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A B S T R A C T   

It is of great significance to prepare supercapacitors with high energy density and high stability for their 
application. In this work, we demonstrate that PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X composite electrodes obtained 

by in-situ polymerization and electrochemical polymerization with oriented nanorods structure can facilely 
assemble into flexible supercapacitors. An outstanding specific capacitance of 1042.7 F g− 1 is achieved for 
PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X composite electrode under the condition of 10 mV s− 1 in 1 M H2SO4 elec

trolyte. It is found that PANI grown on PEDOT has a rod-like structure with interpenetrating networks, which 
provides a high specific surface area and increased electron transmission channels. As a result, the specific 
capacitance of the assembled flexible supercapacitor reaches 361.6 F g− 1, with 71 % capacitance retention after 
10,000 cycles. The flexible supercapacitor delivers a high energy density of 28.5 mWh g− 1 at a power density of 
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789.5 mW g− 1. This work shows that PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X composite electrode is a promising 
electrode material for flexible supercapacitors.   

1. Introduction 

Supercapacitors with the advantages of rapid charge-discharge rate, 
high power density, and prolonged cyclic stability, are receiving more 
and more attention [1]. Carbon-based materials [2], metal oxides [3], 
and conducting polymers [4] are intensively investigated as active 
materials for supercapacitors. Carbon-based materials with good cycle 
stability but exhibit poor specific capacitance [5]. Metal oxides with 
superior Faradic redox capacity show better energy density. However, 
the commercial viability of RuO2 is constrained by its high cost, while 
the low conductivity of MnO2 also impedes its widespread adoption [6]. 
Conductive polymers (polypyrrole (PPy) [7], polyacetylene, polyaniline 
(PANI) [8], and poly(3,4-ethylenedioxythiophene) (PEDOT) [9]) are 
promising materials for the manufacturing of flexible supercapacitors 
due to their high conductivity, high pseudo-capacitance, good me
chanical flexibility, and low-cost [10]. 

PANI is one of the most attractive conducting polymers in view of its 
high theoretical specific capacitance (2000 F g− 1) and unique proton 
doping mechanism [11]. However, at the start of this study, the actual 
capacitance of PANI electrodes was still lagging far behind the theo
retical value [12]. Wang et al. constructed hyper-conjugated PANI with 
long conjugate chains. A specific capacitance of 512 F g− 1 is obtained 
with 89.7 % capacitance retention after 10,000 cycles [8]. Soma
sundaram et al. prepared the manganese ferrite (MnFe2O4) grafted 
polyaniline nanocomposite electrode. A capacitance of 287.1 F g− 1 was 
achieved with a rate capability of 57.3 % from 1 to 7 A g− 1 [13]. In 
addition, the low energy density and poor cycle stability have limited 
the realization of any practical application as flexible supercapacitors. 
This dichotomy between high potential but limited realization has 
recently motivated many researchers to work on PANI electrodes to 
tackle these problems. PEDOT is widely used as an electrode material 
with excellent conductivity and good cycle stability. Nie et al. reported a 
novel PEDOT complex with a specific capacitance of 194 F cm− 3 and a 
capacitance retention rate of 98 % after 10,000 cycles [14]. PEDOT is 
often used with PANI to form composite electrodes with new structures 
and high performance [15]. This has been used by many recent groups to 
develop improved materials. For example, Shahbaz et al. electrochem
ically polymerized PANI, PEDOT, and active carbon together to obtain a 
composite electrode. The capacitance of the electrode can reach 
611 F g− 1 at a current density of 1 A g− 1 [16]. Liu et al. used a technique 
of one-dimensional self-assembly to prepare PEDOT: poly (styrene sul
fonic acid)/PANI (PEDOT:PSS/PANI) fibers. The composite electrode 
has a specific capacitance of 367.7 F g− 1 at a current density of 0.5 A g− 1 

[17]. Yang et al. integrated PANI and PEDOT through a molecular 
bridge provided by phytic acid. The assembled supercapacitor shows 
high volumetric energy density of 0.25 mWh cm− 3 at a power density of 
107.14 mW cm− 3 [18]. Hierarchical porous RGO/PEDOT/PANI hybrid 
electrode was obtained through complex preparation process including 
two acid treatment by Liu et al.[19]. A high capacitance of 535 F g− 1 

along with a rate capability of 72.6 % in the current density ranging 
from 1 A g− 1~15 A g− 1 was obtained. The electrode achieves a high 
energy density of 26.89 Wh kg− 1 at a power density of 800 W kg− 1. 
While the progress was substantial, achieving high capacitance, high 
rate capability, and high cycle stability simultaneously is still an urgent 
problem for PANI-based supercapacitors. 

