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Abstract: Here, we report the performance of a biodegradable polymer-based Plastic chip Electrode
(PCE) as a current collector in supercapacitor applications. Its production was evaluated using
two redox materials (conducting polymers polyaniline and poly(3,4-ethylene dioxythiophene)) and
a layered material, rGO. The conducting polymers were directly deposited over the Eco-friendly
PCE (EPCE) using the galvanostatic method. The rGO was prepared in the conventional way and
loaded over the EPCE using a binder. Both conducting polymers and rGO showed proper specific
capacitance compared to previous studies with regular current collectors. Electrodes were found
highly stable during experiments in high acidic medium. The supercapacitive performance was
evaluated with cyclic voltammetry, charge—discharge measurements, and impedance spectroscopy.
The supercapacitive materials were also characterized for their electrical and microscopic properties.
Polyaniline and PEDOT were deposited over EPCEs showing >150 Fg~! and >120 Fg~! specific
capacitance, respectively, at 0.5 Ag~!. rGO continued to show higher particular capacitance of
>250 Fg~! with excellent charge-discharge cyclic stability. The study concludes that EPCs can be
used as promising electrodes for electrical energy storage applications.

Keywords: polyaniline; poly(3,4-ethylene dioxythiophene); reduced graphene oxide; supercapacitor;
biodegradable polymer; eco-friendly plastic chip electrode

1. Introduction

Energy storage is a fascinating topic among electrochemists and the scientific commu-
nity [1,2]. Great interest has been driven towards developing more efficient energy storage
devices [3-5]. Electrochemical capacitors (EC) or pseudocapacitors, have been vigorously
investigated as a potential energy storage solution with several systems where sustain-
ability is a significant concern [6,7]. Many conducting polymers such as polythiophene,
polypyrrole, PEDOT, and polyaniline, etc., are used for energy storage applications [8,9].
Amongst these polymers, polyaniline and PEDOT are promising candidates due to the
ease of their electrochemical synthesis directly over the electrode surface [10,11]. Polyani-
line [12] and PEDOT [13] can be grown very easily by different electrochemical techniques
such as galvanostatic, potentiostatic, and potentiodynamic. After electro-synthesis, their
adhesion with current collectors is generally extreme, as conducting polymers form short
films over the electrodes [14]. On the other hand, rGO carbon nanomaterial is an excellent
material due to its conductivity and high surface area, high supercapacitive performance,
and high charge-discharge cyclic stability. Chemically prepared rGO is deposited over
current collectors by coating, along with suitable binders. So, the choice of collectors is
crucial for these supercapacitive applications [15].

Current collectors play a central role in any supercapacitor device. Electrodeposition
of high surface area conductive materials over these current collectors and there use
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for further tasks is also essential. Many current collectors are reported in the literature,
such as carbon fabrics [16], polymer films with conductive coatings [17], metal foils such
as Aluminum and Nickel foils [18,19], Nickel foams [20] and stainless-steel fabrics [21].
Carbon fabrics are flexible and mechanically robust but not cost-effective. Polymer films
with conductive coatings of CNT, graphene, or other conductive material are good options,
but these coatings can be delaminated to expose the non-conductive surface. Metal foils
are rigid or flexible in nature but are not stable in anodic potentials in acidic, as well as a
primary medium, because, in liquid electrolytes, these metals become oxidized, leading
to corrosion over time [22]. Furthermore, these metallic fabrics are not environmentally
friendly. Regarding Nickel foams, their properties are similar to Nickel-metal, and anodic
potentials cannot be applied, so, generally, electrochemical measurements can be carried
out at cathode potentials only. Stainless steel fabrics are excellent and used by many
researchers due to their superior conductivity, mechanical strength, and acid or base
neutrality. However, they are still unsuitable at high anodic potentials in liquid systems
and are not eco-friendly. Moreover, most of the research in this area has focused on
protecting stainless-steel from corrosion by coating the conducting polymers. So, an easily
synthesizable, flexible, cost-effective, and nature-friendly current collector can play a
better role in the direct deposition of conducting polymers without a binder, and these
assemblies could be very useful for supercapacitor applications. Materials such as rGO
can also be bounded with these current collectors using adhesives. Graphite plates and
rods are extensively used as electrode surfaces for electrochemical reactions to occur, e.g.,
polyaniline electro-synthesis [11]. However, these plated and pencil graphite electrodes
are not flexible in nature, can be substantial in weight (could make not portable devices),
and are sometimes not cost-effective. Graphite is a stable material with broader potential
window. We can make this current collector rigid or flexible by choosing different aliphatic
polyesters. After solution casting, some polyesters form rigid films but some that are
flexible form films, depending on the nature of the polymer. Polylactic acid (PLA) builds
rigid films [23,24]. In our previous work, a solution casting method was demonstrated to
prepare a plastic chip electrode where conventional polymers were used [25]. Choosing
the biodegradable polymers can add extra benefit to this type of current collector, which
makes it environmentally friendly.

Polyaniline grows on conductive substrates at anodic potential in a highly acidic
medium, and polymer/graphite composites chip electrodes could be good candidates for
it. Many types of research have been devoted to the synthesis of conducting polymers or
their composites by chemical methods and further coated over current collectors using
some binders. Reports on electrochemically grown polyaniline and PEDOT are limited to
energy storage applications in combination with low cost, bulk conducting, and current
eco-friendly collectors. Although rGO coating using a binder over the current collector
is easy and cost-effective, its electrochemical testing requires conventional high-cost inert
electrodes such as glassy carbon electrodes and inert metal electrodes. So, carbon-based
rigid or flexible, low cost, easily fabricable electrodes are needed, which can be stable in
electrochemical supercapacitor applications.

