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Abstract: This work examined the properties of reduced graphene oxide (rGO) with a 2D
structure and activated carbon (AC) with a 3D structure, both doped with polyaniline (Pani),
and synthesized through the polymerization method. The crystal structure, morphology, and
molecular structure were analyzed using XRD, SEM, and FTIR methods respectively. The
electrochemical properties of the composites were evaluated using CV, GCD, and EIS. The
energy storage device characteristics, such as energy density and power density, were calculated
from an assembled electrochemical capacitor with a 1 cm?2 working electrode. From the GCD
measurements, Pani/AC exhibited the highest specific capacitance of 181.9 F/g at a current
density of 1 A/g, while Pani/rGO had a specific capacitance of 145.8 F/g. Additionally, Pani/AC
demonstrated a high capacitance retention rate. An energy density of 3.6 Wh/kg at a power
density of 500 W/kg was observed in the Pani/rGO//Pani/rGO symmetric supercapacitor at a
voltage of 1 V and a current density of 1 A/g. An energy density of 6.5 Wh/kg at a power density
of 600 W/kg was observed in the Pani/AC//Pani/AC symmetric supercapacitor at a voltage of
1.2 V and 1 A/g. The electrochemical performance results indicate that the Pani/rGO and
Pani/AC composites are effective electrode materials for supercapacitors. Therefore, we
suggest that activated Mongolian coal could be a suitable electrode material for supercapacitor
applications.
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INTRODUCTION

Nowadays, smart devices require an energy
storage device with fast charge/discharge
ability, high power and high energy density,

industrial costs, low energy densities,
capacitance loss, and instability due to the
electrode material. Carbonaceous materials

long cycle life, and a wide temperature
range; and supercapacitors can address this
problem [1, 2]. A supercapacitor has a
higher energy density than a conventional
capacitor and a higher power density than a
regular battery. However, the
supercapacitors currently in wide use have
several disadvantages, including high

(graphene, activated carbon, etc.), metal
oxides (RuO2, MnQO2, etc.), and conductive
polymers (Pani, Ppy, etc.) are used as
electrodes in supercapacitors [3]. In recent
years, much research has been conducted on
the use of composite materials, such as
electrodes, to improve the properties of
these materials [4-7].
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Among conductive polymers,
polyaniline (Pani) has been extensively
studied because of its unique structure, high
electrochemical activity, and ease of
synthesis. Pani has three oxidation states:
fully reduced - leucoemeraldine; half-
oxidized — emeraldine; and fully oxidized —
pernigraniline. In the half-oxidized state, the
emeraldine base acts as a semiconductor,
whereas the protonated emeraldine salt shows
higher conductivity. However, during the
electrochemical redox reaction, the volume of
Pani expands and its structure changes,
resulting in poor conductivity, reduced
specific surface area, and decreased cycle
stability [8-11]. These issues can be addressed
by doping Pani with carbon materials.

One of the many types of carbon - 2D
graphene, is known for its high conductivity.
However, the strong m-m bonds form
agglomerations that cause a decrease in the
specific surface area and conductivity.
Moreover, the synthesis of 2D materialsis a
complex process that requires advanced
technology, which increases the material's
cost. On the other hand, reduced graphene
oxide (rGO) has less agglomeration due to the
existence of oxygen; therefore, studies on
Pani with reduced graphene oxide composites
have Dbeen studied widely [12-15].
Nevertheless, agglomeration still exists the
during synthesis, which requires a different
doping material.

Another type of carbon, 3D activated
carbon (AC), offers several advantages, such
as a high specific surface area resulting from
a 3D porous structure, abundant natural
resources for material sourcing, ease of
synthesis, and environmental friendliness
[16-18]. It is believed that this porous
structure can reduce the agglomeration of
Pani and enhance its conductivity.