One way to potentially improve the performance of PANI is by 
imposing order on the polymer structures. Chen et al. reported an ionic 
crosslink method to improve the order of PANI chains, exhibiting a 
specific capacitance of 419 F g− 1, which was four times higher than the 
control sample without the ionic crosslinker [20]. Sha et al. grew or
dered nano-rod PANI on polystyrene nanospheres by chemical oxidative 

polymerization, resulting in a specific capacitance of 753 F g− 1 at the 
current density of 1 A g− 1. This material was successfully embedded in a 
device, and after 1000 cycles, the retention rate of the capacitance was 
still 85.5 % [21]. These studies indicated that obtaining molecular order 
is indeed an effective means to improve the electrochemical perfor
mance of PANI. 

The current paper focuses on the combination of a precisely defined 
electrochemical polymerization, and highly conductive PEDOT as a 
substrate to obtain an ordered PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X elec

trode, with a significant fraction of CF3SO3
- as counterion in the PEDOT. 

We hypothesized that this superacid-derived anion might yield a higher 
degree of protonation onto the PANI polymer, and as such lead to more 
interchain interactions and concomitant molecular order. A high specific 
capacitance of 1042.7 F g− 1 is achieved for the PEDOT/PANI:(HSO4

- )X: 
(CF3SO3

- )1-X electrode, which is 48.9 % higher than that of PANI:HSO4
- . 

This material was then used for systematic studies of its potential as the 
electrode material for all-solid supercapacitors. Moreover, the assem
bled flexible supercapacitor based on PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1- 

X electrode shows a maximum energy density of 28.5 mWh g− 1 at the 
power density of 789.8 mW g− 1, and a considerable cycle stability with 
71 % of its initial capacitance after 10,000 charge/discharge cycles. This 
paper outlines these studies in detail and provides suggestions to even 
further improve this high-potential material for use in the 21st century 
energy transition. 

2. Experimental 

2.1. Materials 

3,4-Ethylenedioxhythiophene (EDOT), sulphuric acid, iron (III) tri- 
fluoromethanesulfonate (Fe(OTf)3), ethanol, aniline, polyethylene 
glycol-polypropylene glycol-polyethylene glycol (PEG-PPG-PEG; 
Mn=5800 Da) were all purchased from Anhui Senrise Technology Co., 
Ltd, and used without further purification. Deionized water obtained 
from DROIDE Ultra-pure water instrument (ZD-DI-Micro-30) was used 
for all aqueous solutions. 

2.2. Preparation of the PEDOT film 

PEDOT films with high conductivity were obtained by in-situ 
oxidative polymerization (O-polymerization) of EDOT on an ITO glass 
substrate. First, PEG-PPG-PEG (2 g, 0.17 mmol) as the polymerization 
rate controller was mixed with ethanol (10 mL) (1:4 mass ratio of 
polymer:ethanol) and shaken evenly. Then, 126 mg of oxidant Fe(OTf)3 
was added into 1 mL of the mixed solution under ambient atmosphere. 
After ultrasonic treatment for 3 h, 20 μL of EDOT monomer was added. 
Finally, the solution was spin-coated on an ITO glass or PET substrate at 
3000 rpm for 40 s, followed by thermal annealing at 100 ◦C for 10 min. 

2.3. Preparation of PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X composite film 

PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X thin films were obtained by 
electrochemical polymerization (E-polymerization) of aniline onto a 
PEDOT substrate for 900 s at a constant current density of 1 mA cm− 2. In 
the three-electrode system, 0.05 M aniline was added into 0.5 M H2SO4 
electrolytes, where Ag/AgCl was used as the reference electrode, a 
platinum electrode was used as the counter electrode, and the PEDOT 
thin film was used as the working electrode. The thickness of PEDOT and 
PANI is about 69 nm and 199 nm, the density of PEDOT and PANI is 
calculated to be 1 mg cm− 3 and 1.1 mg cm− 3, and the area of the elec
trode is 0.75 cm2, which giving the mass of PEDOT/PANI:(HSO4

- )X: 
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(CF3SO3
- )1-X electrode to be approximately 2.16×10− 5 g. The mass ratio 

of PEDOT and PANI is approximately 1:3.15. To study the effect of the 
PEDOT substrate, under the same conditions, an ITO substrate was used 
as the working electrode to obtain a PANI:HSO4

- film. This was used as 
the control system (vide infra). The thickness of PANI:HSO4

- film is 
130 nm, thus the mass of the PANI:HSO4

- electrode is approximately 
1.07×10− 5 g. 