Herein, we report the electro-synthesis of polyaniline and PEDOT over polymer/graphite
chip electrodes to be used in supercapacitor applications in an aqueous system. rGO is
prepared using chemical methods and studied alongside current collector electrodes. Here,
we used a polylactic acid (PLA) polymer as the matrix material and graphite filler as
a conductive material to form self-standing, conductive, and mechanically robust poly-
mer/graphite chip electrodes as current collectors. These chip electrodes are cost-effective.
The biodegradability of the PLA is well known. A graphite surface can be established
for the electropolymerization of polyaniline and has better adhesion over the surface. So,
graphite powder can be chosen as a filler. The acid resistance and insolubility of these
polymers in water and the electrochemical inactivity of graphite furnish these EPCEs
(Eco-friendly plastic chip electrodes) as the right candidates for aqueous systems.
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2. Experimental
2.1. Materials and Methods

For EPC’s preparation, Graphite powder (referred to as G1 in this paper) (CDH Pvt.
Ltd., Dahej, Gujarat, India) was used as the conductive material (filler). A commercial-grade
biodegradable polymer PLA was used in this work. This was produced and supplied by
Nature works (USA) as semi-crystalline pellets with the commercial name, 3051D. This
grade of PLA is a random copolymer, poly(L-lactide-co-meso-lactide), with approximately
3.3% D-lactide content. Chloroform (s.d. fine chem) of AR Grade was used to dissolve
PLA. Aniline was purchased from Sigma-Aldrich and stored in the refrigerator after double
distillation. EDOT was also received from Sigma-Aldrich and stored in the fridge below
5 °C. Two types of graphite powder obtained from CDH chemicals and Sigma-Aldrich
were used to make graphene oxide to determine the difference in both precursors. KMnOy,
NaNOj3, and H,O, (30%) were obtained from s.d.fine chemicals and used as received.
Graphite powder was purchased from CDH (particle size is 50 pm) and Sigma-Aldrich
(particle size is <150 um). The 50 pm sized graphite is referred to as G1 (as shown above),
whereas <150 um sized graphite is referred to as G2. Both G1 and G2 graphites were
used for the synthesis of graphene oxides. H,SO4 and KCl (SRL chemicals) were used to
make electrolyte solutions for electrochemical analysis. All other chemicals used were of
AR grade.

2.2. Preparation of EPCEs of PLA-Graphite (PLAGr)

The solution casting method was employed to make EPC’s. The preparative steps
are shown for PLAGr composites in Figure 1, respectively. For PLAGr, nine different
compositions were prepared by varying the ratio of the components from 10% to 90%.
For this purpose, 10% w/v of PLA solution in chloroform was used. A total of 200 mL of
this solution was prepared. Nine glass molds in a square shape made with glass slides
were used for solution casting purposes. The area of all glass molds was 7.2 cm X 7.5 cm
(54 cm?). The base of the molds was covered with a polyester sheet (the polyester sheet was
insoluble in chloroform). To produce homogenized suspension of graphite in PLA solution,
it was sonicated in n aultra sonicator and stirred with a glass rod for 10 min. Prepared
slurries were poured in these molds and covered with a thin paper during evaporation.
This facilitates the slow rate of evaporation of the organic solvent to make good quality
chips. This assembly was left for around 24 h at room temperature for evaporation of the
solvent and to make chips. These chips were peeled off from the polyester sheet. Used
amounts of the materials to prepare PLAGr composites with different compositions are
tabulated in Table S1 (ESI).

With the base of
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Polylacticacd [~
+ PLA solution Yad
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Figure 1. Preparation method of PLA-Graphite composites.
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Dried chips were stored in airtight plastic pouches. These EPCs were cut into a specific
dimension for application as current collectors in electrochemical experiments. Only one
type of ratio of EPCE (Polymer 40% and Graphite 60%) was applied as current collectors in
the supercapacitor study, and the purpose in choosing this composition is described in the
results and discussion section (bulk conductivity).

2.3. Spectroscopic and Morphological Characterizations

The Fourier transformed infrared (FI-IR) spectra of graphene oxide (GO) and rGO
samples were recorded on a Perkin-Elmer Spectrum GX (FI-IR System, Akron, OH, USA.
520 S) instrument by preparing KBr pellets in the range of 400-4000 cm~!. Powder X-ray
diffraction (XRD) measurements of the GO, rGO, and graphite powder samples were
recorded on the PANalytical powder X-ray Diffractometer using Cu-Ka (A = 0.15406 nm)
radiation. The morphology of PANI-coated, PEDOT-coated EPCEs and prepared GO
nanosheets were evaluated with a field emission scanning electron microscopy FE-SEM
(model JEOL JSM 7100F) at an acceleration voltage of 15 kV. For TEM analysis, GO samples
were prepared by dispersing a small number of samples in THE. Then, one drop of the
suspension was dropped on 300 mesh copper (lacey carbon coated) TEM grids. The
microstructures of GO and rGO were determined using LabRAM HR Evolution RAMAN
SPECTROMETER (HORIBA Scientific) at a frequency of 488 nm. Thermogravimetric
analysis (TGA) to determine thermal stability was carried out using Model TG209F1Libra
(NETZSCH, Germany) at a heating rate of 10 °C/min under nitrogen flow from room
temperature to 800 °C for GO and rGO samples. The conductivity of GO and rGO in
pressed pellet form was measured using the source meter unit Keithley (Model 2635A)
Instrument. It integrates a digital multimeter, power supply, current source, electronic
load, and pulse generator all into one compact, tightly synchronized instrument. The
conductivity of different compositions of PLAGr and PCLGr was recorded by sandwiching
the square-sized (1 cm X 1 cm) chips between two platinum electrodes in the spring-loaded
sample holder, and by applying voltage, the current is measured. The experiment in this
study was repeated up to four times to determine the reproducibility of the materials; the
results remained the same.

