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HIGHLIGHTS

e Facile preparation of copolymer of poly(aniline-2,5-dimethoxyaniline) nanocomposite.
¢ PANI-PDMA nanocomposite coated graphite sheet (GS) electrode was fabricated.

¢ A simple electrochemical deposition method was applied for electrode fabrication.

e GS@PANI-PDMA nanocomposite shows a significant specific capacitance 595 F/g.

e Energy density and power density were 52.8 W h kg * and 399 W kg ™.
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Based on electrochemical studies, GS/PANI-PDMA modified co-polymer electrode shows a
high specific capacitance of 595 F/g compared to GS@PANI and GS@PDMA. After 1000 cy-
cles, it indicates 67% capacitance retention, which is indicated to be a potential alternative
material for supercapacitor application.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

In recent years, electrochemical energy storage devices have
been developed as a possible solution to the global problem of
energy shortages and environmental concerns [1—-3]. Because
of their high-power delivery capabilities, fast charging-
discharge rate, and low cost, Supercapacitors have played a
significant role in energy storage for a long time. Electric
double-layer capacitances (EDLC) are used to store electro-
chemical energy in carbon-based materials such as graphene,
carbon nanotubes, and biocarbon. In contrast, pseudocapaci-
tors are used to store energy in transition metal oxides, sul-
fides, and conducting polymers that rely on reversible surface
Faradaic reactions [4—7].

Polyaniline, polydiphenylamine, poly(2,5-
dimethoxyaniline), and polypyrrole are conducting polymers
playing important roles in supercapacitors, fuel cells, and
sensors, etc., electrocatalysts, and other applications that
have sparked the scientific community's interest [8—14].
Conducting polymers including polyaniline, polypyrrole, pol-
ythiophene, and their derivatives, have been widely studied as
pseudocapacitive materials [15,16] because they have higher
theoretical capacitance than their inorganic counterparts of
transition metal oxides and sulphides and can be processed
more easily to fabricate flexible devices. As one of the most
intriguing conducting polymers, Polyaniline has piqued the
scientific community's interest due to its low cost, environ-
mental stability, ease of chemical or electrochemical synthe-
sis, and changeable mechanical, electric, and optical
properties for several applications [17].

Copolymerization with other aniline derivatives is one
method for increasing polyaniline's collective characteristics
[18—20]. Furthermore, because it has different redox peaks
(leucoemaraldine, emeraldine base, and pernigraniline) and
high theoretical capacitive characteristics (2000 F/g), PANI
plays a vital role in electrochemical capacitors (ECs) and pro-
vides pseudocapacitive behaviour [21]. Selecting appropriate
side substituents on polyaniline could increase the polyani-
line's solubility, processibility, and conductivity, as well as
prolong the overall delocalized system to some extent. Liang
et al., reported the chemically oxidizing anilne and pyrrole to
form polyaniline/polypyrrole composite nanofibers with core-
shell architectures and achieved maximum specific capaci-
tances of up to 346 F g ' atascanrate of 5mVs~*. Muthu et al.,
reported the synthesis of poly(aniline-co-m-anilicacid) by
chemical oxidation polymerization method, and the specific
capacitances reached up to 102 F g ! at a scan rate of
10 mV s7%, and Angélica et al., prepared Poly(diphenylamine-
co-aniline) copolymers via oxidative polymerization in a

water/ethanol interfacial system, which showed a specific
capacitance of 341.93 Fg~! at 1 Ag™. Based on the literature
report conducting polymer, especially in the form of copol-
ymer has better supercapacitive behaviour [22—24]. In current
research, Poly(2.5-dimethoxyaniline) is a polyaniline deriva-
tive with an electron-donating methoxy group as a side sub-
stituent to boost the polymer's solubility [25—27]. According to
the above studies, PANI and its derivatives serve as an excel-
lent electrochemical performance towards supercapacitor
applications.

A copolymer is a polymer made up of two or more distinct
monomer units. When compared to their parent monomers,
copolymers have synergistic qualities. Co-polymerization al-
lows us to manage the chemical structure, composition, po-
larity, solubility, and hydrophobic/hydrophilic balance of
monomers that can't be polymerized through homopolyme-
rization because the optical and electrical properties of co-
polymers are intermediate between the monomers, they can
be fine-tuned by changing their molar ratios. The relative
abundance of individual units in copolymer chains is more
important than their specific position in chains, keeping in
mind that copolymer formation is unpredictable [28,29].