Therefore, in this study, Pani was
synthesized by doping it with 2D-structured
graphene oxide and with 3D-structured
activated carbon. We compared their
properties to determine whether activated
carbon is comparable to 2D-structured
materials. According to [19], the optimal
mass ratio of Pani to 2D materials was

determined to be 90:10. However, Pani-based
composites with 3D materials have been
comparatively less investigated than Pani
with 2Dmaterials. In contrast, previous
studies [16] on Pani/AC systems have
reported significantly lower AC content due
to the high surface area and porous structure.
Furthermore, this study aimed to explore the
basis for the potential use of coal as a source
of activated carbon, as it is abundant in
Mongolia, making it relatively inexpensive to
put into economic circulation.

MATERIALS AND METHODS

Chemicals
Aniline (Ani), ammonium
peroxydisulfate  (APS),  polyvinylidene

fluoride (PVDF), and dimethylformamide
(DMF) were purchased from Sigma-Aldrich.
Reduced graphene oxide (rGO) powder and
carbon black (CB) were obtained from Kaina
Carbon New Materials Co., Ltd., China.
Wood-based activated carbon (AC) was
obtained from  Shijiazhuang Hongsen
Activated Carbon Co., Ltd.

Synthesis

The preparation process of the
Pani/rGO composite with a mass ratio of
Mpani: Myrco= 90:10 was synthesized through
chemical polymerization. Briefly, Ani and
APS were dispersed separately in 1M HCI.
Then, rGO was added to the dispersed Ani
solution and mechanically stirred for 5 hours
at room temperature. For the Ani
polymerization step, the APS solution was
added gradually to the Ani + rGO mixture,
which was then mechanically stirred for 12
hours at room temperature. The resulting
solution was repeatedly washed with double-
deionized water, filtered, and dried at 40°C
for 24 hours. For comparison, pure Pani was
prepared without rGO, and the Pani/AC
composite had a mass ratio of mpgy;: Myc=
99:1.

Characterization

A scanning electron microscope

(SEM) Hitachi SU8000 with energy-
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dispersive X-ray spectroscopy (EDS) was
used to examine the morphological properties
of the samples and to perform elemental
analyses. X-ray diffraction (XRD) patterns
were obtained using a Maxima XRD-7000
diffractometer with CuKa radiation (A=0.154
nm). A Shimadzu IR Prestige-21 spectrometer
was used to record Fourier transform infrared
(FTIR) spectra. N2 adsorption-desorption was
measured at 77 K with a HORIBA SA-9600
surface area analyzer.

Electrochemical measurements

Cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) tests
were conducted using an Epsilon Eclipse
potentiostat. A Powerstat-20 potentiostat was
employed for electrochemical impedance
spectroscopy (EIS) in the frequency range
from 0.1 Hz to 10 kHz, with a DC bias of 0.5
V. Electrochemical measurements of the
samples were performed in a 3-electrode
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setup. Ag/AgCl and Pt wires served as the
reference and counter electrodes,
respectively, and the electrolyte was a 1 M
H>SOs aqueous solution. The working
electrode was prepared by mixing the active
material CB and PVDF in a mass ratio of
80:10:10 with DMF to create a homogeneous
slurry. This slurry was then applied to a
stainless-steel surface and dried at 80 °C for
12 hours. Approximately 1.5 mg of slurry was
loaded onto a 1 cm? active area.

RESULTS AND DISCUSSION

Figure la shows the surface
morphology of Pani, which has a granular
structure, approximately 5 um in size. Figure
1b displays the layered structure of the
Pani/rGO composite due to the sheet-like
morphology of rGO. The Pani/AC composite
(Figure 1c) displayed a porous morphology.

I O

4.00um

Figure 1. SEM images of (1a) Pani, (1b) Pani/rGO composites, and (1c) Pani/AC
composites.

The results of the elemental analysis
by SEM-EDS for all samples are shown in
Table 1. As observed, when Pani was doped
with rGO and AC, the carbon content
increased, while the oxygen and nitrogen

content decreased due to the influence of rGO
and AC compared with Pani. The high
chlorine and sulfur content in the Pani/AC
composite results from residual Cl used in the
synthesis of AC.

Table 1. EDS results for Pani, rGO, and the Pani/rGO composite.