2.4. Electrochemical Deposition of PANI on PLA4Gr6 (PLA4Gr6/PANI) Electrodes

The schematic procedure of galvanostatic deposition or coating over PLA4Gr6 is
shown in Figure Sla (ESI). The galvanostatic coating of PANI has been applied in previous
works [26,27]. Here, we applied suitable current density (0.5 mAcm~?2) in acidic solution.
First, 0.1 M aniline monomer prepared in 1 M HSO,4 was used to deposit polyaniline on
the electrode surface. In the three-electrode electrochemical assembly, the area of working
electrode was set to 1 cm?. Ag/AgCl (sat. KCI) and platinum foil were used as a reference
and counter electrodes, respectively. The scheme of the assembly is shown in Figure Sla
(ESI). Polymerization was conducted in a beaker filled with 10 mL of monomer solution at
a galvanostatic current density of 0.5 mAcm 2 for 15 min. Galvanostatic polymerization
curves are shown in Figure S1b (ESI) for PLA4Gr6 working electrodes, respectively. After
polymerization, the working electrodes were washed with de-ionized in water and then
dried in an oven at 55 °C for 12 h. The resultant electrodes are defined as PLA4Gr6/PANIL.
Deposited material weight (PANI weight) was recorded by analytical balance (precise to
four decimal places) by subtracting the bare working electrode weight from the PANI-
coated electrode weight. Within 15 min., almost 1 mg of PANI weight was deposited on
these electrodes, and many samples were prepared in the study. These weight values
(exact values of some samples are given in Table S2, (ESI) were used further to calculate
specific capacitance.

2.5. Electrochemical Deposition of PEDOT on PLA4Gr6 (PLA4Gr6/PEDOT) Electrodes

A schematic of PEDOT electrochemical coating over PLA4Gr6 electrodes is shown
in Figure S2a (ESI), and its potentiostatic polymerization curve is shown in Figure S2b



Electrochem 2022, 3

383

(ESI). PEDOT was deposited on PLA4Gr6 electrodes by potentiostatic polymerization
by applying 1.2 V potential for 10 min in 0.1 M EDOT monomer prepared in 0.1 M KCl
electrolyte. Again, the same procedure of drying and weighing was applied for this as for
PANI. The weight of the deposited PEDOT is also given in Table S2 (ESI).

rGO was coated on PLA4Gro6 electrodes by coating the paste of rGO (85%), Acetylene
black (5%), and PTFE (Nafion) (10%) over a 1 cm? area of the electrode with the help
of a brush. After loading the electroactive paste, the electrode was dried in an oven at
60 °C for 12 h before the electrochemical testing. After complete drying, the total weight
of the coating material was 0.9 mg (here rGO weight is 0.8 mg, Table S2, given in ESI)
and electrochemical experiments were performed on 1 M H,;SOy electrolyte. The detailed
synthetic procedure of GOs from graphite (G1 and G2) and further rGO preparation details
are given in the upcoming sections.

2.6. Electrochemical Characterizations for Supercapacitive Electrodes

Electrochemical measurements of PANI-coated electrodes and rGO coated electrodes
were carried out using the three-electrode system in 1 M H,SOj electrolyte. For PEDOT-
coated electrodes, the electrolyte was 0.2 M KCl. A platinum foil and Ag/AgCl (sat.
KClI) electrodes were used as the counter and the reference electrodes, respectively. For
electrochemical testing Cyclic voltammetry (CV), galvanostatic charge—discharge (GCD)
was recorded on potentiostat/galvanostat (Autolab PGSTAT 204), and electrochemical
impedance spectroscopy (EIS) was carried out on the PARSTAT Model 2273 with a built-in
frequency response analyzer, at room temperature under ambient conditions, over the
frequency range of 20 kHz to 100 mHz, with a sinusoidal voltage amplitude of 10 mV
superimposed on 0 V DC (vs. open circuit).Cyclic voltammetry measurements were carried
out in the potential range of —0.2 to 0.8 V vs. Ag/AgCl (sat. KCI) for PANI, PEDOT-coated
electrodes and 0.0 to 1.0 V for rGO-coated electrodes by varying the scan rate from 5 mVs~!
to 100 mVs~!. Galvanostatic Charge-discharge measurements were carried out with a
constant current at 0.5, 1, 2, 5, and 10 Ag_1 in a potential window of 0.0 to 0.8 V for PANI,
PEDOT, and rGO; it was 0.0 to 1.0 V.

2.7. Synthesis of Graphene Oxides (GO), Their Purification and Reduction to rGO (Reduced
Graphene Oxide)

Hummers modified method [28] was used to prepare graphene oxides of good quality.
Details of the procedure are given in the electronic supplementary information with a
reduction in obtained GO.

