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A comparative study of multiwalled carbon nanotube (MWCNT), graphene oxide (GO), and nanocrystalline cellulose (NCC) as a
dopant in the preparation of poly(3,4-ethylenedioxythiophene)- (PEDOT-) based hybrid nanocomposites was presented here. The
hybrid nanocompositeswere prepared via the electrochemicalmethod in aqueous solution.TheFTIR andRaman spectra confirmed
the successful incorporation of dopants (MWCNT, GO, and NCC) into PEDOT matrix in the process of formation of the hybrid
nanocomposites. It was observed that the choice of the carbonmaterial affected themorphologies and supercapacitive properties of
the hybrid nanocomposites. Incorporation of GO with PEDOT produces a paper-like sheet nanocomposite in which the wrinkled
surface results in larger surface area compared to the network-like and rod-like structures of PEDOT/MWCNT and PEDOT/NCC,
respectively. Owing to larger surface area, PEDOT/GO exhibits the highest specific capacitance (120.13 F/g), low equivalent series
resistance (34.44Ω), and retaining 87.99% of the initial specific capacitance after 1000 cycles, signifying a long-term cycling stability.
Furthermore, the high performance of PEDOT/GO is also demonstrated by its high specific energy and specific power.

1. Introduction

Nowadays, the evolving interest for high-performance energy
storage and delivery systems has driven tremendous efforts
towards the improvement of the supercapacitors. Superca-
pacitor, which is acknowledged as one of the essential energy
storage devices of future, exhibits several important features.
Compared to other energy storage devices, supercapacitor
has displayed a large specific capacitance, higher power
density, and longer life cycle [1, 2]. Fundamentally, superca-
pacitors can be classified into twomain groups based on their
energy charge storage mechanism, that is, electrical double
layer capacitors (EDLC) and pseudocapacitors. In an EDLC
with carbon-based materials as an electrode material, the
energy storage is derived electrostatically from the charging
process [3]. In contrast, pseudocapacitor uses conducting
polymers (CP) or metal oxides as electrode materials stores
charge via reversible Faradic reaction [4]. In recent times,

extensive studies have been carried out to enhance the perfor-
mance of supercapacitor by varying the electrode materials
[5–7].

Among the available materials, carbon materials are an
outstanding choice as an electrode material in a supercapaci-
tor. Carbon plays its part in supercapacitor bymaximizing the
porosity and minimizing the interparticle contact resistance
[8]. Recently, carbon materials such as functionalized multi-
walled carbon nanotube (MWCNT), graphene oxide (GO),
and nanocrystalline cellulose (NCC) have been focused
intensively due to its excellent properties. MWCNT is known
for its excellent mechanical strength, high conductivity, high
chemical stability, and large surface area [9], whereas GO
exhibits impressive mechanical, electrical, and thermal prop-
erties [10], while NCC which is derived from cellulose, it is
naturally abundant, nontoxic, renewable, and biodegradable
[11].
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Figure 1: Schematic diagram of PEDOT doped with different dopants.

Although carbon-carbon supercapacitor has high power
density and good cycling stability, its energy density and
specific capacitance are not satisfactory, thus limiting its
application [12].Therefore, a combination of carbonmaterials
with CP is an alternative method to improve the prop-
erties of carbon material. Conducting polymers such as
polyaniline, polythiophene, polyacetylene, polypyrrole, and
poly(3,4-ethylenedioxythiophene) (PEDOT) are promising
materials for polymer-based capacitors [13]. Among these
conducting polymers, PEDOT is a good candidate for elec-
trochemical studies due to its excellent conductivity [14].
However, PEDOT suffers from some drawbacks such as low
capacity to store charge [15] and poor cycling stability [16].
These weaknesses have limited the potential application of
PEDOT as an electrode material for supercapacitor. There-
fore, considerable research attention has been concentrated
on incorporating PEDOT with a conductive material such as
carbonmaterial to achieve high electrochemical performance
materials. Han et al. [17] have demonstrated that PEDOT/GO
nanocomposites doped with poly(sodium styrene sulfate)
(PSS) fabricated via in situ polymerization had achieved
a specific capacitance of 108 F/g, much higher than its
individual constituents. Chen et al. [18] have reported core-
shell PEDOT/PSS-MWCNTs nanocomposite prepared by in
situ polymerization under a hydrothermal condition capable
of reaching specific capacitance of 198.2 F/g. These studies
mostly focused on modifying and improving the electro-
chemical performances of the resulting nanocomposites, and,
so far, there is no comparison study that has been conducted
on the supercapacitive performance of PEDOT doped with
different dopants.