2.4. Fabrication of all-solid supercapacitors 

The all-solid supercapacitors were fabricated by bar coating a H2SO4- 
polyvinyl alcohol (PVA) hydrogel electrolyte on the top of PEDOT/ 
PANI:(HSO4

- )X:(CF3SO3
- )1-X electrodes, and allowing these electrodes to 

dry under ambient conditions for 4 h. Then two of such electrodes with 
H2SO4-PVA electrolyte were gently pressed together and kept for 20 min 
to obtain a flexible supercapacitor. The H2SO4-PVA hydrogel was pre
pared by dissolving 1 g PVA power in 10 mL deionized water. The 
mixture was heated to 85 ◦C under stirring for 3 h. Then 1 g concentrated 
H2SO4 (98 %) was slowly added into the cooling down dispersion to 
produce the hydrogel. 

2.5. Electrochemical measurements 

An electrochemical workstation (model CHI660E, CH Instruments) 
was used for all electrochemical measurements. The electrochemical 
performance of PANI:HSO4

- and PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X 
electrodes were investigated in a three-electrode system with 1 M H2SO4 
as the electrolyte, platinum as the counter electrode and standard Ag/ 
AgCl as the reference electrode. The galvanostatic charge and discharge 
(GCD) profile, cyclic voltammetry (CV) curve, and electrochemical 
impedance spectroscopy (EIS) of the electrode were measured in 1 M 
H2SO4 solution. The specific capacitance of electrodes in the three- 
electrode system was calculated from the CV curve according to the 
following equation: 

C =
1

sΔV

∫

jdV (1)  

wherein C is the specific capacitance (F g− 1), s is the scan rate (V/s), ΔV 
is the voltage window (V), j is the current density (A g− 1). 

The specific mass capacitance (F g− 1) of all solid-state super
capacitors was calculated from the GCD profile using the following 
equation: 

C =
IΔt
ΔV

(2)  

Where I is the discharge current density (A g− 1), Δt is the discharge time 
(s), ΔV is the voltage window (V) after the current drops. The mass of 
two electrodes was used to calculate the discharge current density. 

The energy density (E, mWh g− 1) and power density (P, mW g− 1) of 
supercapacitors can be calculated by Eqs. (3) and (4), respectively: 

E =
C × (ΔV)2

2 × 3.6
(3)  

P =
E × 3600

Δt
(4)  

2.6. Other measurements 

The thicknesses of films were measured by a stylus profilometer 
(DektakXT, Bruker). Scanning electron microscopy (SEM, Hitachi 
Regulus 8100), X-ray photoelectron spectroscopy (XPS, Thermo K- 
Alpha), and Grazing Incidence X-ray Diffraction (GIXRD, Bruker D8) 
were used to characterize the surface morphology and composition of 
PANI:HSO4

- and PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X electrodes. 

3. Results and discussion 

3.1. Preparation and characterization of electrodes 

The procedure for preparing the PANI:HSO4
- and PEDOT/PANI: 

(HSO4
- )X:(CF3SO3

- )1-X electrodes is schematically described in Fig. 1a. 
The PEDOT electrode with CF3SO3

- as the counterion was first fabricated 
by in situ oxidative polymerization (O-polymerization) of EDOT on an 
ITO substrate. PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X electrodes were ob

tained by electrochemical polymerization (E-polymerization) of aniline 
on a PEDOT substrate (see Experimental Section for details). In parallel, 
PANI:HSO4

- electrodes were also prepared by E-polymerization on ITO as 
the reference. As illustrated in Fig. 1b, PANI:HSO4

- is polymerized with 
HSO4

- as the sole counterion on ITO substrates. When the polymerization 
was achieved on PEDOT, this included the CF3SO3

- anions already pre
sent in PEDOT, which thus formed part of the new complex of PANI: 
(HSO4

- )X:(CF3SO3
- )1-X on PEDOT substrate. The formation of the new 

complex is confirmed by the XPS results which will be discussed in detail 
in the following part. 