3. Results
3.1. Bulk Conductivity of Different Compositions of PLAGr

The obtained I-V plots and the results of bulk conductivity of various compositions of
PLAGr are shown in Figure 2 and Table 1. I-V plots (Figure 2a) of all the samples were linear
in the voltage window of 5V, indicating the ohmic nature of the material. It was found
that the bulk conductivity increased steadily as graphite content increased up to 50 wt.%,
which is clear from Figure 2b, where the percolation threshold achieving point is shown.
The detailed numerical data of various compositions are compiled in Table 1. As can be
seen, conductivity increases as graphite percentage increases. After 50 wt.% of graphite
filler, further increment in conductivity is negligible. Such large variations in the values
of conductivity occurring in the range of the graphite content from 40 wt.% to 50 wt.%
indicate that the phenomenon of percolation appears in the studied samples at 50 wt.%
ratio. So, 50-60% graphite containing electrodes can demonstrate good performance in
PLAGr composite electrodes in electrochemical experiments.
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Figure 2. (a) I-V plots of Polylactic acid-Graphite composites with nine different compositions,

(b) Effect of the graphite content on the bulk conductivity of PLA-graphite composite chips.

Table 1. Bulk conductivity of different compositions of PLA-Graphite composite.

Sr. No Sample Composition of Bulk Conductivity

B Code PLAGtr Chip (w/w%) (mS/cm)

1 PLA1G9 PLA (10%):Graphite 79.0 4 2
(90%)

2 PLA2Gr8 PLA (20%):Graphite 770 + 1
(80%)

3, PLA3Gr? PLA (30%):Graphite 765+ 0.5
(70%)

4 PLA4GI6 PLA (40%):Graphite 764 + 1
(60%)

5. PLA5GI5 PLA (50%):Graphite 740 + 0.5
(50%)

6. PLAGGr4 PLA (60%):Graphite 3041
(40%)

7. PLA7Gr3 PLA (70%):Graphite 02405
(30%)

8. PLASGr2 PLA (80%):Graphite 19 x 1078 £ 0.2
(20%)

9. PLA9Gr1 PLA (9(21/8)0:/?”}‘“6 1.6 x 1078 £ 0.1

According to the percolation theory, 60 wt.% graphite content in a composite demon-
strates good percolation and enough conductivity. So, the PLA4Gr6 sample was further
studied in the electrochemical application.

3.2. Scanning Electron Microscopy of PANI and PEDOT Coated Polymer/Graphite Chip Electrodes

The SEM micrographs of the samples coated with PANI and PEDOT on PLA4Gr6
are shown in Figure 3. Figure 3a,c are at lower magnification, and Figure 3b,d are at
higher magnification images. The micrographs suggest that the coating of the conducting
polymers is smooth and homogeneous. At higher magnifications, some granular parts
are also visible. These are the nucleus that formed during the initiation of polymerization,
which can be observed in the chronopotentiometry plot during polymerization of PANI
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(Figure Slc,d) (ESI). At the onset of polymerization, potential was high, being around 0.8 V,
but after some time, it decreased to approximately 0.7 V [29]. The initial potential surge was
attributed to the nucleation process of PANI, then it dropped down during the propagation
stage. Photographs of coated electrodes are also shown in Figure 3e.

Ppmvi PFDO7 | =x&o

PANI PEDOT GO

Figure 3. SEM images of conducting polymers coated on PLA4Gr6 Electrodes (a,b) PANI coated
electrodes; (c,d) PEDOT coated electrode; (e) Photographs of coated electrodes.

3.3. XRD, Raman, SEM, TEM, TGA, FT-IR Characterizations of Prepared GO1 and GO2
3.3.1. XRD of Graphite, GO1, and GO2

The XRD pattern of graphite is straightforward, and only one peak exists in its natural
state. Here, in Figure S5a (ESI), the XRD pattern of G2 is shown. This one peak in the
XRD pattern has an intensity maximum of around 26 = 26.46° (002 planes). During the
oxidation process, this peak disappears, and another peak appears, which has an intensity
maximum of around 20 = 10° (001 planes) for both samples GO1 and GO2. During the
oxidation process, graphite sheets that are bound tightly in graphite powder particles react
with oxygen atoms provided by the potassium permanganate, and therefore the distance
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between the layers increased. So, the change in the single peak of graphite from 20 = 26.46°
to around 10° (9.17° for GO1 and 8.07° for GO2) can be seen for both samples. Apart from
the maximum of 20 = 10°, an additional minor peak was observed around 20 = 18° (18.18°
for GO1 and 17.35° for GO2). As can be seen in Figure S5b (ESI), the absence of a peak at
20 = 26.46° indicates that graphite powder (starting material) is absent in both purified GO
samples. The interlayer spacing of the materials is proportional to the degree of oxidation.
Corresponding d spacing values for GO1 and GO2 were calculated to be around 9.6 A and
10.9 A, respectively.

3.3.2. Scanning Electron Microscopy

The FE-SEM micrographs of synthesized GO at different magnification levels (20 Kx,
40 Kx, and 80 Kx) are given in Figure 4. Exfoliation of Graphite chunks using the modified
hummers process converts it into layered small-sized flakes of GO. The stacking of GO
sheets is clearly visible in all FE-SEM images. FE-SEM images of the Graphene Oxide (GO)
have well-defined and interlinked three-dimensional Grapheneoxide sheets that form a
porous network that resembles a loose sponge-like structure for both samples. Figure 4a—c
[GO1] and Figure 4d—f [GO2] show that graphene oxide prepared from both the graphite
(G1 and G2) have similar morphologies [30].