Therefore, in the present work, PEDOT doped with three
different carbon materials, that is, MWCNT, GO, and NCC,
(Figure 1) were prepared electrochemically under the same
experimental conditions and the capacitive performance of
these nanocomposites was evaluated and compared. The
synergistic effect of the combination of these materials is

believed to play a vital role in determining the supercapacitive
performance.

2. Experimental Section

2.1. Chemicals and Reagents. 3,4-Ethylenedioxythiophene
(EDOT) (stored in refrigerator at 2–4∘C) and MWCNT
(length: 3–6 𝜇m; diameter: 4.5 ± 0.5 nm) were obtained
from Sigma-Aldrich. Sulfuric acid (H2SO4) and concen-
trated nitric acid (HNO3) were purchased from Friedemann
Schmidt and Fischer Scientific, respectively. GO and NCC
were purchased from Graphenea and the University of
Maine, respectively. Potassium chloride (KCl), acetone, and
ethanol were obtained fromFisher Chemical, ChemAR�, and
HmbG�, respectively. Deionized (DI) water from Millipore
(Milli-Q, 18.2MΩ⋅cm) was used throughout the experiments.

2.2. Functionalization ofMWCNT. MWCNTswere function-
alized by acid treatment. The MWCNTs were pretreated by
dispersing 200mg MWCNTs in 100mL 1 : 3 v/v concentrated
HNO3 solution and concentrated H2SO4 followed by soni-
cation for 2 hours. The mixture was then kept overnight at
room temperature. The resulting acidic mixture was washed
several times using deionized water until the pH reached 7.
Functionalized MWCNTs were collected and dried at 60∘C.

2.3. Electrodeposition. PEDOT/MWCNT, PEDOT/NCC,
and PEDOT/GO were electrodeposited onto indium tin
oxide (ITO) glass at 1.2 V for 10min using a potentiostat
(Autolab M101) connected to a computer equipped with
Nova 1.11 software. The concentration of EDOT used
throughout the experiment was 10mM with 1.0mg/mL
of dopants (MWCNT, NCC, and GO). PEDOT was also
prepared from a solution containing LiClO4 (noncarbon
material) as a comparison. A conventional three-electrode
system was employed with the ITO glass served as a working
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Figure 2: FESEMmicrographs of (a) PEDOT, (b)MWCNT, (c) PEDOT/MWCNT, (d) NCC, (e) PEDOT/NCC, (f) GO, and (g) PEDOT/GO.

electrode, a platinum wire as a counterelectrode, and a
silver/silver chloride (Ag/AgCl) as a reference electrode. The
ITO glasses (1 cm2) were cleaned and sonicated in acetone,
ethanol, and finally deionized water sequentially for 15
minutes.

2.4. Characterization. The functional groups of PEDOT/
MWCNT, PEDOT/GO, and PEDOT/NCC were investi-
gated using Fourier transform infrared (FTIR, Perkin-
Elmer FT-IR spectrophotometer coupled with UATR acces-
sory) and Raman spectroscopy (Alpha 300R). The surface
morphology of the hybrid nanocomposites was evaluated
using field emission scanning electron microscopy (FESEM,
JEOL JSM-7600F). The electrochemical properties of hybrid
nanocomposites were investigated using cyclic voltamme-
try at potential ranging from −0.5 V to 0.5 V, galvanos-
tatic charge-discharge (GCD) at various current densities

(0.3 A/g, 0.5 A/g, 1.0 A/g, and 2.0 A/g), and electrochemical
impedance spectroscopy (EIS) at a frequency range from
0.1Hz to 10 kHz. The measurements were performed in
1.0M KCl.

3. Results and Discussion

3.1. Field Emission Scanning Electron Microscopy. Electro-
chemical performance of an electrode is greatly determined
by its structure and the active surface area attainable to
the electrolyte [3]. Therefore, the morphology of the pre-
pared hybrid nanocomposites was investigated using FESEM.
Figure 2(a) displays the microstructure of PEDOT which
consists of evenly distributed globular cluster morphology
with an average diameter of ca. 6.5 ± 0.5 𝜇m.