In this work, a simple electrodeposition approach was
applied to fabricate a novel poly(aniline-2,5-dimethoxyaniline)
(PANI-PDMA) copolymer nanocomposite coated on graphite
sheet (GS) electrode for efficient supercapacitor application.
The morphology and structural analyses of the manufactured
PANI-PDMA copolymer nanocomposite are examined by field
emission scanning electron microscopy (FESEM), energy
dispersive X-ray (EDX) examinations, elemental mapping, X-
ray diffraction pattern, and Fourier transforms infrared (FT-IR)
analysis. The electrochemical behaviour of produced PANI-
PDMA copolymer nanocomposite was investigated using cy-
clic voltammetry (CV), electrochemical impedance spectros-
copy (EIS), and galvanostatic charge/discharge (GCD)
experiments. The schematic diagram of GS@PANI-PDMA
copolymer electrode for supercapacitor application (Fig. 1).
The PANI-PDMA copolymer nanocomposite modified electrode
demonstrated enhanced electrochemical performance for
supercapacitor applications.

Experimental section
Materials

Graphite sheets (GS) were purchased from Graphite India
Limited. Aniline (299.5%), 2,5 di-methoxyaniline (Z98%), and
H,S04 (98.0%) were purchased from Merck Chemicals (India).
Deionized was used throughout the experiments.
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Fig. 1 — The schematic diagram of modified GS@PANI-PDMA copolymer nanocomposite electrode towards supercapacitor
application.
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Fig. 2 — Electrochemical deposition of cyclic voltammetry curve of (a) PANI (b) PDMA, and (c) (PANI-PDMA) nanocomposite
synthesis.
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Fig. 3 — Mechanism of PANI-PDMA copolymer
nanocomposite synthesis.

Physiochemical and electrochemical characterization

The structural characterization of GS@PANI-PDMA copol-
ymer-modified electrode materials was analyzed using Sie-
fert powder X-ray diffractometer (XRD, Richard Seifert, and
Co., Ahrensburg, Germany) with Cu Kea radiation (A = 1.5406
A). The molecular vibration spectra in the range of 4000 to
500 cm~! were recorded on the IR Affinity-1 Shimadzu
spectrophotometer (Kyoto, Japan). The internal and surface
morphology view of prepared copolymer electrode material
was analyzed using a thermionic FESEM with 15.0 kv as an
accelerated voltage. Electrochemical measurements were
performed using Origalys-OFG500 electrochemical worksta-
tion (Made in France). Three electrode systems consisting of
a working electrode GC@PANI-PDMA fabricated electrode,
Ag/AgCl as a reference electrode, and platinum wire (Ori-
galys) as a counter electrode were used in all electro-
chemical techniques experiments.

Fabrication of GS@PANI-PDMA copolymer nanocomposite-
modified electrode

A simple electrochemical co-deposition approach was used
to fabricate a modified GS@PANI-PDMA electrode. Electro-
deposition of GS@PANI-PDMA was carried out using aniline,
and 2,5-dimethoxyaniline of 40 mM was dissolved in 0.5 M
H,S0,. GS substrate was dipped into that solution. The po-
tential window of —0.2 V—1.2 V potential (vs Ag/AgCl as a
reference electrode) was applied to the working electrode

with a scanning rate of 100 mVs~* for 10 cycles. The resulting
electrode of PANI-PDMA co-deposited onto the GS substrate
(GS@ PANI-PDMA) was obtained and allowed to dry at room
temperature. The same procedure was followed for the
GS@PANI and GS@PDMA as electrolyte solution in an acidic
medium (Fig. 2).

Mechanism

The electrochemical synthesis, 1ie., the electro-
polymerization of PANI-PDMA, follows a four-step process
such as initiation, coupling of radicals, propagation, and
termination steps [30—33]. Step I is the initial step of the
electrochemical copolymerization in which cationic radicals
were formed. In the initiation step, the aniline radical and
dimethoxy aniline radical were produced with their respec-
tive resonant structures (para (1) and ortho (2) position of ANI
and para (3) and ortho (4) position of DMA) in the initial
initiation reaction with aniline and dimethoxy aniline. The
generated aniline and dimethoxy aniline radicals were then
involved in a coupling process to create the appropriate
dimer structure (4-amino-2,5-dimethoxydiphenylamine) in
the second stage (5). After which, the dimer structure un-
derwent additional interaction with another para position
radical cation, and the reaction was advanced to the next
phase propagation to form a dimer radical. Finally, the
generated radicals were polymerized to form a copolymer of
polyaniline-2,5- dimethoxyaniline (6). The possible mecha-
nism of PANI-PDMA synthesis is shown in Fig. 3.