Figure 4. SEM images at different magnifications of prepared graphene oxide; (a) GO1 at 20 Kx;
(b) GO1 at 40 Kx; (¢) GO1 at 80 Kx; (d) GO2 at 20 Kx; (e) GO2 at 40 Kx; (f) GO2 at 80 Kx.

3.3.3. Raman Spectroscopy

The prepared GO2 were further characterized by Raman spectroscopy which allowed
us to consider the conjugated and carbon-carbon double bonds, which leads to high
intensity peak in the Raman spectra. The typical Raman spectra of GO2 is characterized
by a G band at ~1578 cm ™!, which corresponds to Epg phonon of the sp? C atoms and a
weak band at ~1347 cm ! (D band), which corresponds to the breathing mode of k- point
phonons of Ajg symmetry and the 2D band around 2800 cm ™. The D band is an indication
of disorder, which may arise from certain defects such as vacancies, grain boundaries and
amorphous carbon species. GO2 (obtained from G2) data are shown in Figure S6 (ESI).
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3.3.4. Thermogravimetric Analysis

Graphite is a rather thermally stable substance with a decomposition temperature of
ca 600 °C in comparison to GO, which has a decomposition temperature of ca 200 °C. This
difference is due to the oxygen atoms that have been added to the sheets in the GO. TGA
was carried out in a temperature range from room temperature to 1000 °C in dynamic mode
at 10 °C/min in a nitrogen environment. For both samples GO1 and GO2, weight loss was
almost similar, confirming the almost same extent of oxidation of graphite powders. In
Figure S7 (ESI), it can be seen that the materials have a weight loss (~9%) below 100 °C due
to loss of adsorbed water from both samples and significant weight losses (~35%) between
150 °C and 250 °C, which corresponds to CO, CO;,, and steam release from the most labile
functional groups [31]. Steady weight loss (~11%) over a temperature range between 250 °C
and 1000 °C may be attributed to the removal of more stable oxygen functionalities [32]. At
1000 °C, 40% residual mass is left, as is clear from the TGA curves. So TGA confirms the
formation of graphene oxide.

3.3.5. Transmission Electron Microscopy

TEM analysis was also carried out study morphology at higher magnifications and
crystallographic studies of sample GO1 and GO2. TEM samples were prepared by placing
a drop of graphene oxide dispersion (in THF) on a lacey carbon-coated copper grid and
subsequently evaporating the solvent. The transparency of the flacks indicates the ultrathin
nature of the GO film, which is possible through severe exfoliation of the graphite only.
Figure S8a—d (ESI) are images of GO1 and Figure S8e-h (ESI) are of GO2. The dot pattern
in the electron diffraction (SAED) (Figure S8i) (ESI) shows the hexagonal structure of the
GO2 with the AB stacking, as expected, which resembles it with the graphitic skeleton [33].
The diffused nature of the diffraction pattern indicates the somewhat amorphous structure
of the obtained graphene oxide, due to the great extent of oxidation of graphite powder.

3.3.6. FT-IR Spectroscopy

The FT-IR spectra of GO1 and GO2 nanosheets are depicted in Figure S9 (ESI). Oxygen-
containing groups can be seen, in which the main absorption band at 3416 cm~! for both
samples are assigned to the O-H group stretching vibrations. The absorption peak at
1737 em~! is assigned to C=0 stretching of carboxylic functional groups. Additionally,
1630 cm ™! can be assigned to C=C from unoxidized sp?carbon carbon bonds. The two
absorption peaks at about 1229 cm~! and 1055 cm ™! are attached to the C-O stretching
vibrations. FI-IR of both GO1 and GO2 indicated that both materials were similar in
chemical composition.

So, all these characterizations confirm that graphene oxide is formed with good quality.
Overall obtained graphene oxides from G1 and G2 are similar in class, and anyone of these
two can be used to produce good quality GOs. We can use any of them to convert in
rGO for further supercapacitor applications (conversion to rGO is described earlier in the
experimental section). Here, only GO2 is are used for reduction to prepare rGO and for
electrochemical studies.

3.4. XRD, Raman, TGA, FT-IR and Electrical Conductivity Characterizations of rGO

The rGO sample was characterized using X-ray diffraction (XRD) and Raman spectra
to evaluate the surface nature. XRD pattern of rGO in Figure 5a shows the presence of a
broad peak in the range of 23-26° (002 planes), which may be attributed to the short-range
ordering in the stacks of rGO. Therefore, the disappearance of the peak at 10.9° confirms
the reduction in GO2. Furthermore, Raman spectral analysis for rGO in Figure 5c¢ confirms
the decrease in GO2 to rGO. Significant structural changes occurred during the chemical
processing to obtain rGO. rGO Raman spectrum consists of a D-band at 1340 cm ™! and a G-
band at 1570 cm ™!, but the 2D-band disappeared, which was visible in GO2. Additionally,
the D-band becomes prominent, which indicates the reduction in the size of the in-plane
sp? domains, possibly due to extensive oxidation. Compared to GO2 here, rGO showed
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an increased D/G intensity ratio, which suggests a decrease in the average size of the sp?
domains upon the reduction in exfoliated graphene oxide [34].

FT-IR spectrum (Figure 5b) confirms the absence of oxygen-containing functional
groups in rGO. This is evident from the disappearance of many prominent peaks of the
GO2 FT-IR spectrum in rGO. Some residual peaks indicate the presence of less oxygen-
containing groups. A broad peak was obtained in GO2 at 3416 cm ™!, which was completely
lost in the spectrum of rGO. Peaks at 1737 cm ! and 1630 cm ! were also lost in rGO. Sharp
spikes in the GO2 in the region of 1050-1230 cm ! decreased to residuals.
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Figure 5. (a) rGO XRD pattern, (b) rGO FT-IR spectrum and (c) Raman spectrum of rGO.