\Elxe@ln\tss\ Atomic, %
Sample C 0] N S Cl
Pani 66.5 11.5 19.4 1.2 1.4
Pani/rGO 79.8 8.4 10.0 1.0 0.8
Pani/AC 79.2 3.5 4.2 4.8 8.3
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X-ray diffraction measurements were
conducted to determine the crystal structures
of Pani, the Pani/rGO, and the Pani/AC
composites, and the results are shown in
Figure 2a. The characteristic diffraction peaks
of Pani appeared at 15.2°, 20.5°, and 25.5°,
corresponding to the (011), (020), and (200)
planes, respectively. For AC and rGO, two
diffraction peaks were observed. A weak
diffraction peak at 26 =~ 43.4° was detected for
AC and rGO, attributed to the (100) plane of
graphite, due to the minimal amount of the
graphite phase [20]. For rGO, a diffraction
peak at 20 ~ 25.5°, corresponding to the (002)
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plane, vyields an interlayer spacing of
approximately 0.34 nm. In contrast, AC
exhibits a broad (002) peak centered at 20 ~
21.3°, corresponding to a larger interlayer
spacing of 0.42 nm, which confirms a
disordered and amorphous  structure
compared with rGO. For the Pani/rGO
composite, all the characteristic peaks of Pani
and rGO were present. For the Pani/AC
composite, all the characteristic peaks of Pani
appeared, and no additional peaks were
observed. The peak intensity at 25.4° was
higher than at 20.5° for all samples, indicating
a semicrystalline emeraldine salt state [21]
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Figure 2. (2a) XRD spectra, and (2b) FT-IR spectra of Pani, Pani/rGO, and Pani/AC
composites.

The FTIR spectra of Pani, the
Pani/rGO composite, and the Pani/AC
composite are shown in Figure 2b. In the
spectrum of Pani, the absorption bands at
1561 and 1457 cm™* correspond to benzenoid
and quinoid ring vibrations respectively,
indicating the structure of the obtained Pani.
Spectra corresponding to C-N and C=N
valence oscillations were recorded at 1290
cm! and 1237 cm™* absorption bands,
respectively, confirming the formation of the
emeraldine salt state of Pani [22]. In the
Pani/rGO and Pani/AC composites, the band
around 1037 cm™ decreased due to lower
oxygen content [23].

The specific surface area was
measured using the Brunauer-Emmett-Teller
method. The Pani/rGO composite had a
surface area of 12.8 m?/g, which is three times

lower than that of Pani (38.3 m?/g) due to
agglomeration and irregular morphology. The
specific surface area of Pani/AC (18.4 m?/g)
is half that of Pani but higher than that of
Pani/rGO composites because of the high
porosity of AC.

The cyclic voltammograms of the
Pani, Pani/rGO, and Pani/AC composite
electrodes were recorded at a scan rate of 10
mV/s within the potential range of 0.2 Vto 1
V, as shown in Figure 3. The graph shows that
the area under the CV curves of the
composites increased, indicating enhanced
electrochemical activity. Additionally, two
pairs of oxidation-reduction peaks appeared
on the CV curves for the composites
compared to pure Pani, demonstrating a
strong synergistic effect between Pani and
rGO, as well as between Pani and AC.
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Figure 3. Cyclic voltammogram of Pani, Pani/rGO composite, and Pani/AC composite
at a scan rate of 10 mV/s in a 1M H>SOg4 solution.

The specific capacitance (Cs) was calculated from the CV curve using Equation (1) [24]. The
results are shown in Table 2.

_ J1av
(s = AV-mv (1)

where: Cs — specific capacitance [F/g], | — current [A], v — scan rate [mV/s], m —mass [g], V -
potential [V].

Table 2. Results of CV measurements of Pani, Pani/rGO, and Pani/AC composites.

