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Abstract: A novel facile preparation of poly(34-ethylenedioxythiophene)/graphene oxide/manganese
oxide (PEDOT/GO/MnQ,) ternary composite as an electrode material for a supercapacitor
was evaluated. The ternary composite was sandwiched together and separated by filter paper
soaked in 1 M KCl in order to investigate the supercapacitive properties. The ternary composite
exhibits a higher specific capacitance (239.4 F/g) compared to PEDOT/GO (73.3 F/g) at 25 mV/s.
The incorporation of MnO, which act as a spacer in the PEDOT/GO helps to improve the
supercapacitive performance by maximizing the utilization of electrode materials by the electrolyte
ions. The PEDOT/GO/MnO, ternary composite displays a specific energy and specific power
of 7.9 Wh/kg and 489.0 W/kg, respectively. The cycling stability test revealed that the ternary
composite is able to achieve 95% capacitance retention even after 1000 cycles due to the synergistic
effect between the PEDOT, GO, and MnO; that helps to enhance the performance of the ternary
composite for supercapacitor application.

Keywords: supercapacitor; poly(3,4-ethylenedioxythiophene); graphene oxide; manganese oxide

1. Introduction

Metal oxides such as ruthenium oxide (RuO;), manganese oxide (MnO;), and iron oxide (Fe,O3)
are considered as ideal electrode materials for pseudocapacitors as metal oxides offer superior specific
energy and electrochemical stability in comparison to carbon-based and polymer materials [1,2].
RuO, is one of the most promising metal oxides to be used as an electrode material due to its
good pseudo-capacitive performance, wide-range potential window, and various oxidation states
(Ru?*, Ru®*, and Ru*") among other metal oxides [3,4].

Regardless of its enormous pseudocapacitive performance, RuQO; is very expensive and toxic to the
environment. Thus, many researchers are exploring for other alternative metal oxides, in which MnO,
becomes a substitute for RuO; to reduce the production cost and prevent environmental problems.
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In comparison to RuO,, manganese oxide is low-cost and harmless to the environment. Moreover,
manganese oxide also offers high capacitance and possesses similar electrochemical behavior to
RuO; [1]. Nevertheless, the limitations of MnO; are poor electrical conductivity, low life cycle, and
poor mechanical stability where these properties are important for supercapacitors. A polythiophene
derivative such as poly(3,4-ethylenedioxythiophene) (PEDOT) is a suitable candidate to be used as an
electrode material as PEDOT possesses high electrical conductivity and is environmentally friendly [5].
In addition, graphene oxide (GO) has become the main material for supercapacitor application due
to its high mechanical strength and high surface area. GO is hydrophilic in nature as a result of the
presence of polar groups such as hydroxyl, epoxide, and carboxyl that make the GO easily disperse
in water.

Many researchers have studied composites consisting of carbon-based materials and conducting
polymer as electrode materials for supercapacitors. Cha, et al. [6] developed a composite of
polydopamine-graphene oxide/poly(3,4-ethylenedioxythiophene) (PDA-GO/PEDQOT) and achieved a
specific capacitance of 126 F/g with capacitance retention of 75% even after 1000 cycles. Besides that,
Soojeong, et al. [7] studied the supercapacitive performance of PEDOT/graphene composite prepared
via electrodeposition. The PEDOT/graphene composite possesses a specific capacitance of 154 F/g
which is superior to that of PEDOT (only 42.6 F/g). Recently, the rapid development of worldwide
research on the performance of supercapacitors has upgraded the study of electrode material for
supercapacitors to another level whereby ternary composites consisting of carbon-based material,
conducting polymer, and metal oxide are renowned in further enhancing the supercapacitive
performance of the composites. Graphite/PEDOT/MnO, ternary composite has been synthesized
and exhibited a high specific capacitance (195.7 F/g) with specific energy and specific power of
31.4 Wh/kg and 90 W/kg, respectively. In addition, the composite was able to retain 81.1%
of its original specific capacitance after 2000 cycles [8]. A new poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) /manganese oxide/reduced graphene oxide (PEDOT:PSS/MnO, /rGO) showed
a potential as an electrode material for supercapacitors and was able to exhibit a specific capacitance of
169.1 E/g with 66.2% capacitance retention after 2000 cycles [9]