Result and discussions
Morphology and elemental analysis

The PANI, PDMA, and PANI-PDMA copolymer nanocomposites
were synthesized by the electrochemical deposition method.
The morphology of homopolymers and copolymers were
shown in Fig. 4(a—c). Fig. 4 (a) PANI shows nanotube network-
like morphology with an average diameter of 100 nm and (b)
PDMA shows the morphology of agglomerated network of
nanoparticles with an average diameter of 250 nm, and (c)
PANI-PDMA copolymer nanocomposite depicts the intercon-
nection of the nanotube network structure of PANI with the
agglomerated network of PDPA nanoparticles.

The copolymer of PANI and PDMA is interconnected by ©—m
interactions, electrostatic interactions, and hydrogen bonding.
The self-assembly characteristic of the PANI and PDPA ac-
counts for this morphology of the PANI-PDPA copolymer.

The elemental composition of (a) PANI, (b) PDMA, and (c)
PANI-PDMA copolymer nanocomposite was confirmed using
the FESEM's energy dispersive X-ray (EDX) spectroscope with
mapping, as shown in Fig. 5. Fig. 5 (i-iii) shows the elements
(Carbon, nitrogen, oxygen) and the atomic percentage of the
PANI, PDMA, and PANI-PDPA copolymer nanocomposite. Fig. 5
(i) displays that PANI contains carbon (C- 50.35%), nitrogen (N-
32.50%), oxygen (O — 17.15%), and its mapping (a-d) images,
respectively. Fig. 5 (ii) illustrates PDMA containing carbon (C —
53.26%), nitrogen (N — 35.11%), oxygen (O — 11.62%), and its
mapping (e-h) images, respectively, and Fig. 5 (iii) depicts
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PANI-PDMA copolymer nanocomposite contains carbon (C —
58.57%), nitrogen (N — 30.52%), oxygen (O — 10.90%), and its
mapping (i-1) images, respectively.

FT-IR and XRD studies

FT-IR spectroscopy was used to investigate the vibrational
studies of the chemical compound. The infrared spectra of
(a) PANI, (b) PDMA, and (c) PANI-PDMA copolymer nano-
composite in the range of 500—4000 cm™' are shown in
Fig. 6. In the FT-IR spectra, Fig. 6 (a) PANI has a peak at
3693 cm ', which is ascribed to the N—H bond stretching
vibration mode. The C=C and C=N stretching in benzenoid
and quinoid rings of PANI are shown by the high charac-
teristic peaks at 1574 and 1494 cm %, respectively. The peak
at 1230 cm ' is assigned to the C—N modes of secondary
aromatic amines, whereas the peak at 800 cm!is related to
aromatic C—H out-of-plane bending [34,35]. Fig. 6 (b) PDMA
exhibits a peak at 3790 cm-1 which is assigned to the N-H
bond stretching vibration mode. The high characteristic
peaks at 1572 and 1510 cm™* represent the C=C and C=N
stretching in benzenoid phenyl rings and quinoid phenyl
rings of PDMA, respectively. The C—N modes of the sec-
ondary aromatic amine are attributed to the peak at
1221 cm™?, the band at 1065 cm ™" indicates the presence of
the O—methoxy groups in PDMA, and a band related to ar-
omatic C—H out-of-plane bending of aromatic C—H is
ascribed to the peak at 800 cm ™%, respectively [36,37]. Fig. 6

EHT =10.00kv Mag= 2500 KX
WD=6.0mm  Signal A= InLens

.

EHT=10.00kv Mag= 10.00KX

WD = 72mm

(c) depicts the PANI-PDMA copolymer nanocomposite con-
taining all of the PDPA and PANI characteristic peaks, but
owing to the synergistic interactions generated by the
hybrid synthesis of PDPA, PANI, some of the bands are
slightly shifted. The PDMA, PANI, and PANI-PDMA copol-
ymer nanocomposites were successfully synthesized based
on these findings.