The morphologies of the resulting PANI:HSO4
- and PEDOT/PANI: 

(HSO4
- )X:(CF3SO3

- )1-X electrodes are revealed by SEM, as shown in Fig. 2. 
It can be seen from Fig. 2a that PANI: HSO4

- forms a nanosphere structure 
on top of the ITO substrate, with an uneven distribution of both the size 
and location of these nanospheres. Such a thin layer of nanospheres does 
not yield a high specific surface area of the resulting electrodes. In 
contrast, PANI polymerized on PEDOT shows a nanorod structure, 
which can be clearly identified in Fig. 2b. Such a nanorod structure 
provides a significantly larger specific surface area for the Faraday re
action, and thus more ion transmission channels for the insertion and 
extraction of electrolyte ions. This finding hinted at the possibility of 
using PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X as electrodes in supercapacitor 

devices that hinge on such large specific surface areas. 
XPS was used to investigate the surface element composition and the 

chemical state of these components, the results are displayed in Fig. 2c-f. 
The survey spectra in Fig. 2c manifest the S, C, N, and O elements for 
both PANI:HSO4

- and PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X samples. It is 
worth noting that S2p and O1s on the PANI:HSO4

- and PEDOT/PANI: 
(HSO4

- )X:(CF3SO3
- )1-X electrodes come from the counterion of HSO4

- and 
CF3SO3

- . In addition, compared with PANI:HSO4
- , the existence of F1s in 

the XPS spectrum of PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X indicates that 
CF3SO3

- from PEDOT bottom layer has been successfully doped into 
PANI. It can be seen from Fig. 2d that after PEDOT is soaked in sulfuric 
acid, the F1s peak in the survey XPS spectrum of PEDOT-sulf has dis
appeared, due to the substitution of CF3SO3

- by HSO4
- . Due to the higher 

acidity of CF3SO3H compared to H2SO4, PEDOT/PANI:(HSO4
- )X: 

(CF3SO3
- )1-X shows a higher degree of protonation than PANI:HSO4

- . It is 
worth mentioning that the existence of F element in PEDOT/PANI: 
(HSO4

- )X:(CF3SO3
- )1-X is also confirmed in the element mapping diagram 

in Fig. S1 (ESI). The dopant-to-polymer ratio could be calculated from 
the XPS spectra as the S/N atom ratio. The S/N atom ratio of PANI:HSO4

- 

and PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X is 0.329 and 0.369, demon
strating a higher degree of oxidation in PEDOT/PANI:(HSO4

- )X: 
(CF3SO3

- )1-X electrode. Furthermore, the ratio of dopants HSO4
- :CF3SO3

- 

in the PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X electrode is 1:0.317. The total 
content of dopants is calculated from the area of S2p. The content of 
dopant CF3SO3

- is calculated from the area of F1s divided by 3. 
Fig. 2e and f show N1s XPS spectra of PEDOT/PANI:(HSO4

- )X: 
(CF3SO3

- )1-X and PANI:HSO4
- electrodes, respectively. The N1s peak is 

further deconvoluted into three peaks at 399.2, 400.1, and 401.2 eV, 
corresponding to the quinoid imine (-N=), benzenoid amine (-NH-), and 
cationic nitrogen (-N+-) in PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X, respec

tively [22]. For PANI:HSO4
- , these peaks move to lower binding energies 

at 398.9, 399.6, and 401.0 eV, respectively. Furthermore, the contents 
of quinoid imine and cationic nitrogen in PEDOT/PANI:(HSO4

- )X: 
(CF3SO3

- )1-X are more than those in PANI:HSO4
- , indicating a high degree 

of protonation [23]. Such increased protonation provides the option for 
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increased interchain hydrogen bridging, thus making the interaction 
between PANI main chains stronger and inducing ordering. 

The XRD pattern of PANI:HSO4
- and PEDOT/PANI:(HSO4

- )X: 
(CF3SO3

- )1-X are shown in Fig. S2 (ESI), where similar peaks at 21.4◦, 
30.4◦ and 35.4◦ are presented. It revealed that these peaks in PEDOT/ 
PANI:(HSO4

- )X:(CF3SO3
- )1-X are stronger compared to that of PANI:HSO4

- , 
indicating a higher crystallinity of the composite film, matching well 
with its nanorod structure on the SEM images. 