Specific

. Anode Cathode b-value Capacitance
Samples capacitance (Cs), Ffg b-value b-value Anode/cathode  retention rate, %
(10mV/s)
Pani 19.5 0.624 0.621 1.005 49
Pani/rGO 131.775 0.801 0.706 1.134 51
Pani/AC 105.9 0.756 0.821 0.921 55

The b-value analysis was conducted to assess 100 mV/s to determine the kinetic behavior of
the kinetic behavior of the samples. The CV  the samples. The results of the CV
was analyzed at various scan rates from 5to  measurements are presented in Figure 4 (a-c).
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Figure 4. CV curves of (4a) Pani, (4b) Pani/rGO, (4c) Pani/AC composites with different
scan rates, and (4al-4cl) anodic and cathodic log (ip) vs log(v) plot.

The kinetic mechanism of the
electrodes was determined empirically using
Equation (2), where the current peak (ip)
versus the scan rate (v) follows a power law.
Here, coefficients a and b age adjustable

ip=av

log(i)=blog(v)+log(a)

parameters. To find the coefficients a and b,
Equation (2) can be converted into Equation
(3) and derived from the logarithmic linear
relationship [25].
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When b is equal to 0.5, the current is
directly proportional to the square root of the
measurement velocity, and diffusion-limited
mechanisms dominate the surface. If the b-
value is equal to or closer to 1, then surface-
controlled phenomena occur. On the other
hand, when the b-value of the electrode falls
between 0.5 and 1, it indicates that the
electrode exhibits a mixed control kinetic
behavior. The b-value in Equation (2) for the
Pani, Pani/rGO, and Pani/AC composites was
determined from Figure 4(al-cl), and the
results are shown in Table 2. The highest b
coefficient value for the Pani/AC composite

140

sample indicates a high capacitance, with the
double-layer capacitance of AC being
dominant.

Finally, the capacitance retention rate
was calculated, as shown in Figure 5. The
specific capacitance of the Pani/rGO
composite was higher than that of the
Pani/AC composite; however, the capacitance
retention rate from measurements at different
scan rates indicates that the Pani/AC (55%)
composite experiences lower capacitance
losses, meaning it operates more quickly and
stably.
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Figure 5. Specific capacitance of Pani, Pani/rGO, and Pani/AC composites
with different scan rates.

GCD measurements were performed
atacurrent density of 0.1 A/g (Figure 6a). The
specific capacitance was determined from the
discharge curve using the formula in [26].
Pani/AC exhibited a higher specific
capacitance (181.9 F/g) compared to the Pani
(92.6 F/g) and Pani/rGO (145.8 F/g)
composites.

In Figure 6b, a Nyquist plot of the EIS
measurements wasobtained to determine the
charge transfer resistance on the surface. The
resistance was low for pure Pani, but high for
the composites, which is due to the reduced
specific surface area and agglomeration.
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Figure 6. (6a) GCD curve at current density of 0.1A/g, (6b) Nyquist plot of Pani,
Pani/rGO, and Pani/AC composites.

Table 3 compares the results with
those from previously published works. Our
results are lower than those of previously

published works. This might be because of
the low specific surface area.

Table 3. Comparison of the supercapacitive properties of supercapacitors
with those in the literature.

Samples Electrolyte  Cell voltage, (V) Current Specific Ref
density, capacitance,
(A/g) (Flg)

PANI/AC 2 M H2S0q4 -0.6t0 1.0 0.02 66.6 [27]
nanocomposite

Bamboo carbon/PANI 1 M H2SOq4 -0.2t0 0.8 0.5 277 [28]
AC-PANI 2 M H2SO4 -0.2t01.0 0.1 378 [29]
rGO/PANI 1 M H2SOq4 -0.2t00.8 0.5 397.0 [30]
Pani-NFs/rGO 1 M H2S04 -0.2t0 0.8 1 942.0 [31]
Pani/rGO 1 M H2S04 -0.2t01.0 0.1 181.9 This
Pani/AC -0.2t0 1.0 0.1 145.8 work

Supercapacitor

A symmetrical supercapacitor with a
Pani/AC electrode was assembled, and the
results were compared with those of the
symmetric Pani/rGO//Pani/rGO
supercapacitor, studied in previous work by
the authors [26].