The TGA plot of rGO is given in Figure S10a (ESI). It is evident from this plot that
rGO is much more thermally stable than GO2. The removal of the thermally labile oxygen
functional groups by the chemical reduction process attributed to this increased thermal
stability, which is analogous to graphite. Apart from a slight mass loss below 200 °C, which
can be attributed to the loss of adsorbed water, no significant weight loss was observed to
800 °C.

The electrical conductivity of rGO depends on the extent of the reduction in graphene
oxide. Graphene oxide is inherently non-conductive because there are no percolation
pathways between sp? carbon clusters, which is indeed a career transport mechanism in
graphene. Graphene oxide has large chemical functional groups attached to the carbon
plane with several defects within the plane, both of which severely decrease the electrical
conductivity. However, it can be restored by the thermal reduction route. As reduction
proceeds, conductivity increases. The reduction process eliminates the epoxy and hydroxyl
group on the plane, while retaining other groups [35]. The electrical conductivity of the
GO2 and rGO powders was measured on their compressed pellet forms. For this purpose,
100 mg of the material was used to make pellets by applying 5-ton pressure using a
hydraulic press. The I-V measurements were carried out by the two-probe method, and
DC conductance was calculated from the slope of the I-V curve. It is clear from Figure
510b (ESI) that the conductivity of rGO is much larger than GO2. Calculated electrical
conductivity of the GO2 sample was 9.09 x 1073 mS cm~?, and for the rGO sample, it was
54.38 mS cm 1.

This characterization confirms the almost complete reduction in GO2 to rGO. The
majority of oxygen-containing functional groups have been found to be removed during the
reduction process. Increased electrical conductance and thermal stability can be expected
due to this, resulting in enhanced supercapacitive behavior.

3.5. Electrochemical Studies of Supercapacitor Electrodes
3.5.1. PANI on Polylactic Acid-Graphite Chip Electrode (PLA4Gr6/PANI)

The charge—discharge characteristics of the supercapacitor were tested by potentio-
dynamic cycling for PLA4Gr6/PANI electrodes in 1 M HySO4 at various scan rates in
the three-electrode configuration. The corresponding cyclic voltammogram is shown in
Figure 6a, which exhibits large rectangular loops with two oxidation and two reduction
peaks. The peaks are identified as redox peaks for leucoemeraldine/emeraldine and emeral-
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dine/pernigraniline states of the PANI film [36]. As the scan rate was increased, the current
response, which is a measure of the capacitance, increased. The similar shape of the CV
curves recorded at different scan rates indicates the excellent redox reversibility of the
PANI films over PLA4Gr6 electrodes. The charge-discharge characteristics have also been
tested by Galvanostatic mode in the three-electrode configuration. Figure 6b shows the
charging—discharging curves recorded in the cut-off voltage range from 0.0 V to 0.8 V
(versus Ag/AgCl) at five different applied current densities. Charge—discharge curves
possess non-linear potential characteristics during the process, which is due to the redox
behavior of PANI. The specific capacitances were calculated from the charge-discharge
curves using the following Equation (1) [37].

C =IAt/mAV 1)

where I is the charge-discharge current, At is the discharge time, AV is the electrochemical
potential window, and m is the mass of the electroactive material. Specific capacitances
calculated at current densities of 0.5 Ag’l, 1 Ag’l, 2 Ag’l, 5 Ag’1 and 10 Ag’l were
170 Fg_l, 146 Fg_l, 132 Fg_l, 125 Fg_1 and 116 Fg_l, respectively, as shown in Figure 6¢.
The specific capacitance values calculated by (potentiodynamic and galvanostatic) charge—
discharge methods are almost the same. It was also observed that the polymer synthesis
condition also plays an important role in the performance of supercapacitors. The literature
review revealed that the specific capacitance values of the PANI synthesized by the gal-
vanostatic technique in this study have higher, or at least equal, values [12]. Although these
values are still lesser than the values, as obtained by other techniques such as chemical and
potentiodynamic techniques. It is known that the potentiodynamic technique produces
more porous morphology in PANI and, hence, can store more charge. The lesser value,
as obtained in the case of galvanostatic polymerization, is attributed to this fact [12,38,39].
For practical applications of these supercapacitors, the higher number of charge-discharge
cycles is required. Charge—discharge was carried out continuously for 1000 cycles. The
starting ten cycles of charge-discharge of the PLA4Gr6/PANI electrode within a poten-
tial cut-off window of 0.0 to 0.8 V at a constant current density of 10 Ag~! is shown in
Figure 6d. It repeats itself in the same way during the charge—-discharge process, which
indicates that it has good charge-discharge reversibility. Figure 6e shows the measured
specific capacitances of the electrode for 1000 cycles. The capacitance values were initially
found to decrease till 150 cycles and then subsequently become stable. A 45% capacitance
loss occurred during the initial 150 cycles, then around al0% loss was observed till the
1000th cycle. At 1000th cycle, capacity retention was 45%. The Nyquist impedance plot (AC
impedance) of the electrode recorded in 1 M H,SOy is shown in Figure 6f. A small semicir-
cle (shown in the inset of the figure) can be observed in the higher frequency region. The
semicircle corresponds to the parallel combination of resistance and capacitance, whereas
the inclined line in the low-frequency region corresponds to Warburg impedance. The
phase angle between current and voltage for all samples on the few selected frequencies is
given in Table 2. It can be seen in the table that the phase angle is close to 90° at a lower
frequency, which decreases towards 0° as the frequency increases. This result indicates
that the electrode behaves resistive at high frequency and capacitive at low frequency, as
supercapacitors generally show [40]. An intercept can also be seen on the real axis of the
impedance plot, measuring around 10 ohms. This pure resistive component corresponds to
solution resistance and electrical connections in the circuit.
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Figure 6. Electrochemical measurements of PLA4Gr6/PANI in 1 M H;SOy solution: (a) Cyclic
voltammograms at different scan rates, (b) Galvanostatic charge-discharge plots at different current
densities, (c) Specific capacitance v/s current density plots, (d) Starting ten cycles of charge-discharge,
(e) Cycle test (till 1000 cycles) and (f) Electrochemical impedance spectrum.
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Table 2. Phase angle between current and voltage on few selected frequencies for the four samples
recorded in EIS.