XRD studies are used to investigate the crystalline nature
of the synthesized materials. Fig. 7 depicts the XRD pattern of
(a) GS@PANI, (b) GS@PDMA, and (c) GS@PANI-PDMA copol-
ymer nanocomposite in the range of 10-80°. Fig. 7 (a)
GS@PANI represents the pair of sharp peaks at 26.3° and 54.4°,
corresponding to the miller indices of (200) and (002). Fig. 7 (b)
GS@PDMA shows a couple of sharp peaks at 26.4° and 54.4°
corresponding to the miller indices of (122) and (002), which
designates the crystalline structure of PDMA with graphite
sheet, which indicates the crystalline structure of PDMA, and
Fig. 7 (c) GS@PANI-PDMA copolymer nanocomposite reveals a
dual sharp peak at 26.4° and 54.4°, which represents the
combined peaks of homopolymers of GS@PDMA and GS@PANI
[33,36,38—40]. These observations confirm that synthesized
GS@PDMA, GS@PANI, and GS@PANI-PDMA copolymer nano-
composites are crystalline in nature.

Electrochemical characterization of the modified electrodes

The electrochemical behaviour of PDMA, PANI, and PANI-
PDMA copolymer nanocomposites CV, GCD, and EIS were

; o £ m
EHT=1000kV Mag= 2500KX
WD=60mm  Signal A= InLens

Signal A = InLens

Fig. 4 — FESEM image of (a) PANI, (b) PDMA, and (c) PANI-PDMA nanocomposite.
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Fig. 5 — EDX studies of (i) PANI, (ii) PDMA, and (iii)PANI-PDMA with Mapping images of (a—d) PANI, (e—h) PDMA, and (i—1)

PANI-PDMA.

performed using three-electrode schemes in a 0.5 M H,SO,
aqueous electrolyte background.

Cyclic voltammetry analysis

The cyclic voltammetry studies of modified electrodes of
GS@PDMA, GS@PANI, GS@PANI-PDMA copolymer nano-
composites are shown in Fig. 8 (i) with the potential range
from —0.2 to 1.2 V for 100 mVs~* in 0.5 M H,SO, aqueous
electrolyte solution. Fig. 8 (i) (a) Bare GS shows the typical
rectangular box-like profile of EDLC with a little pseudocapa-
citance behaviour, (b) GS@PDMA depicts a pair of redox peaks
at 0.37/-0.06 V and 0.6/0.24 V, which represents the shift from

wholly reduced leucoemeraldine to emeraldine (polaron
cation radical) is represented by the first redox peak, whereas
the transition from emeraldine to fully oxidized pernigrani-
line (bipolaron) is shown by the second redox peak [31,37].
Fig. 8 (i) (c) GS@PANI shows three redox peaks at —0.021/
0.130 V, 0.36/0.35 V, and 0.68/0.57 V, which indicates that the
first shift represents the oxidation of leucoemeraldine to
emeraldine, the second shift attributed to the transition from
emeraldine to pernigraniline, and the third shift reveals the
pernigraniline to emeraldine form [39—-42].

Fig. 8 (i) (d) GS@PANI-PDMA copolymer nanocomposites
show three oxidation and reduction peaks at —0.023/-0.067 V,
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0.40/0.175 V, 0.79/0.76 V, respectively, which represents the
combination of PDMA and PANI peaks. The current density of
PANI-PDMA  copolymer nanocomposites was higher
compared to the homopolymer of PDMA and PANI because of
the synergistic interactions of PDMA and PANIL. Fig. 8 (ii) GS@
PANI-PDMA copolymer nanocomposite shows the rate capa-
bility of the final modified electrode in 0.5 M H,SO, acidic so-
lution at various scan speeds ranging from 5 to 100 mV s~ .
With increasing scan rate, the potential peak of the current
density of anodic and cathodic grew linearly. All of these
indicate that the GS@PANI-PDMA copolymer nanocomposite
has excellent rate capability.

Electrochemical impedance studies

The electrochemical performance of modified electrodes of
GS@PDMA, GS@PANI, GS@ PANI-PDMA copolymer nano-
composites in an electrode-electrolyte system was studied
using an electrochemical impedance spectrum. In EIS studies,
the Nyquist plot shows Imag Z versus Real Z. Fig. 9 shows the
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Nyquist plot of (a) GS, (b) GS@PDMA, (c) GS@PANI, (d) GS@ PANI-
PDMA copolymer nanocomposites in 0.5 M H,SO, electrolyte.
As observed in the graph in Fig. 9, the impedance spectroscopy

observation was plotted in the frequency range of 1 kHz to
1 MHz for pure and composite electrodes. This indicates that
the composite electrode has a lower resistance than the indi-
vidual electrodes. All the electrodes show a straight line when
the frequency was low. In this medium, the Warburg imped-
anceis a reflection of ion diffusion into the material functioning
as electrode and diffusion resistance. The solution resistance
(Rs) is a measure of ionic conductivity through the electrolyte,
observed for a) GS, (b) GS@PDMA, (c) GS@PANI, and (d)
GS@PANI-PDMA copolymer nanocomposites was 5.1 Q, 3.7 Q,
3.2 Q, and 1.85 Q, respectively. The lower solution resistance of
GS@PANI-PDMA copolymer nanocomposites shows higher
conductivity than other modified electrodes.