Figures 2(b)–2(g) represent the FESEM images of the
dopant material and its respective hybrid nanocomposites.
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Based on Figure 2(c), PEDOT/MWCNT hybrid nanocom-
posite depicts entangled network-like structure in which
MWCNT are well-dispersed within the hybrid nanocompos-
ites. However, compared to MWCNT (diameter of 26.26.0
± 0.1 nm (Figure 2b)), PEDOT/MWCNT nanocomposite
has less compact stacking morphology indicating a strong
interfacial coupling between MWCNT and thiophene ring
of PEDOT, hindering the multiple stacking of MWCNT.
The FESEM image of NCC shows agglomerated rod-like
structure (Figure 2(d)) and has a well-ordered arrangement
[19]. The PEDOT/NCC (Figure 2(e)) exhibits the same rod-
like structure, but there is a more spacious void between the
PEDOT/NCC structure for electrolyte transport which is not
seen in the pristine NCC. In contrast to PEDOT/MWCNT
and PEDOT/NCC nanocomposites, the FESEM image of
PEDOT/GO (Figure 2(g)) reveals a uniformwrinkled surface
that resembles paper-like sheet. This FESEM image is similar
to the morphology of pristine GO; however, PEDOT/GO is
less wrinkled compared to pristine GO. The combination of
PEDOT with GO minimizes the entanglement and wrinkles
during the deposition process. Morphologies of the hybrid
nanocomposites and the respective dopant materials clearly
indicate that MWCNT, NCC, and GO are dominating the
structure of the hybrid nanocomposites.

3.2. Fourier Transform Infrared Spectroscopy. FTIR was per-
formed in order to demonstrate the incorporation of GO,
MWCNT, and NCC into PEDOT. The GO spectrum (Fig-
ure 3(b)) shows a broad O-H absorption band centered at
3250 cm−1. The peaks at 1735, 1368, 1196, and 1086 cm−1 are
attributed to the C=O carboxylic group, C-OH deformation,
C-O-C, and C-O epoxy, respectively. In the spectrum of
MWCNT (Figure 3(d)), a broad peak that appears around
3400 cm−1 is assigned to the stretching mode of O-H group,
formed due to the oxidation of carbon on the surface of
MWCNT [20]. The functional groups of C=O, C=C, O-H
bend, and C-O are also found in the MWCNT spectrum at
1735, 1528, 1320, and 1000 cm−1, respectively. As shown in
Figure 3(f), the NCC spectrum consists of O-H, symmetric
CH stretch sulfate group, CH2 bend, H-O-H bend, OH bend,
S=O,C-O-C, and S-Owhere the absorption bands are present
at 3500 cm−1, 2931, 1428, 1637, 1320, 1184, 1080, and 819 cm−1,
respectively.

Based on Figure 3(a), the main absorption bands of
PEDOT are found below 1500 cm−1. FTIR spectrum of
PEDOT shows peaks at 1543, 1317, 1196, and 638 cm−1 corre-
sponding to C=C, C-C, C-O-C, and C-S which are originated
from the thiophene ring of PEDOT. The absorption bands
of PEDOT can also be seen in the hybrid nanocomposite
upon the addition of dopants into PEDOT indicating that
the dopants and PEDOT were successfully incorporated
together. The spectrum of PEDOT/GO (Figure 3(c)) consists
of similar functional groups present in PEDOT with the
addition of C=O of the carboxylic group at 1735 cm−1, C-
OH deformation at 1368 cm−1, and O-H peak in the range
of 3300–3400 cm−1, which are originated from the GO. The
IR absorption bands found in the PEDOT/MWCNT (Fig-
ure 3(e)) spectrum are also present in MWCNT spectrum.