Phase Angle (Deg.)
Sr. No. Frequency (Hz) PLA4Gr6/ PLA4Gr6/ PLA4Gr6/
PANI PEDOT rGO
1 0.01 71.30 - -
2 0.13 36.08 75.64 44.83
3 1.02 10.15 23.80 06.68
4 13.39 01.64 03.64 01.84
5 104.78 00.40 00.17 00.71
6 1371.01 00.07 00.09 00.31

3.5.2. PEDOT on Polylactic Acid-Graphite Chip Electrodes (PLA4Gr6/PEDOT)

PEDOT electrochemically deposited (without binder) on PLA4Gr6 electrodes by po-
tentiostatic polymerization was tested for its supercapacitive performance. The charge-
discharge characteristics of the electrode were tested by potentiodynamic cycling in 0.2 M
KCl electrolyte at various scan rates. The corresponding cyclic voltammograms are shown
in Figure 7a. With current-voltage waves, it can be seen that curves have a nearly rect-
angular shape, which is typical of the EDLC behavior of the material [41]. The charge—
discharge performance has also been tested by galvanostatic mode. The galvanostatic
charge-discharge curves of the PLA4Gr6/PEDOT within a potential cut-off window of 0.0
to 0.8 V (versus Ag/AgCl) at various constant current densities are shown in Figure 7b.
High specific capacitance was obtained for PEDOT. Specific capacitance calculated at
current densities of 0.5 Ag™!, 1 Ag™!, 2 Ag~!, 5 Ag~! and 10 Ag~! were 128 Fg~!,
120 Fg~!, 115 Fg~ 1, 97 Fg~! and 91 Fg!, respectively (Figure 7c). The multiple cycle
charge—discharge curve of the PLA4Gr6/PEDOT electrode within a potential cut-off win-
dow of 0.0 to 0.8 V at a constant current density of 10 Ag~! is shown in Figure 7d. It
behaves as a triangular profile during the charge—-discharge process, which indicates that
this material has good charge—discharge reversibility. Long term charge—discharge cycle
stability of conducting polymers is important to consider for super applications. To test the
charge—discharge cycle life of PEDOT, consecutive charge—discharge scans were performed
ina 0.2 M KCl solution at 10 Ag~! current density. Figure 7e depicts that the specific capaci-
tance of the polymer changed along with the cycles. A total of 1000 charge-discharge cycles
were run, and at the 1000th cycle, the capacity retention was 80%. The higher capacity
retention of PEDOT compared to Polyaniline may be credited to the better mechanical
strength of PEDOT during charging and discharging. The electrochemical impedance
spectrum of PEDOT to see the relationship between real (Zreal) and imaginary (Zimg)
impedance components of PEDOT for a frequency range of 20 kHz to 100 mHz is displayed
in Figure 7f. The Nyquist plot is composed of a tiny semicircle part (inset, Figure 7f) at
high frequency and a 45° capacitive slope at low and middle frequencies. The semicircle
at low frequency is due to charge transfer resistance, which originates from the interface
between the porous electrode surface and the electrolyte. The inclined part of the plot is
due to the diffusion limitation in the doping/undoing process [42]. At middle and low
frequencies, the impedance plot becomes a near-vertical line, which is indicative of a redox
layer produced by the ac stimulation penetrating the entire depth of the polymer film [43].
The phase angle between current and voltage on a few selected frequencies is given in
Table 2. An intercept can also be seen on the real axis of the impedance plot, measuring
around 22.8 ohms, which is due to solution resistance and electrical connections in the
circuit. The obtained value of specific capacitance (128 F-g~!) of PEDOT in this work is
comparable to or greater than reported in the literature [44—47].
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Figure 7. Electrochemical measurements of PEDOT on PLA4Gr6 electrode in 0.2 M KCl solution:
(a) Cyclic voltammograms at different scan rates, (b) Galvanostatic charge-discharge plots at different
current densities, (c) Specific capacitance v/s current density plots, (d) Starting 10 cycles of charge-
discharge, (e) Cycle test (till 1000 cycles) and (f) Electrochemical impedance spectrum.

