire, and Ag/AgCl (sat. KCl)
were employed as working, counter, and reference electrodes,
respectively. The electrochemical performance of the as-
prepared PANI-ITONPs-FTO electrode is shown in Fig. 7.
The CV analysis in Fig. 7a was performed to analyze the
redox-active pseudocapacitance behavior of the PANI-
ITONPs-FTO electrode within the OPW from -0.4
to + 1.0 V (vs. Ag/AgCl) at a scan rate of 10 mV/s. It is well
known that PANI exists in three well-defined oxidation states,
i.e., pernigraniline, emeraldine, and leucoemeraldine
(Jamadade et al., 2010, Yoon et al., 2011, Shah et al., 2020);
therefore, the CV curve of the PANI-ITONPs-FTO electrode
exhibit three sets of redox peaks. The redox couple that
occurred between 0 and 0.4 V (vs. Ag/AgCl) is attributed to
the transformation of PANI from the reduced leucoemeraldine
state to the partly oxidized emeraldine state (Iram et al., 2012).
Whereas the redox couple between + 0.75 Vand + 1.0 V (vs.
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Ag/AgCl) corresponds to the transition of the PANI from leu-
coemeraldine state to pernigraniline state (Rajendra Prasad
and Munichandraiah 2001, Iram et al., 2012). Similarly, the
small redox couple between + 0.4 V and + 0.7 V (vs. Ag/
AgCl) could be attributed to the faradic conversion of emeral-
dine to pernigraniline redox states of PANI (Grover et al.,
2016). Moreover, Fig. 7b shows the detailed CV curves of
the PANI-ITONPs-FTO electrode at different scan rates from
10 to 100 mV/s. It can be seen that the cathodic peaks are shift-
ing to high potentials, and the anodic peaks are shifting to the
low potentials with the increase in scan rates. Such a slight
shift in peak potentials with the increase in scan rate indicates
the contribution from electrochemical polarization and kinet-
ics constraints of PANI (Cong et al., 2013). Similarly, the cur-
rent densities also increase with the increase in scan rates but
the areal capacitance (measured using eq. (1)) of the PANI-
ITONPs-FTO electrode decreased from 605 to 262 mF/cm?
with the increase in scan rate from 10 to 100 mV/s. This is
due to the fact that at slower scan rates, electrolyte ions are
completely diffused into the electrode materials. As a result,
the entire active surface of the electrode material can be used
to store charge (Liu et al., 2019). At higher scan rates, how-

20F
(b)

[ —a—10 mV/sec
—a— 20 mV/sec
—3— 40 mV/sec
8r ——60 mV/sec
—3— 80 mV/sec
—a— 100 mV/sec

04 02 00 02 0.4 0.6 0.8 1.0
Potential (V vs. Ag/AgCl)

Current Density (mA/cm?)
1 2 3 4 5

T T T T T

600
(d) 4 500
550 o~
500 1450 ;5_
450 f
400 £
400 I From CV P
—@—From GCD 2
350 1350 S
300 - 5
250 ®
200

10 20 40 60 80 100
Scan Rate (mV/see)

Fig.7 CV curves of the as-prepared PANI-ITONPs-FTO electrode (a) at a scan rate of 10 mV/s and (b) at different scan rates in 0.1 M
HCI using a three-electrode electrochemical cell. (¢) GCD profiles of the as-prepared PANI-ITONPs-FTO electrode at different current
densities in 0.1 M HCI using three-electrode electrochemical cell and (d) the corresponding specific capacitances obtained from CV curves

(at different scan rates) GCD profiles (at different current densities).
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electrolyte.

ever, diffusion restricts the movement of electrolyte ions, and
only the exterior active surface is used for charge storage
(Shah et al., 2021a, 2021b, 2021c). The areal capacitance of
PANI-ITONPs-FTO electrode (262 mF/cm? at a scan rate of
100 mV/s) is even better than the PANI/ITO electrode (70
mF/cm? at a scan rate of 100 mV/s) reported in the literature
(Shah et al., 2020). GCD measurements were performed at dif-
ferent current densities ranging from 1.0 to 5.0 mA/cm? to
reveal the precise electrochemical capacitive performances of
the PANI-ITONPs-FTO electrode. All of the GCD profiles
in Fig. 7c have non-linear quasi-triangular shapes with severe
polarization, indicating that the PANI-ITONPs-FTO elec-
trode is pseudocapacitive in nature (Cong et al., 2013,
Grover et al., 2016). The areal capacitances of the PANI-
ITONPs-FTO electrode were measured according to eq. (2)
which demonstrated that the specific capacitance decrease
from 512 to 267 mF/cm? with the increase in current densities
from 1.0 mA/cm? to 5.0 mA/cm?. This decreasing capacitance
behavior with increase in current density could be supported
by the fact that electrolyte ions have the greatest chance of
reaching the overall effective electroactive area of the electrode
material at low current densities (Xu et al., 2022). At higher
current densities, the diffusion of electrolyte ions slows down.