Herein, we report a one-step electrodeposition of PEDOT/GO/MnO, ternary composite as an
electrode material. The ternary composite was electrodeposited at 1.2 V for 10 min. The supercapacitive
performance of the PEDOT/GO/MnO, was investigated and compared with the binary composite
and the effect of varying the loading amount of manganese salt precursor on the performance of the
supercapacitor was studied.

2. Results

2.1. Morphological and Structural Analysis

Figure 1 shows field emission scanning electron microscopy (FESEM) images of PEDOT/GO/
MnO, and PEDOT/GO. Figure 1a reveals the FESEM image of PEDOT /GO with typical crumpled
and wrinkled paper-like sheet morphology. The crumpled and clear wrinkles that can be seen in
the morphology of PEDOT/GO are a result of the repulsive force between the negative charge
GO sheets [10] and the defects produced during the breaking up of the sp? hybridized graphene
structure [11]. The combination of PEDOT and GO cause the surface of the prepared PEDOT /GO to
become rougher and the wrinkled paper like-sheets of GO become more prominent [12]. The evidence
of the incorporation of MnQO; into the binary composite can be clearly seen from the presence of MnO,
particles on the wrinkled paper-like sheets of PEDOT /GO (Figure 1b). In addition, the presence of
MnO; (insert Figure 1b) can act as a spacer in order to prevent the agglomeration of GO sheets [13].

The structural analyses of GO, PEDOT, PEDOT/GO and PEDOT/GO/MnO; (Figure 2) were
performed using Raman spectroscopy. The Raman spectra of GO (Figure 2a) displays distinctive
peaks at 1600 and 1350 cm~! which are associated with G and D bands, respectively. The G band is
attributed to sp? hybridized carbon atoms while the D band is related to sp> hybridized carbon atoms
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and defects in the structure [10]. As for PEDOT/GO (Figure 2b), Raman bands at 1500 and 1430 cm™!
correspond to the asymmetric and symmetric C=C stretching whereas Raman bands at 1361, 1265,
and 1108 cm ! are attributed to C-C,, Cg-Cg stretch, and C-O-C respectively. The Raman bands
at 985, 578, and 428 cm ! are associated with the oxyethylene ring. D band is hardly distinguished
in the Raman spectra of PEDOT/GO and also PEDOT/GO/MnO; (Figure 2c) as the D band is
overlapped with the C-C bond in PEDOT. Nevertheless, an extra peak can be observed in the Raman
spectra of PEDOT/GO and PEDOT/GO/MnQO; at ~1600 cm ™! which originates from G band of GO.
As shown in Figure 2¢, all the Raman bands of PEDOT and GO are present in the Raman spectrum
of PEDOT/GO/MnO,, implying that PEDOT is successfully incorporated. The presence of MnO, in
the PEDOT/GO/MnQO; can be confirmed by the presence of Raman bands at 684 cm ! [14]. Another
peak of MnQO, at 578 cm~! [8] is also observable in the Raman spectrum of PEDOT/GO/MnO;,
however, this peak is overlapped with the oxoethylene ring of PEDOT. It was observed that this peak
became more intense after incorporation of MnO; indicating successful incorporation of MnO, into
the ternary composite.