3.5.3. rGO Coated PLA4Gr6 Electrodes (PLA4Gr6/rGO)

High electrically conductive rGO coated on PLA4Gr6 electrodes was electrochemi-
cally tested for its supercapacitive performance by potentiodynamic cycling, galvanostatic
charge—discharge, and EIS in 1 M H;SOy electrolyte with three-electrode configuration.
Cyclic voltammograms (Figure 8a) were recorded in the potential range of 0.0 V to 1.0 V at
different scan rates from 5 mVs~! to 100 mV.s~!. These CVs show the electric double layer
capacitance (EDLC) behavior of PLA4Gr6/rGO electrode. Figure 8b shows Galvanostatic
charge-discharge curves recorded in the cut-off voltage range of 0.0 V to 1.0 V (versus
Ag/AgCl) at five different applied current densities. A good specific capacitance was
obtained for this material. Specific capacitance calculated at current densities of 0.5 Ag~1,
1Ag 1, 2Ag 1, 5Ag ! and 10 Ag! were 289 Fg~!, 257 Fg~!, 224 Fg~!, 170 Fg~! and
137 Fg~!, respectively, as shown in Figure 8c. At 0.5 Ag~! current density, the specific
capacitance value is double than calculated for 10 Ag~!. This means at the lower value
of current density, electrolyte interaction or diffusion into the pores of rGO is twice as
more efficient, which is due to slow and more efficient diffusion of electrolyte into pores
of the material. To demonstrate the charge—discharge cycle life performance and to sup-
port electrode-electrolyte structure, 1000 cycles were run at 10 Ag ! current density. The
initial 10 cycles of galvanostatic charge-discharge are shown in Figure 8d, where it is
clear that charging and discharging are repeating alternatively at a fix time interval, which
confirms the good and continuous charge—discharge behavior of the material. Specific
capacitance and capacity retention (%) v/s charge—discharge cycle number plots are given
in Figure 8e. It is clear from the figure that the system retains a high specific capacitance;
even till the 1000th cycle, no loss of specific capacitance is observed. This may be credited
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to the relatively large surface area of the electrode with excellent electrical conductivity
and good mechanical strength of rGO. Electrochemical impedance spectroscopy (EIS) was
also performed with the electrode, and the Nyquist plot is shown in Figure 8f. The Nyquist
plot exhibits a small semicircle in the high-frequency region followed by an inclined line
in the low-frequency region. The straight line at the low frequency of the Nyquist plots
is the Warburg resistance, confirming near-ideal capacitor response. Warburg resistance
is generated by the interruptions in the sample uniformity during the diffusion process,
i.e., during the semi-infinite diffusion of ions into the porous structure. The ion diffusion
path can be predicted by following the trends of larger Warburg resistance, which indicates
greater variations in ion diffusion path lengths and increases the hindrance of ion move-
ment [45]. The phase angle between current and voltage on a few selected frequencies
are given in Table 2. An intercept can also be seen on the real axis of the impedance plot,
measuring around 10 ohms, which is due to solution resistance and electrical connections
in the circuit.

After discussing the supercapacitive behavior of the four systems, it is necessary
to determine the current collectors’ electrochemical reaction in a bare form (without the
coating of supercapacitive material). Nyquist impedance plots of PLA4Gr6 and PCL4Gr6
electrodes in 1 M H,SOy solution with the same frequency range are shown in Figure 512
(ESI). For the PLA4Gro6 electrode, the semicircle part is evident in the high-frequency region
and inclined part in the low-frequency region. Here, the semicircle is significant due to the
resistance at the electrode—electrolyte interface, and electrolyte diffusion cannot happen
into the electrode non-porous material. In the case of the PCL4Gr6 electrode, only a vast
semicircle is present in the plot, and Warburg resistance is absent, which shows it has
both a resistive and capacitive nature in the applied frequency range. So, it is clear from
both the curves that the electrodes do not contribute to show super capacitance and work
only as current collectors, and the observed super capacitance property is due to coated
electroactive materials on these current collectors.
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Figure 8. Electrochemical measurements of rGO coated on PLA4Gr6 electrode in 1 M H,SOy solution:
(a) Cyclic voltammograms at different scan rates, (b) Galvanostatic charge-discharge plots at different
current densities, (c) Specific capacitance v/s current density plots, (d) Starting 10 cycles of charge-
discharge, (e) Cycle test (till 1000 cycles) and (f) Electrochemical impedance spectrum.
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4. Conclusions

In summary, three types of supercapacitor electrodes PLA4Gr6/PANI, PLA4Gr6/PEDOT,
and PLA4Gr6/rGO have been fabricated successfully. The results demonstrate the promis-
ing prospect of the fabrication and application of low-cost, high performance, and eco-
friendly supercapacitive electrodes with comparable specific capacitance values in the
aqueous medium. This work focuses on the choice of current collectors, conducting poly-
mers and rGO electroactive materials. Homogeneous electrochemical coatings of PANI and
PEDOT with excellent adhesion was obtained over EPC’s. PLA4Gr6/PEDOT shows a high
specific capacitance of 128 F/g at 0.5 A/g with a 20% loss of efficiency during 1000 cycles
of charge—discharge, and this result is comparable with previous findings in the literature.
rGO was prepared successfully with high quality, which is confirmed by many characteri-
zations. The specific capacitance of PLA4Gr6/rGO is >250 F/g at 0.5 A /g, which assures
its excellent conductivity and the few-layered structure of rGO with a high surface area.
For PLA4Gr6/rGO and PLA4Gr6/PEDOT, mainly EDLC behavior is observed. Electrodes
were reasonably stable in the highly acidic solution during electrochemical experiments.
The impedance measurements also led to the determination of the supercapacitive action of
coated and uncoated electrodes. The presented approach technically offers a more efficient
and economical utilization of the green, robust, and chip-like electrodes to prepare both
aqueous and solid-state supercapacitors for smart energy storage.
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