This reduces the effective electroactive area and, as a result, the
number of ions that can penetrate into the active material. As a
result, at high current densities, the areal capacitance
decreases. The areal capacitances calculated from the CV
curves at different scan rates and GCD profiles at different
current densities of the PANI-ITONPs-FTO electrode are
shown in Fig. 7d.

The electrochemical performance of the fabricated PANI-
ITONPs-FTO//JAC-FTO HSC was evaluated using 0.1 M
HCI aqueous electrolyte in the two-electrode configuration.
The CV profiles of the PANI-ITONPs-FTO//JAC-FTO HSC
were obtained in different OPWs at a 50 mV/s scan rate and
are shown in Fig. 8a. It was observed that the current density
and area under the CV curves increased when the OPW was
extended up to 0.8 V; however, beyond 0.8 V, an undesired
decrease in the current density was observed, which could be
attributed to the decomposition of PANI. Therefore, the opti-
mum OPW from 0 to 0.8 V was chosen as the default OPW in
subsequent CV measurements. Fig. 8b shows that the CV
curve can sustain a good current density and proper PANI oxi-
dation/reduction peaks in the optimal OPW. The CV curve of
PANI-ITONPs-FTO//JAC-FTO HSC shows one oxidation
peak at around 0.7 V and one corresponding reduction peak
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solution.

at around 0.5 V, consistent with oxidation and reduction of
PANI (Wessling 2010). The two couples of redox peaks in
the CV curves of PANI-ITONPs-FTO//JAC-FTO HSC could
be attributed to the pernigraniline to emeraldine and leu-
coemeraldine to emeraldine transitions of PANI, revealing
the pseudocapacitance behavior of the prepared PANI (Cong
et al., 2013). Fig. 8c shows the CV curves of the PANI-
ITONPs-FTO//JAC-FTO HSC at different scan rates from
10 to 100 mV/s. It was found that the HSC device exhibits typ-
ical capacitive behavior resulting from both EDLC (due to
JAC) and pseudocapacitance (due to PANI). Moreover, the
CV curves at high scan rates show a similar shape as those
at low scan rates. The areal capacitances of the PANI-
ITONPs-FTO//JAC-FTO HSC were calculated from the CV
curves at different scan rates using eq. (1). As shown in
Fig. 8d, the resultant areal capacitances of the ITONPs-
FTO//JAC-FTO HSC are 345, 196, 117, 86, 69, and 58 mF/
cm? at the scan rates of 10, 20, 40, 60, 80, and 100 mV/s,
respectively.

The GCD measurements of the developed PANI-ITONPs-
FTO//JAC-FTO HSC were evaluated in 0.1 M HCI elec-
trolyte. As shown in Fig. 9a, the GCD profiles exhibit symmet-
rical quasi-triangular shapes in the OPW from 0 to 0.8 V at the