Figure 1. Field emission scanning electron microscopy (FESEM) images of (a) PEDOT/GO and
(b) PEDOT/GO/MnO;, (inset: high magnification of PEDOT/GO/MnO,).
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Figure 2. Raman spectra of (a) GO, (b) PEDOT /GO, and (c) PEDOT/GO/MnO5;.
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The elemental analysis of PEDOT/GO/MnO; was further characterized by X-ray photoelectron
spectrometry (XPS. As displayed in Figure 3a, the C 1s spectrum of PEDOT/GO/MnO; is deconvoluted
into five distinct peaks. The main peak of the C 1s spectrum corresponds to the C-C/C=C at a binding
energy of 284.6 eV. The binding energy at 285.8 eV is assigned to C-S which originates from PEDOT.
The peak of C-O (epoxy and hydroxyl) which originates from GO can be observed at 286.7 eV and
the peaks of C=0 and O-C=0 are illustrated at binding energies of 287.9 and 288.9 eV respectively.
The incorporation of MnO, into the PEDOT/GO/MnQO, ternary composite is proven from the XPS
spectrum of Mn 2p (Figure 3b). The Mn 2p XPS spectrum displays two deconvoluted peaks which are
Mn 2p3/, at a binding energy of 641.9 eV and Mn 2p1 /; at 653.7 eV with energy separation of 11.8 eV
which is attributed to Mn** in MnO; [15].
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Figure 3. X-ray photoelectron spectrum (XPS) of PEDOT/GO/MnO,, (a) C 1s and (b) Mn 2p.

Figure 4a reveals X-ray diffraction (XRD) peaks at 24° corresponding to the (020) diffraction plane
of PEDOT/GO. After the addition of MnO; into PEDOT /GO (Figure 4b), there are three additional
peaks at 28°, 38°,43°, 56°, and 64° attributed to the (110), (101), (111), (211), and (020) diffraction planes
of MnQO;, [16], indicating the successful incorporation of MnO; in the composite (JCPDS No. 24-0735).
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Figure 4. X-ray diffraction (XRD) pattern of (a) PEDOT /GO and (b) PEDOT/GO/MnO,. Peaks labeled
corresponding to the peaks of ITO substrate.
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2.2. Electrochemical Measurements

The symmetric supercapacitor based PEDOT/GO/MnO, was expected to show good
supercapacitive behavior. The effect of manganese oxide loading on the ternary PEDOT/GO/MnO,
composite was evaluated via cyclic voltammetry at 25 mV /s to optimize the amount of manganese
oxide to be incorporated with PEDOT/GO (Figure 5a). The specific capacitance exhibited by the
ternary composite is displayed in Figure 5b. The cyclic voltammograms (CVs) of PEDOT/GO/MnO at
different concentrations show quasi-rectangular shape with redox peaks. At 0.025 M of the manganese
precursor, the ternary composite exhibits low specific capacitance as a result of a too small amount
of manganese precursor which only has a slight effect on the specific capacitance. As the amount
of manganese precursor is increased to 0.05 M, a sharp increase of specific capacitance (239.4 F/g)
with the largest enclosed CV area is observed. The specific capacitance is comparable to that of
PEDOT/graphene/SnO, [17]. As the amount of manganese precursor is further increased, the
cyclic voltammogram area of the PEDOT/GO/MnO, gradually decrease due to the high amount
of MnO, that limits the charge storing ability of the ternary composite as MnO; suffers from low
conductivity [18,19].
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Figure 5. (a) Cyclic voltammograms (CVs) of PEDOT/GO/MnO, with different manganese
loading, at 25 mV/s; (b) specific capacitance of PEDOT/GO/MnO, with different concentration
of manganese, at 25 mV/s; (c¢) CVs of PEDOT/GO and PEDOT/GO/MnO,, at 25 mV/s; (d) CVs of

PEDOT/GO/MnO, at different scan rates.

The PEDOT/GO/MnO, with the highest specific capacitance was compared with PEDOT/GO
as shown in Figure 5c. As can be seen, the introduction of MnO, into the PEDOT/GO composite
enhances the supercapacitive performance due to the synergistic effects of the combined materials and
the properties of MnO, which is known for its high specific capacitance [20]. In addition, MnO,
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which acts as spacer prevents restacking of the GO layers [21] due to the large Van der Waals
interaction that limits the effective surface for electrochemical reaction. Therefore, the addition
of MnO, helps to increase the surface area of the ternary composite and maximize the utilization
of electrode materials by the electrolyte ions [22]. As shown in Figure 5d, the shape of the cyclic
voltammogram of PEDOT/GO/MnO; at different scan rates as shown remains the same even at high
scan rates implying excellent supercapacitive performance and charge storing behavior.