3.2. Electrochemical performance of electrodes 

The electrochemical performance of PANI:HSO4
- and PEDOT/PANI: 

(HSO4
- )X:(CF3SO3

- )1-X were analyzed in a three-electrode system. The CV 
curves and GCD profile of the PANI:HSO4

- and PEDOT/PANI:(HSO4
- )X: 

(CF3SO3
- )1-X electrodes are shown in Fig. 3. Both of them show a quasi- 

rectangular shape with three obvious redox peaks in the CV curves 
(Fig. 3a & b) at scan rates ranging from 10 to 200 mV s− 1, which indi
cate the coexistence of double layer capacitance and pseudocapacitance. 
The current response increases with the increase of the scan rates for 
both of the electrodes. These three pairs of redox peaks in the CV curve 
of PANI correspond to the redox transition between leucoemeraldine 
and protonated emeraldine, the redox transition between emeraldine 
and pernigraniline, and the redox transition between benzoquinone and 
hydroquinone [24]. In order to have a clearer view to see the rate 
capability, CV curves normalized to scan rate are shown in Fig. S3 in ESI. 
Both of the electrodes display a good quasi-rectangular shape up to 
200 mV s− 1, which indicates a good rate capability. The non-linear 
characteristics of the GCD curves (Fig. 3c & d) further confirm the 
redox behavior of PANI. 

Compared with PANI:HSO4
- , the CV curve of PEDOT/PANI:(HSO4

- )X: 
(CF3SO3

- )1-X encloses a larger area at the scan rate of 10 mV s− 1 (Fig. 4a), 
i.e. PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X has a higher specific capacitance. 

At the same time, this conclusion is proved by comparing the discharge 
time of PANI:HSO4

- and PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X electrodes at 
the same charge density, which are shown in Figs. 3c and 3d. In addition, 
the leakage current (Fig. S4a in ESI) declined significantly from 0.2 mA 
to 6.2 μA after 10 min for PANI:HSO4

- electrode, the leakage current 
declined from 0.5 mA to 15.1 μA after 10 min for PEDOT/PANI: 
(HSO4

- )X:(CF3SO3
- )1-X electrode. The small leakage current could be 

ascribed to the self-discharge process of the electrode material. The 
PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X electrode shows a better self- 

discharge property, the voltage is above 0.4 V after 6 h (Fig. S4b in 
ESI), while the voltage of PANI:HSO4

- electrode only managed to remain 
0.3 V after 6 h. In comparison with previously reported PANI-based 
electrodes, the voltage is dropped to one-half of the initial value 
within 13 min for PEDOT/PANI hydrogel [18]. 

The specific capacitance of PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X and 
PANI:HSO4

- electrodes are calculated from the CV and GCD curves 
shown in Fig. 4b and c. From the CV curves, the PEDOT/PANI:(HSO4

- )X: 
(CF3SO3

- )1-X electrode delivered a champion specific capacitance of 
1042.7 F g− 1 (1120.5 F cm− 3) at the scan rate of 10 mV s− 1, which is 
higher than that of PANI:HSO4

- (700.5 F g− 1, 770.6 F cm− 3). The specific 
capacitances from GCD profiles are 995.3 F g− 1 and 672.4 F g− 1 for 
PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X and PANI:HSO4

- electrodes at 
2.5 A g− 1, respectively. PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X electrode 

remains its 76.1 % initial capacitance at 30 A g− 1, PANI:HSO4
- electrode 

remains its 77.9 % initial capacitance at 30 A g− 1. The coulombic effi
ciencies of PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X and PANI:HSO4

- elec
trodes are calculated from the GCD profiles shown in Fig. 4d. The 
coulombic efficiency of PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X under the 

current density of 2.5 A g− 1 is 86.1 %, slightly higher than that of PANI: 
HSO4

- (85.2 %), and both electrodes exhibit even higher coulombic ef
ficiencies (above 90 %) under high current densities. The cyclic stability 
of PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X and PANI:HSO4

- electrodes are 

Fig. 1. (a) Schematic illustration of the preparation process of PANI:HSO4
- and PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X electrodes. (b) Schematic illustration of the 

molecular structures of PANI:HSO4
- and PANI:(HSO4

- )X:(CF3SO3
- )1-X. 
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shown in Fig. S5. PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X electrode displays 
a capacitance retention rate of 85.4 % after 10,000 cycles at a current 
density of 30 A g− 1. PANI:HSO4