Both PEDOT/MWCNT and MWCNT spectra consist of
broad O-H peak, C=O, C=C, O-H bend, and C-O at 3400,
1735, 1528, 1320, and 1000 cm−1, respectively. The functional
groups of C-O-C and C-S present at 1196 and 638 cm−1
are originated from PEDOT. As can be seen in the spectra
of PEDOT/GO (Figure 3(c)) and PEDOT/MWCNT (Fig-
ure 3(e)), the O-H absorption peaks are shifted to the higher
wavenumber compared to the spectra of GO (Figure 3(b))
and MWCNT (Figure 3(d)), indicating that the GO and
MWCNT dopants were successfully incorporated into the
PEDOT (Figure 1). Figure 3(f) demonstrates that the charac-
teristic absorption bands of NCC appear at 3500, 2931, 1398,
1428, 1184, and 819 cm−1, suggesting the presence of NCC in
the PEDOT/NCC nanocomposite. The FTIR results clearly
show that the characteristic absorption bands of individual
components and reveal the presence of GO, MWCNT, and
NCC in the nanocomposites.

3.3. Raman Spectroscopy. Complementary to FTIR, Raman
spectroscopy was employed to further study the structure
of individual components and the hybrid nanocomposites.
As can be seen in Figures 4(a) and 4(b), both Raman
spectra of GO and MWCNT are comprised of G and D
bands which appear at 1600 cm−1 and 1350 cm−1. The D-
band explains the vibrations of carbon atoms with dangling
bonds for the in-plane terminations of amorphous carbon
films, whereas the G band describes the first-order scattering
of 𝐸2g mode [21]. 𝐼D/𝐼G is the intensity ratio of defect
band which is used to indicate the degree of well-ordered
graphitic structure [22]. The ratios of 𝐼D/𝐼G obtained for
GO and MWCNT are 0.98 and 1.04, respectively, indicating
that MWCNT is more defective than GO. The Raman
spectrum of NCC (Figure 4(c)) illustrates the functional
groups of scissors methylene stretch and CH2 bend present
at 2820 and 1464 cm−1, respectively. The Raman spectrum
of PEDOT (Figure 4(d)) consists of C=C which appears at
1430 cm−1, whereas the presence of C-C thiophene ring, C-C,
oxyethylene ring, and C-O-C deformation can be clearly seen
at 1363, 1265, 985, and 578 cm−1, respectively. From Figures
4(e) and 4(f), it can be clearly seen that the Raman bands
of PEDOT/GO and PEDOT/MWCNT are almost similar
to the Raman bands of PEDOT. The G and D bands of
GO and MWCNT are almost overlapped with the strong
Raman bands of PEDOT which makes the Raman bands of
PEDOT/GO and PEDOT/MWCNT difficult to distinguish.
Nevertheless, the existence of a small shoulder Raman band
at 1600 cm−1 which is originated from GO and MWCNT
was observed in the PEDOT/GO and PEDOT/MWCNT
spectra, implying that the dopants have been successfully
incorporatedwith PEDOT. Figure 4(g) shows that the Raman
spectrum of PEDOT/NCC is similar to PEDOT with the
addition of CH2 bend at 1464 cm−1 and CH2 scissors at
2820 cm−1.

3.4. Cyclic Voltammetry. Cyclic voltammetry measurements
were performed to investigate the capacitive performance
of nanocomposites electrodes for supercapacitor. Figure 5(a)
presents the cyclic voltammograms (CVs) of PEDOT/
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Figure 3: FTIR spectra of (a) PEDOT, (b) GO, (c) PEDOT/GO, (d) MWCNT, (e) PEDOT/MWCNT, (f) NCC, and (g) PEDOT/NCC.

MWCNT, PEDOT/NCC, and PEDOT/GO hybrid nanocom-
posites. The measurements were carried out using three-
electrode system at a scan rate of 0.1 V/s in 1.0M KCl. As
can be seen, the CVs of PEDOT/GO and PEDOT/NCC
hybrid nanocomposites resemble a nearly rectangular and
rectangular shape, respectively, implying good charge prop-
agation and capacitive behavior [23]. In contrast, the CV of
PEDOT/MWCNTdisplays quasi-rectangular, demonstrating
great double layer capacitance offered by MWCNT. The

specific capacitance (𝐶sp) of the nanocomposites was calcu-
lated according to the following [5]:

𝐶sp =
∫ 𝐼𝑑V
𝜐Δ𝑉𝑚
, (1)

where 𝐶sp is the specific capacitance (Fg
−1), v is the potential

scan rate (Vs−1), 𝐼 is the current response, 𝜐 is the scan
rate (Vs−1), Δ𝑉 is the range of potential applied (V), and
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𝑚 is the mass of the active materials (g). It was observed
that the CV integrated area of PEDOT/GO is larger com-
pared to PEDOT/MWCNT and PEDOT/NCC, implying that
PEDOT/GO nanocomposite has better capacitive behavior
with specific capacitance of 120.13 F/g (Figure 5(b)), while the
PEDOT/MWCNT and PEDOT/NCC hybrid nanocompos-
ites exhibit specific capacitance of 103.30 F/g and 67.06 F/g,
respectively. These results are comparable to the previous
study on PEDOT-poly(styrene sulfonate)/single-walled car-
bon nanotube [24] and PEDOT/activated carbon [25]. The

specific capacitance of PEDOT/GO is higher compared to
PEDOT/MWCNT indicating that the rate of the electro-
chemical process that occurred in PEDOT/GO electrode is
higher. The high rate of electrochemical process refers to the
fast diffusion of counterion and electron in the PEDOT/GO
matrix [26]. This could be due to the large surface area of
GO compared to MWCNT [27]. The specific capacitance
of PEDOT/MWCNT is higher compared to PEDOT/NCC
which is maybe due to the open network morphology
and unique property of the entangled nanotubes of CNT
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which provides easy accessibility at the electrode/electrolyte
interface that allows fast charge propagation and efficient
reversible energy storage [28, 29]. In contrast, PEDOT/NCC
shows the lowest specific capacitance caused by insulating
properties of NCC [30] and the agglomerated morphology
of PEDOT/NCC as can be seen in the FESEM image, leading
to poor utilization of the redox active sites and depreciation
of specific capacitance [31]. The specific capacitances of
the hybrid nanocomposites were compared with PEDOT
electrodeposited in a solution containing LiClO4. From the
CV, the integrated area of PEDOT is smaller compared to
PEDOT hybrid nanocomposites with a specific capacitance
of 13.44 F/g, indicating that introducing carbon materials as
dopants can increase the supercapacitive performance of the
hybrid composites.

Cyclic voltammetry measurements at different scan rates,
that is, 25, 50, 100, 150, and 200mV/s, were also employed
in order to investigate the effect of different scan rate on
the hybrid nanocomposites. It can be seen that the hybrid
nanocomposites are still able to maintain the shapes even
at high scan rates (Figures 5(c)–5(e)), suggesting good
capacitance behavior and low contact resistance. The results
manifest that the ionic diffusion is not limited by the scan
rates, but it is influenced by the morphology of the hybrid
nanocomposites.

3.5. Galvanostatic Charge-Discharge. In order to get more
information on capacitive performances, galvanostatic
charge/discharge (GCD) measurements were performed
on the prepared hybrid nanocomposites. Figure 6(a)
shows the GCD curves of PEDOT/LiClO4, PEDOT/NCC,
PEDOT/MWCNT, and PEDOT/GO at a current density
of 1.0 Ag−1. As it can be seen, all the GCD curves for
hybrid nanocomposites depict charging curve that is nearly
symmetrical with their respective discharging curve without
an obvious ohmic drop (IR drop). This feature indicates a

good capacitive behavior, fast charge-discharge behavior
[32] of PEDOT/NCC, PEDOT/MWCNT, and PEDOT/GO
hybrid nanocomposites. It is clearly seen that PEDOT/GO
has the longest charge-discharge time compared to other
hybrid nanocomposite implying high specific capacitance
[33] and good charge storage performance [34]. However, it
should be pointed out that GCD curve of PEDOT/LiClO4
is not linear or symmetrical with large IR drop at the initial
portion of discharge curve indicating that PEDOT/LiClO4
has high internal resistance [35]. Thus, this signifies that the
carbon material can improve the performance of PEDOT
which also further confirmed by electrochemical impedance
spectroscopy (EIS), which will be discussed in the following
section.