Galvanostatic charge-discharge (GCD) was carried out in order to further study the
supercapacitive behavior of the ternary composite by varying the current densities from 1 A/g
to5 A/g. As can be seen in Figure 6a, the GCD curves of PEDOT/GO/MnO; at all current densities
show an asymmetrical triangle shape implying the presence of pseudocapacitance behavior of the
materials [23]. As expected the process of charging/discharging of PEDOT/GO/MnQO; at the lowest
current density is the longest. This phenomenon is due to the adequate insertion and release
of electrolyte ions throughout the process of charging/discharging [24]. At high current density,
the process of charging/discharging decreases which is attributed to the inadequate interaction of
electrolyte ions between the electrode and electrolyte [25,26].
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Figure 6. Galvanostatic charge-discharge (GCD) of (a) PEDOT/GO/MnO; at different current densities,
(b) PEDOT/GO/MnO, and PEDOT/GO, and (c) Ragone plot of PEDOT/GO/MnO;.

The GCD curves of PEDOT/GO/MnO; and PEDOT/GO are compared at 1 A/g as depicted
in Figure 6b. PEDOT/GO/MnOQO; displays longer discharging time indicating a better charging/
discharging performance compared to PEDOT/GO. The better performance of PEDOT/GO/MnO,
indicates that the incorporation of MnO; helps to improve the supercapacitive performance of the
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ternary composite. The Ragone plot (Figure 6¢) demonstrates that the maximum specific energy
achieved by PEDOT/GO/MnO; is 7.9 Wh/kg with a specific power of 489.0 W/kg at the lowest
current density (1 A/g). The specific energy and power obtained at the highest current density (5 A/g)
are 6.2 Wh/kg and 2246.6 W /kg, respectively.

In order to study the conductivity performances of the PEDOT/GO/MnQO;, electrochemical
impedance spectroscopy (EIS) was performed. Figure 7 presents the Nyquist plot of PEDOT/GO/
MnO, and PEDOT/GO. The diameter of the semicircle provides the information on the resistance
charge transfer (Re) of the materials at the electrode/electrolyte interface. A large semicircle
demonstrates larger R, which is not favorable for a supercapacitor. As seen in the inset of
Figure 7a, the high frequency region of the Nyquist plot of PEDOT/GO/MnO, shows a semicircle
with smaller diameter (6.2 (2) after incorporation of MnO, compared to the binary PEDOT/GO
(20.1 ©3) composite indicating the process of charge transfer is faster between electrode/electrolyte
interface. The intersection of the semicircle at the high-frequency region of the Nyquist plot
was further studied to obtain equivalence series resistance (ESR) values of the composites [21].
ESR is defined as the combination of resistance of solution, resistance within the electrode material,
and resistance between the electrode material and current collectors [27]. It was found that the
ESR value of PEDOT/GO/MnO; (45.8 Q) is higher than PEDOT /GO (43.4 ) due to the nature of
MnO, which suffers from low conductivity. At the low-frequency region of the Nyquist plots, both
PEDOT/GO/MnO; and PEDOT/GO show a nearly vertical line, implying ideal capacitive behavior [8]
and low diffusion resistance between the electrode materials and electrolyte ions [28]. The equivalent
circuit of PEDOT/GO/MnO, and PEDOT /GO (Figure 7b) was developed using NOVA software by
fitting the EIS data. Both equivalent circuits consist of ESR, R parallel with double layer capacitance
(Cq1), Warburg and constant phase element (CPE). CPE is added in order to take into account the
inhomogeneity of the electrode after being modified. The chi-squares which represent the suitability of
the equivalent circuit with the Nyquist plot of PEDOT/GO/MnO, and PEDOT/GO are 1.8 x 102
and 5.5 x 1072 respectively. The low chi-square implies the better suitability of the equivalent circuit

with the Nyquist plot.
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Figure 7. (a) Nyquist plot (inset shows magnified Nyquist plot) and (b) equivalent circuit of
PEDOT/GO/MnO, and PEDOT/GO.