- electrode is only 71 %. PEDOT/PANI: 
(HSO4

- )X:(CF3SO3
- )1-X electrode has better coulombic efficiency and cy

clic stability than PANI:HSO4
- electrode, but it still needs to be improved 

compared with inorganic materials to achieve practical applications. 
This capacitance result of the PANI:HSO4

- and PEDOT/PANI:(HSO4
- )X: 

(CF3SO3
- )1-X electrodes is compared to a range of previously reported 

PANI-based materials and inorganic materials in Table 1. The capaci
tance of PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X electrode surpasses that of 

previous reported PANI-based electrodes. When comparing with inor
ganic materials such as RuO2, PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X elec

trode has the advantages of low-cost and flexibility, despite having a 
slightly smaller specific capacitance. We attribute this higher specific 
capacitance of the PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X electrode to three 

factors: 1) A PEDOT substrate with CF3SO3
- counterions can likely more 

easily adsorb homogeneous protonated aniline to induce the polymeri
zation. 2) The doping of CF3SO3

- in PANI leads to a higher protonation 
degree and higher conductivity. 3) The nanorod structure leads to a 
higher available surface area, thus providing more active sites for the 

Faraday reaction, and thereby more ion transmission channels for the 
insertion and extraction of electrolyte ions. 

3.3. Electrochemical performance of all-solid supercapacitors 

In order to evaluate the practical feasibility of this composite mate
rials, two PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X electrodes are attached by 

PVA-H2SO4 gel to form a flexible all-solid supercapacitor, as illustrated 
in Fig. 5a. The electrochemical performance was tested in a two- 
electrode system. The CV curves of the flexible supercapacitor based 
on PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X electrode are shown in Fig. 5b. It 

can be seen that although there are redox peaks in its CV curve, it is far 
less obvious than those in the CV data of the electrode in H2SO4 elec
trolyte (Fig. 4a), which may be due to the relatively slow ion transport in 
PVA-H2SO4 gel electrolyte. Based on the CV curves, the specific capac
itance of the flexible supercapacitor is 361.6 F g− 1 at the scan rate of 
10 mV s− 1 (Fig. S6 in ESI). This value is 34.7 % of the PEDOT/PANI: 
(HSO4

- )X:(CF3SO3
- )1-X electrode in H2SO4 electrolyte. According to the 

GCD profiles in Fig. 5c, the specific capacitance of the flexible super
capacitor is 329 F g− 1 at the current density of 2 A g− 1 and remains at 

Fig. 2. SEM images of PANI:HSO4
- (a) and PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X (b). (c) XPS survey spectra of PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X and PANI:HSO4

- . (d) 
XPS survey spectra of PEDOT and PEDOT-sulf (with H2SO4 treatment). (e) N1s spectrum of PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X. (f) N1s spectrum of PANI:HSO4

- . 
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80.9 % of the initial capacitance at the current density of 30 A g− 1 

(Fig. 5d), which indicates high rate capability of the flexible devices. The 
cycle stability of the flexible supercapacitor is analyzed by GCD 

measurements at 30 A g− 1. After 10,000 charge and discharge cycles, 
71 % of the original specific capacitance could be maintained with 
coulombic efficiencies higher than 90 % (Fig. 5e), suggesting excellent 

Fig. 3. CV curves of (a) PANI:HSO4
- and (b) PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X under different scan rates. GCD curves of PANI:HSO4

- (c) and PEDOT/PANI:(HSO4
- )X: 

(CF3SO3
- )1-X (d) at different current densities. The thickness of PANI:HSO4

- film is 130 nm (mass: 1.07×10− 5 g), the thickness of PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X is 
268 nm (69 nm PEDOT and 199 nm PANI, mass: 2.16×10− 5 g). 