Capacitive performances of these nanocomposites were
further investigated by calculating the specific energy and
specific power from charge-discharge curves at different
current densities. The relationship between specific power
and specific energy is expressed by using Ragone plot (Fig-
ure 6(b)). The specific power, 𝑃, and specific energy, 𝐸, were
calculated according to the following equations:

𝑃 =
Δ𝑉 × 𝐼
2𝑚
,

𝐸 =
𝐶sp × Δ𝑉

2

2
,

(2)

where Δ𝑉 is voltage differences (V), 𝐼 is applied current
(A), 𝐶sp is specific capacitance (F/g), and 𝑚 is mass of
hybrid nanocomposites films (g). As illustrated in the Ragone
plot (Figure 6(b)), it is clearly seen that PEDOT/GO hybrid
nanocomposites display higher specific energy compared
with other hybrid nanocomposites. The plot indicates that
PEDOT/GO is able to deliver a specific energy at a high
point of 16.86Wh/kg with a power density of 149.36W/kg
and it is noticeable that the specific energy of PEDOT/GO
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Figure 7: (a) Nyquist plots of PEDOT/NCC, PEDOT/MWCNT, PEDOT/GO, and PEDOT/LiClO4. The solid lines represent the best fitting
results in accordance with the equivalent circuits. Equivalent circuit for (b) PEDOT/GO and (c) PEDOT/NCC and PEDOT/MWCNT.

Table 1: ESR and 𝑅ct values for PEDOT/LiClO4, PEDOT/GO, PEDOT/MWCNT, and PEDOT/NCC.

PEDOT/LiClO4 PEDOT/GO PEDOT/MWCNT PEDOT/NCC
ESR (Ω) 28.00 34.44 33.88 38.07
𝑅ct (Ω) 4.22 k 13.51 15.85 9.63
𝜒2 (10−2) 0.95 1.12 0.23 0.74

still reached 6.77Wh/kg at a power density of 980.84W/kg.
This performance of PEDOT/GO is superior compared
to the other hybrid nanocomposites, PEDOT/MWCNT
(13.09Wh/kg at 149.62W/kg) and PEDOT/NCC (6.5Wh/kg
at 149.69W/kg) implying that PEDOT/GO would be a more
promising electrode material for supercapacitor due to high
energy density and power density.

3.6. Electrochemical Impedance Spectroscopy. Electrochemi-
cal impedance spectroscopy (EIS) measurements were con-
ducted to study the ion diffusion and charge transfer behav-
ior of the hybrid nanocomposites. The impedance data
of PEDOT/NCC, PEDOT/MWCNT, and PEDOT/GO in
1.0M KCl solution are expressed in the form of Nyquist
plots and depicted in Figure 7(a). All the Nyquist plots
show similar pattern, that is, a semicircle at high-frequency
region and a straight line at the low-frequency region. The
diameter of the arc represents the charge transfer resistance

(interface resistance) and the line shows the Warburg behav-
ior which is resulted from ion diffusion to the electrode
surface [36]. Obviously, among the hybrid nanocomposites,
PEDOT/GO has shorter Warburg line than PEDOT/NCC
and PEDOT/MWCNT implying that PEDOT/GO has fast
and efficient ion movement from the electrolyte to the
material surface [37]. However, as can be seen clearly in
the Nyquist plot, the Warburg slope of PEDOT/NCC is
approaching 90∘ along the imaginary axis, a more vertical
slope compared with other hybrid nanocomposites, implying
good capacitor behavior, which is in agreement with the CV
measurements.

Each of the Nyquist plots was analyzed using the equiv-
alent circuit displayed in the Figures 7(b) and 7(c) and
parameters extracted from Nyquist plot are tabulated in
Table 1. The accuracy of fitted data was determined based
on chi-square (𝜒2) and the value of the present work is
minimized to 10−2, indicating good fitting. The equivalent
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circuit consists of series of components which include the
resistance of solution (𝑅𝑠), charge transfer resistance (R𝑝),
constant phase element (CPE), the “classical” finite-length
Warburg diffusion element (𝑊), and hyperbolic tangent (𝑇).
As can be observed from the FESEM images in Figure 2, the
surface of hybrid nanocomposites is not homogenous with
irregular geometries. Thus, CPE is included into the circuits
substituting the double layer capacitance [38].

In the high-frequency region, the intercept point at
the impedance spectra towards the real axis represents the
equivalent series resistance (ESR). ESR value represents the
resistance of the bulk electrolyte, the contact resistance
between the electrode and current collector, and intrinsic
resistance of hybrid nanocomposites [39]. Additionally, it is
worth noting that the low value of ESR indicates high conduc-
tivity of the material [40]. The ESR value for PEDOT/NCC
is 38.07Ω, much higher than PEDOT/GO (34.44Ω) and
PEDOT/MWCNT (33.88Ω), demonstrating the weak elec-
tronic conduction of NCC structure compared to GO and
MWCNT. As seen from Table 1, the differences in ESR values
and 𝑅ct values between PEDOT/GO and PEDOT/MWCNT
are very small. These results prove that the behavior of
PEDOT/GO and PEDOT/MWCNT does not vary much.