Galvanostatic charge- discharge studies

The galvanostatic charge/discharge (GCD) is a general
approach for achieving supercapacitance electrochemical
performance. Fig. 10 shows the GCD curves for the different
modified electrodes of a) GS, (b) GS@PDMA, (c) GS@PANI, and
(d) GS@PANI-PDMA copolymer nanocomposites at 1A/g cur-
rent density within a potential window amid —0.2 V—-0.6 V.
The specific capacitance of the modified electrode is calcu-
lated by GCD curves using equation (1).
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Where Csp denotes the specific capacitance in F/g, I the cur-
rent (A), t the discharge duration (s), m the active material
mass (g), and V the potential window (V) [15]. The specific
capacitance of (a) GS@PDMA, (b) GS@PANI, and (c) GS@PANI-
PDMA copolymer nanocomposites is 246 F/g, 299 F/g, and
595 F/g at 1 A/g current density, respectively.

The energy density E (Wh kg') and power density P (W
kg™%) can be derived from the Galvanostatic charge-discharge
data according to Equations (2) and (3):

Energy Density (E) = % x C x1? 2

E

Power Density (P) = At

©)

V (AV) is the discharge potential window, and the At (s) is
the discharge time. It is observed that a maximum power
density of 399 W kg~! was observed at the energy density
range of 52.8 W h kg-1 for GS@PANI-PDMA copolymer
nanocomposite-modified electrode.

The specific capacitance of GS@PANI-PDMA copolymer
nanocomposites is higher compared to GS@PDMA, and
GS@PANI modified electrodes due to the synergistic in-
teractions of PDMA and PANI. Fig. 11 (i) reveals the modified
electrodes of GS@PANI-PDMA copolymer nanocomposites at
different current densities (1-5 A/g) and Fig. 11 (ii) depicts the
various current densities of 1,2,3,4 and 5 A/g of calculated
specific capacitance using equation (2) from GCD to get 595,
421, 327, 263, and 235 F/g, respectively. Specific capacitance
diminishes as current density increases due to reduced ion
transports compared to electron mobility. The charge/
discharge cycle tests were also used to assess the modified
electrode of GS@PANI-PDMA copolymer nanocomposites'
stability. The electrochemical stability of the modified
GS@PANI-PDMA copolymer nanocomposites electrode is
demonstrated in Fig. 12 (i) by a 1000-cycle charge-discharge
procedure between —0.2 and 0.6 V at a current density of 10
A/g. The capacitance retention studies of the modified elec-
trode of GS@PANI-PDMA copolymer nanocomposites after
1000 cycles is 67%, as shown in Fig. 12 (ii). These findings
demonstrate that GS@PANI-PDMA copolymer
composites electrode has significant storage capability, and its
long-life cycle suggests that it might be used in practical
supercapacitor applications.

nano-

Conclusion

In this work, the nanocomposite of polydimethoxy aniline and
polyaniline copolymer modified electrode (GS@PANI-PDMA)
was fabricated using a simple electrochemical deposition
method. In the current research, a polyaniline derivative con-
taining an electron-donor methoxy group is known as Poly(2.5-
dimethoxyaniline) which enhances the electrochemical
behaviour as well stability. As a result, the modified electrode of
GS@PANI-PDMA nanocomposite exhibits excellent specific ca-
pacitances of 595 F/g at 1 A/g current density and 67% capacity

retention after 1000 cycles in an acidic medium. Also, the energy
density and power density of GS@PANI-PDMA copolymer
nanocomposite-modified electrodes is 52.8 Wh kg " and 399 W
kg™! was observed. Such fascinating electrochemical perfor-
mance was attributed to the unique morphology and the syn-
ergistic effect between the capacitive contributions of the PDMA
and PANI. As a result, a copolymer of polydimethoxyaniline and
polyaniline nanocomposite, which was made using a simple
and profitable approach, offers a lot of potential for super-
capacitor applications.
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