Fig. 4. (a) CV curves of PANI:HSO4
- and PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X under scan rates of 10 mV s− 1. (b) Specific capacitance of PEDOT/PANI:(HSO4

- )X: 
(CF3SO3

- )1-X and PANI:HSO4
- at different scan rates. The thickness of PANI:HSO4

- film is 130 nm (mass: 1.07×10− 5 g), the thickness of PEDOT/PANI:(HSO4
- )X: 

(CF3SO3
- )1-X is 268 nm (69 nm PEDOT and 199 nm PANI, mass: 2.16×10− 5 g). (c) Specific capacitance of PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X and PANI:HSO4

- at 
different current densities. (d) Coulombic efficiencies of PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X and PANI:HSO4

- at different current densities. 
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performance in the PVA-H2SO4 gel electrolyte. The good capacitance 
performance and cycle stability can be attributed to the higher degree of 
oxidation, which is caused by CF3SO3

- doping, and the improved surface 
morphology of the electrode. The Ragone plot (energy density (ECa) vs. 
power density (PCa)) of the flexible supercapacitor is shown in Fig. 5f. 
The energy density of the flexible supercapacitor can reach up to 28.5 
mWh g− 1 at the power density of 789.8 mW g− 1, and retains an energy 
density of 16.3 mWh g− 1 at the power density of 9945.8 mW g− 1. This 
outperforms previously reported supercapacitors based on PANI elec
trodes [20,26,29–32]. 

4. Conclusions 

In summary, a high specific capacitance of 1042.7 F g− 1 is demon
strated for the PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X composite electrode. 

This is attributed to the positive effects of CF3SO3
- doping, increased 

ordering of the PANI polymer chains, and a higher specific surface area 
that results from an interpenetrating structure with oriented PANI 
nanorods on the PEDOT substrate. The resulting flexible supercapacitor 
delivered an outstanding energy density of 28.5 mWh g− 1 at the power 
density of 789.8 mW g− 1, and even a high energy density of 16.3 mWh 
g− 1 at the power density of 9945.8 mW g− 1. These results show that the 
PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X composite is an excellent electrode 

material for supercapacitors, provide new options for the practical 
application of supercapacitors in the future, and hopefully stimulates 
more work on ordered polymers in this field. 
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Table 1 
Comparison of the specific capacitance of current work with previously reported 
PANI-based materials and inorganic materials.  

Material Specific 
capacitance 

Potential 
interval 

Ref. 

PANI-B 419 F g− 1 -0.2–0.8 Va [20] 
DMSO-PEDOT:PSS/PANi 367.7 F g− 1 -0.2–0.8 Va [17] 
rGO/PANI-3 871.5 F g− 1 -0.2–0.8 Va [22] 
PANI@PC 346 F g− 1 0.4–1.4 Vb [12] 
hc-PANI 521 F g− 1 0–0.7 Vc [8] 
Ti3C2Tx @PANI-RGO 617.84 F g− 1 -1–0 Vd [25] 
PANI/MoOx@ Ti3C2Tx 450 F g− 1 -0.6–0 Va [26] 
Ti3C2Tx 245 F g− 1 -0.35–0.2 Va [27] 
RuO2⋅xH2O 1300 F g− 1 0–1 Va [28] 
PANI:HSO4

- 700.5 F g− 1 0–0.8 Va This 
work 

PEDOT/PANI:(HSO4
- )X: 

(CF3SO3
- )1-X 

1042.7 F g− 1 0–0.8 Va This 
work  

a 1 M H2SO4 aqueous solution, Ag/AgCl as reference electrode. 
b 6 M KOH aqueous solution, Zn/ZnO as reference electrode. 
c 1 M H2SO4 aqueous solution, saturated calomel as reference electrode. 
d 1 M KOH, Ag/AgCl, Ag/AgCl as reference electrode. 

Fig. 5. (a) Schematic diagram of the flexible supercapacitor based on PEDOT/PANI:(HSO4
- )X:(CF3SO3

- )1-X electrodes. (b) CV curves of the flexible supercapacitor at 
different scan rates from 10 to 100 mV s− 1. (c) GCD profiles of the flexible supercapacitor at current densities from 2 to 30 A g− 1. (d) The specific capacitance and 
coulombic efficiency of the flexible supercapacitor calculated from the GCD profiles. (e) Capacitance retention and coulombic efficiency of the flexible supercapacitor 
at the current density of 30 A g− 1. (f) Ragone plot of the flexible supercapacitor compared with the previously reported supercapacitor based on PANI. The thickness 
of PEDOT/PANI:(HSO4

- )X:(CF3SO3
- )1-X is 268 nm (69 nm PEDOT and 199 nm PANI, mass: 2.16×10− 5 g). 
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