current density of 1.5 mA/cm? Whereas beyond 0.8 V, there is
an unusual distortion along with a high IR drop occur in the
GCD profile, which further demonstrates the good pseudoca-
pacitive behavior of the PANI-ITONPs-FTO//JAC-FTO HSC
in the OPW from 0 to 0.8 V. Therefore, the potential from 0 to
0.8 V was selected as the stable OPW range for further electro-
chemical measurements. The capacitive performance of the
PANI-ITONPs-FTO//JAC-FTO HSC at different current
densities was determined through GCD measurements, as
shown in Fig. 9b. All the GCD profiles retain symmetrical
quasi-triangular shapes at different current densities from 1.0
to 1.5 mA/em? under the optimal OPW from 0 to 0.8 V, man-
ifesting the high reversibility between the charge and discharge
processes (Islam et al., 2020, Shah et al., 2020, Ashraf et al.,
2021, Shah et al., 2021a, 2021b, 2021c, 2022a, 2022b, 2022c¢).
Similarly, the presence of a negligible IR-drop indicates the
presence of a high-performance HSC with low resistance and
high charge storage. Because of the conductive polymer PANI,
it is possible that conductivity was improved, and because of
the ITONPs, a significant electrode/electrolyte contact was
possible. On the surface of ITONPs, the high compatibility
and proper adherence of the PANI have allowed for a well-
behaved electrochemical deposition. The areal capacitances
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of the PANI-ITONPs-FTO//JAC-FTO HSC at different cur-
rent densities are also calculated from the GCD profiles using
eq. (2). According to the calculation results, the PANI-
ITONPs-FTO//JAC-FTO HSC can deliver an excellent areal
capacitance of 318 mF/cm?® at a current density of 1.0 mA/
cm?, which have been attributed to the proper compatibility
of PANI with the ITONPs, that significantly enhances the
charge transfer efficiency between the ITONPs and the highly
conducting PANI network. The areal capacitances at different
current densities were also calculated, and the results are
shown in Fig. 9c. The network topology of the PANI-
ITONPs-FTO electrode would have facilitated faster charge
transfer kinetics, lowering the IR drop and increasing the
HSC’s charge storage capacity. The effectively activated car-
bon electrode (JAC-FTO), on the other hand, can compensate
for the conductive polymer and result in improved electro-
chemical performance.

The HSC device is only viable if it has the capability to deli-
ver high energy and power densities. The energy density of
power density was calculated from GCD measurements of
the PANI-ITONPs-FTO/JAC-FTO HSC using eq. (3) and
eq. (4), respectively. A maximum energy density of 28 pWh/
cm’ was obtained at a high power density of 400 pW/cm?.
Fig. 10a presents the typical Ragone plot of energy density ver-
sus power density, showing the amount of energy and power

density relationships; even at a high power density of
600 tW/cm?, the energy density is still very high at 7.0 u{Wh/
em?®. To ensure the practical application of ITONPs-FTO//
JAC-FTO HSC, we conducted a cycling stability test, as
shown in Fig. 10b. Interestingly, the fabricated ITONPs-
FTO//JAC-FTO HSC shows excellent cycling stability
with ~ 91% capacitance retention and ~ 87% Coulombic effi-
ciency after 1000 GCD cycles. The areal capacitances, energy
densities, and power densities of the ITONPs-FTO//JAC-
FTO HSC are summarized in Table 1. However, the electro-
chemical performance of the ITONPs-FTO//JAC-FTO HSC
is higher than the majority of the PANI based HSCs reported
in the literature, as comparative analysis is summarized in
Table 2. EIS is another powerful technique for determining
the supercapacitor electrode materials conductivity. EIS of
the HSC was measured at frequencies ranging from 1.0 Hz
to 0.1 MHz. The Nyquist plots of fabricated ITONPs-FTO//
JAC-FTO HSC before and after 1000 GCD cycles are shown
in Fig. 10c and 10d. The plot shows a semicircle in the high-
frequency zone and a quasi-vertical line in the low-frequency
region. The x-intercept in the high-frequency zone was used
to determine the solution resistance (Rg; ~22.2 Q before stabil-
ity and ~ 23.8 Q after stability), and the diameter of the semi-
circle was used to compute the charge transfer resistance (R
~2 Q before stability and ~ 3 Q after stability). With a
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Fig. 10  (a) Ragone plot, (b) capacitance retention and Coulombic efficiency with 1000 GCD cycles, and (¢) Nyquist plots showing the
curves before and after 1000 GCD cycles (the inset shows equivalent circuit diagram) and (d) the maximized portion of the Nyquist plot at
higher frequencies of PANI-ITONPs-FTO//JAC-FTO HSC using 0.1 M HCI electrolyte.
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Table 1 A summary of the electrochemical performances of PANI-ITONPs-FTO//JAC-FTO HSC using 0.1 M HCI electrolyte.

From CV From GCD

Scan Rate (mV/s) Areal Capacitance Current Density Areal Capacitance Energy Density Power Density
(mF/cm?) (mA/cm?) (mF/cm?) (@Wh/cm?) (W /cm?)