The CV curves from a symmetric
capacitor with a Pani/AC electrode ina 1 M
H>SO4 electrolyte at scan rates, ranging from
5 to 100 mV/s, are displayed in Figure 7a. As
the scan rate increases, the CV curve shape
stays consistent, indicating good reversible
behavior.

In Figure 7b, the CV curves of the
supercapacitors with the Pani/rGO and
Pani/AC electrodes at a scan rate of 50 mV/s
are compared. The CV curve area of the
Pani/AC//Pani/AC composite is larger, and an
oxidation peak is observed, compared to the
symmetric Pani/rGO//Pani/rGO
supercapacitor, indicating that the former is
more electrochemically active.

The GCD curves of the
supercapacitors with the Pani/rGO and
Pani/AC electrodes were compared at a
current density of 0.1 A/g (Figure 7c). As
demonstrated in this graph, the higher the
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curve of the Pani/AC composite, the greater
the capacitance, and the larger the voltage
window compared to the Pani/rGO
composite.
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From the Nyquist plot in Figure 7d,
the symmetric Pani/AC//Pani/AC
supercapacitor shows a small semicircle,
indicating low charge transfer resistance due
to its high surface area, and this porosity does
not hinder the charge transfer process.
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Figure 7. (7a) CV curves of symmetric Pani/AC//Pani/AC supercapacitor with different
scan rates, comparison of (7b) CV curves, (7¢c) GCD curves, (7d) Nyquist plot of symmetric
Pani/rGO//Pani/rGO supercapacitor and symmetric Pani/AC//Pani/AC supercapacitor.

Figure 8a shows the GCD
measurements of the symmetric
Pani/AC//Pani/AC supercapacitor at different
current densities, which were used to
calculate the energy density and power
density to build a Ragone plot (Figure 8c).

The specific capacitance of the
symmetric supercapacitor with Pani/rGO and
Pani/AC electrodes at different current
densities is shown in Figure 8b.

The specific capacitance of the
symmetric Pani/AC//Pani/AC supercapacitor
was higher. The high charge rate capability of
the Pani/AC//Pani/AC supercapacitor was
75.4%, which was greater than that of the
Pani/rGO//Pani/rGO supercapacitor (50.5%),
indicating it was more stable and capable of
carrying a load.
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Figure 8. (8a) GCD curves of symmetric Pani/AC//Pani/AC supercapacitor with different
current densities, (8b) Comparison of specific capacitance of symmetric
Pani/rGO//Pani/rGO supercapacitor and symmetric Pani/AC//Pani/AC supercapacitor with
different current densities, (8c) Ragone plot.

Then, the energy density and power
density from the discharge curve were
calculated, using the formula in [26], and the
results were depicted in Figure 8c. For the
Pani/rGO composite, at a current of 1 A/g, the
energy density is 3.6 Wh/kg, and the power
density is 500 W/kg, and for the Pani/AC
sample, the energy density at 1 A/g is 6.5
Wh/kg, and the power density is 600 W/kg.
The higher energy density of the Pani/AC
sample is due to its greater specific
capacitance. In addition, characterization
results of Mongolian coal-derived activated
carbon (TTAC) reported in [32] were
compared with those obtained in this study.
The coal-derived activated carbon shows
comparable properties to the Pani/rGO
composites.

10

CONCLUSIONS

In this study, we compared Pani,
Pani/rGO, and Pani/AC composites produced
by the polymerization method for application
as an electrode material of a supercapacitor.
The composite of polyaniline with activated
carbon showed impressive results, reaching a
maximum specific capacitance of 181.9 F/g
and a charge retention rate of 55%. This is
because the doped polyaniline with activated
carbon has a high specific surface area.

The results showed that the
electrochemical activity of the composite
materials improves, compared to pure Pani,
indicating a synergistic effect between Pani
and rGO, and also between Pani and AC.
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The finding that polyaniline doped with
activated carbon is comparable to results
obtained with 2D-structured composites
suggests the potential for further development
of composite samples using activated coal.
Significantly, using activated coal to fabricate
supercapacitor electrodes, as described, has
the potential to generate yet another revenue
stream for Mongolia’s abundant coal
resources.
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