The stability of PEDOT/GO/MnO, (Figure 8) was measured using cyclic voltammetry and
compared with PEDOT/GO for 1000 cycles at a scan rate of 100 mV/s. As shown in Figure 8§,
PEDOT/GO/MnO; is able to retain 95% of its original capacitance whereas PEDOT /GO only retains
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79% after 1000 cycles. The synergistic effect contributed by each material plays an important role for
better cycling stability. PEDOT is known for its low cycling stability due to swelling and shrinking of
the polymer backbone [10] during cycling that leads to degradation of the conducting polymer [29].
GO which is known for its mechanical strength helps in contributing to the stability of the ternary
composites [30]. The improvement of capacitance retention after 300 cycles of PEDOT/GO/MnO;
could be attributed to complete wetting of the electrode materials by the electrolyte [29,31].
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Figure 8. Stability test of PEDOT/GO/MnO; and PEDOT/GO.

3. Materials and Methods

3.1. Chemicals and Reagents

Manganese (II) sulphate monohydrate (MnSO4-H;O) and 3,4-ethylenedioxythiophene (EDOT)
were purchased from Sigma-Aldrich, respectively. Ethanol was received from HmbG whereas acetone
was acquired from Systerm. Potassium chloride (KCI) was purchased from Fisher Scientific and
graphene oxide was attained from Graphenea. Deionized (DI) water was used throughout the
experiments (18.2 M()-cm at 25 °C).

3.2. Preparation of PEDOT/GO/MnQO; Composite

PEDOT/GO/MnO; was prepared via one step electrodeposition in a one compartment
three-electrode configuration cell. Indium tin oxide (ITO, 1 cm?) was used as a substrate and acted as a
working electrode. Silver/silver chloride (Ag/AgCl) and platinum (Pt) coiled wire were employed as
the reference and counter electrodes, respectively. The electrodepositions were performed using an
Autolab M101 inside a Faraday cage at room temperature. The electrodeposition solution consists of
10 mM EDOT, 1.0 mg/mL GO and 0.025-0.3 M MnSO4-H,O. The electrodeposition was carried out at
a constant potential of 1.2 V for 10 min.

3.3. Assembly and Characterization of Symmetric Electrodes

The symmetric supercapacitors were sandwiched together and separated by a filter paper soaked
in 1 M KCL. The symmetric supercapacitors were then characterized by cyclic voltammetry (CV) in a
potential range from 0 to 1 V, galvanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) at an amplitude of 5 mV with a frequency range between 0.1 Hz and 100 kHz
at an open circuit potential (OCP). The surface morphology of the composites was studied by field
emission scanning electron microscopy (FESEM, JEOL JSM-7600F, JEOL, ND, USA). The composition
and structural analysis of the composites were analyzed using a Shimadzu XRD 6000 Diffractometer
with Cu-K radiation (A = 1.54 A), a Raman spectrometer (WITec GmbH, Ulm, Germany), and an
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X-ray photoelectron spectrometer (XPS XSAM HS Kratos Analytical). The binding energy of the XPS
spectra was calibrated using the C 1s peak at 284.5 eV.

4. Conclusions

One-step electrodeposition has been successfully employed to fabricate PEDOT/GO/MnO,
ternary composite. The ternary composite exhibits higher specific capacitance and better cycling
stability performance, even after 1000 consecutive cycles, in comparison to the binary composite
(PEDOT/GO). The high conductivity of PEDOT, the high surface area of GO, and the high specific
capacitance of MnO; contribute to the supercapacitive performance of the ternary composite. MnO,
also play a big role in maximizing the interaction of electrolyte ions and the electrode material by acting
as a spacer in order to enhance the surface area of the ternary composite. Thus, PEDOT/GO/MnO; is
a promising electrode material for a high-performance supercapacitor.
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