10 345 1.0 318 28 400

20 196 1.2 185 16 480

40 117 1.3 129 11 520

60 86 1.4 100 9 560

80 69 1.5 81 7 600

100 58

Table 2 Comparison of the fabricated PANI-ITONPs-FTO/JAC-FTO HSC with previously published PANI-based HSCs.

Positrode Negatrode  Electrolyte  Areal Current density Energy Power Cyclic Ref.

capacitance (mA/cmz) density density Stability

(mF/cm?) (uWh/ecm?) (uW/ecm?) (% @ No.

of Cycles)
PANI/GP PANI/GP PVA/H,SO, 176 0.2 17.1 250 74.8 @ 500 (Lietal., 2019)
PHE-PANI CNTs 1 M H;PO, 131 0.5 11.6 79.9 87.3 @ 5000 (Jia et al., 2018)
CFY/CNFs/PANI ~ CFY/CNFs EMIMBF, 234 0.1 21 0.52 90 @ 8000  (Mao et al., 2018)
GF/PANI GF/PANI 1 M H,SO, 357.1 1.0 7.93 230 78.9 @ 5000 (Zheng et al., 2019)
PANI/CNTs/CC CNTs/CC 1 M NaNO; 30.69 0.5 0.16 20 71 @ 8000  (Aswathy et al.,
2021)

PANI GQDs PVA/H;PO, 210 pF/em® 15.0 pA/cm?® 0.029 7.46 85.6 @ 1500 (Liu et al., 2013)
SP/PANI SP/PANI PVA/H,SO, 149.3 0.5 13.0 400 81.2 @ 5000 (Hou et al., 2020)
PANI-ITONPs-FTO JAC-FTO 0.1 M HCl 318 1.0 28 400 91 @ 1000  This Work

decrease in frequency, the slope of the Nyquist plot shifts from
low to higher angles, indicating the pseudocapacitive charge
storage process (Javed et al., 2019). Such EIS parameters could
be extracted by fitting the equivalent circuit diagram of the
Nyquist plot as shown in the inset of Fig. 10c. In addition,
EIS data show that fast electron transmission and significant
ion diffusion are present in the system. The low resistance
could be caused by adherent PANI deposition on the
ITONPs-FTO substrate. The improved conductivity and the
excellent electrode/electrolyte contact is an advantage of
binder-free deposition. Because of these facts, it has been con-
firmed that electrolyte ions diffuse efficiently throughout the
PANI framework, which results in improved high-rate capac-
itive performance at higher current densities (Li et al., 2020).
The PANI-ITONPs-FTO celectrode wettability in the 0.1 M
HCl electrolyte may have been improved because of the proper
HSC design. The uniformly distributed porous network of
PANI nanosheets on ITONPs-FTO and JAC-FTO substrates
and their hydrophilic functional group allows the proper diffu-
sion of electrolyte ions which ultimately enhance the overall
performance of the ITONPs-FTO//JAC-FTO HSC.

4. Conclusions

In conclusion, a novel and long-lasting HSC based on hierarchical
PANI nanosheets has been successfully fabricated and tested. The
PANI nanosheets film deposited on highly electroactive and simply
prepared ITONPs-FTO substrate was used as the positrode and
JAC-FTO was used as the negatrode in the developed HSC using
0.1 M HCI as aqueous electrolyte. PANI nanosheets film was electro-
chemically deposited on ITONPs-FTO substrate from an aqueous

solution comprising 1 M H,SO4 and 0.5 M aniline. The ITONPs pro-
vide effective support that results in high-quality PANI films. A com-
bination of its high capacitive performance, unique electrode material
structures, and optimal OPW enabled the fabricated HSC to perform
admirably in 0.1 M HCl electrolyte, providing a high areal capacitance
of 318 mF/cm? at a 1.0 mA/em? current density and a high energy den-
sity of 28 pWh/cm? at a power density of 400 pW/cm?2. Aside from
that, the HSC has outstanding cyclic stability, with capacitance reten-
tion of ~ 91% and Coulombic efficiency of ~ 87% after 1000 charge—
discharge cycles. We expect that using a suitable substrate (i.e.,
ITONPs) to develop PANI electrodes with sufficient potential and
optimized capacitance will enhance the performance of HSCs signifi-
cantly. These promising discoveries may pave the way for developing

polymer based HSCs for high-performance energy storage
applications.
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