In addition, even though PEDOT/NCC exhibits the high-
est ESR value, the 𝑅ct value is 9.63Ω, which the lowest value
recorded for hybrid nanocomposites in this study. The func-
tionalization of NCC by substituting the hydroxide group
with sulfate ester occurs at the sp3 carbon atoms (Figure 1),
whereas, in GO and MWCNT, the functionalization occurs
at the sp2 carbon atoms. Thus, the conjugated structures of
GO and MWCNT are disrupted causing the hindrance for
transport of electrons. Therefore, 𝑅ct of PEDOT/GO and
PEDOT/MWCNT nanocomposites is higher than that of
PEDOT/NCC. In contrast to GO and MWCNT, there is no
change in the aromatic structure of the NCC which enables
the ease of electron transport. It is found that PEDOT/LiClO4
shows the lowest ESR value of 28.0Ω which is the result of
good contact resistance between the electrode and current
collector. The poor charge transfer between the electrolyte
and PEDOT/LiClO4 gives large 𝑅ct value which is due to
its globular microstructure, whereas the PEDOT doped with
carbon materials have nanostructure which enhances the
electron transport. In addition, it is worth noticing that the
PEDOTdopedwith carbonmaterial nanocomposites showed
excellent charge transfer as a result of excellent synergistic
contribution from the carbon material and PEDOT.

3.7. Stability Test. Figure 8 shows the cycle stability of all
hybrid nanocomposites using CV at a scan rate of 0.1 V/s
for 1000 cycles. The excellent mechanical strength of dopant
materials can help to improve the properties of conduct-
ing polymer and increase the stability performance of the
nanocomposites. It was observed that there is a drastic
drop in first 100 cycles (Figure 8) which is expected due
to the continuous insertion and removal of counterions
and charge carriers during the cycling [41]. After 1000
cycles, the specific capacitance of PEDOT/MWCNT shows a
major loss in specific capacitance with retention of 64.42%
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Figure 8: Stability test of (a) PEDOT/GO, (b) PEDOT/MWCNT,
and (c) PEDOT/NCC hybrid nanocomposites.

in comparison to PEDOT/GO (87.99%) and PEDOT/NCC
(69.67%).This behavior indicates that PEDOT/MWCNT has
the poorest cycling performance due to the chain defects in
the hybrid nanocomposite during the cycling which affect
the mechanical stability of the hybrid nanocomposite [42].
As can be seen in the FESEM images (Figure 9), PEDOT
is hardly noticeable in the hybrid nanocomposites after
1000 cycles signifying that PEDOT has been degraded and
resulted in low capacitance retention. This study indicates
that GO as a dopant has bettermechanical strength compared
to NCC and MWCNT that can overcome the swelling
and shrinking [28] of PEDOT during the doping-dedoping
process, subsequently improving the stability of PEDOT.The
obtained hybrid nanocomposite shows good electrochemical
properties and cycling stability indicating a synergistic effect
of PEDOT and its respective dopants. Taking into account
the high performance of PEDOT/GO such as high specific
energy and specific power, PEDOT/GO stands as a good
electrode material for supercapacitor.

4. Conclusion

Hybrid nanocomposites of PEDOT doped with GO,
MWCNT, and NCC were successfully prepared using a
facile potentiostatic method. The synergistic effect provided
by both PEDOT and its respective dopants resulting in
variation of morphologies which affect the supercapacitive
performance of the hybrid nanocomposite. Compared to
other carbon materials, incorporation of PEDOT with
GO shows the highest specific capacitance (120.13 F/g) and
excellent stability retention (87.99%) due to the higher
mechanical strength and larger surface area provided by GO.
Thus, PEDOT/GO hybrid nanocomposite is a promising
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Figure 9: FESEMmicrographs of (a) PEDOT/MWCNT, (b) PEDOT/NCC, and (c) PEDOT/GO after 1000 cycles.

candidate as an electrode material for high-performance
supercapacitor.
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