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Supercapacitors, which store electrical energy through reversible ion on the surface of conductive 
electrodes have gained enormous attention for variously portable energy storage devices. Since 
the capacitive performance is mainly determined by the structural and electrochemical properties 
of electrodes, the electrodes become more crucial to higher performance. However, due to the 
disordered microstructure and low electrochemical activity of electrode for ion tortuous migration 
and accumulation, the supercapacitors present relatively low capacitance and energy density. Here 
we report a high-performance supercapacitor based on polyaniline/vertical-aligned carbon nanotubes 
(PANI/VA-CNTs) nanocomposite electrodes where the vertical-aligned-structure is formed by the 
electrochemical-induction (0.75 V). The supercapacitor displays large specific capacitance of 403.3 F g−1, 
which is 6 times higher than disordered CNTs in HClO4 electrolyte. Additionally, the supercapacitor can 
also present high specific capacitance (314.6 F g−1), excellent cycling stability (90.2% retention after 
3000 cycles at 4 A g−1) and high energy density (98.1 Wh kg−1) in EMIBF4 organic electrolyte. The key 
to high-performance lies in the vertical-aligned-structure providing direct path channel for ion faster 
diffusion and high electrochemical capacitance of polyaniline for ion more accommodation.

Supercapacitors, which are the branch of energy storage devices have attracted significant interests in a variety 
of applications, including portable electronics, power supply devices and electric vehicles1–6. They stored and 
released electrical energy are due to the formation of electrical double layers (the reversible ion absorption at the 
electrode-electrolyte interface)7, which endow the supercapacitors excellent electrochemical performance such 
as high power density, long cycle lifetimes and low cost8–13. The electrochemical performances of supercapaci-
tors are mainly controlled by the structural and electrochemical properties of electrodes materials. Nanocarbon 
materials such as CNTs have shown anisotropic microstructure, porous networks, high electric conductivity and 
large mechanical strength, which make them prime candidates as supercapacitor electrodes5,14–19. For instance, 
large-scale free-standing single-walled carbon nanotubes (SWCNTs) film with high electric conductivity were 
utilized as supercapacitor electrodes, and the supercapacitors performed good electrochemical performance (spe-
cific capacitance was 35 F g−1, energy density was 43.7 Wh kg−1)20. To improve the electrochemical performance, 
three-dimensional CNTs bridged graphene electrode with stable porous networks presented a high energy density 
of 110.6 Wh kg−1 21. Furthermore, anisotropic arranged CNTs electrodes via chemical vapor deposition method 
enhanced the capacitance (106.2 F g−1) by providing smooth path channel for ion fast migration in electrodes22.

To further improve the capacitive performance, conducting polymers, which were served as electrochemically 
active materials for pseudo capacitance were introduced in CNTs23–26. Among various conducting polymer, PANI 
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was considered to be one of the most promising active materials because of its relatively large specific pseudo-
capacitance, high conductivity and low cost of aniline monomers. Meanwhile, after adding PANI in CNTs, the 
electrochemical performance of supercapacitors would be greatly enhanced27,28. Lin et al. reported PANI incor-
porated with aligned CNTs electrodes based supercapacitors. A large specific capacitance (233 F g−1) was achieved 
owing to PANI generating large redox capacitance29. Xie’s group reported a “skeleton/kin” strategy to fabricate 
SWCNTs/PANI with controlled morphology and microstructure based supercapacitors where the supercapaci-
tors exhibited high energy density (131 Wh kg−1)30. Ge et al. reported a novel supercapacitor based on SWCNTs 
and PANI nanoribbons interpenetrated within cellulose fiber network, which brought a fast electron transport in 
SWCNTs and charge transfer of PANI nanoribbons31. Obviously, the electrochemical performance of supercapac-
itors was largely enhanced by the useful process of structural and electrochemical design of electrode materials. 
However, almost no effective and facile approach to make the combination between the vertical-aligned-structure 
and electrochemical activity so that to substantially promote the electrochemical performance of supercapacitor 
remains a challenge.

In this work, motivated by the combination between the vertical-aligned-structure and electro-
chemical activity design, we develop a supercapacitor based on PANI/VA-CNTs electrodes in which the 
vertical-aligned-structure is obtained by a simply electrochemical induction, and simultaneously the PANI is 
in-situ grown on the CNTs. Owing to the vertical-aligned-structure providing straight and fast ion transport 
pathchannel, large pseudocapacitance of polyaniline and high electric conductivity, the supercapacitor displays 
high electrochemical performance, including large specific capacitance, good cycling stability and high energy 
density. Our work clarifies an important role of structural and electrochemical activity design, which will guide 
the development of next-generation supercapacitors.

Results
Fabrication and characterization of PANI/VA-CNTs.  The designed structure of supercapacitor elec-
trode was shown in Fig. 1a. Normally, disordered CNTs (D-CNTs) were randomly aggregated and the charges 
(ions) had to cross a long pathway, resulting in the less charge accumulation in electrodes so that the supercapaci-
tor performed poor capacitance. However, after the disordered structure becoming vertical alignment, the contin-
uously conductive pathways in the VA-CNTs could allow charges straight and fast transport. Moreover, when the 
PANI was electropolymerized on the VA-CNTs backbone, more charges would be accommodated in the electrode 

Figure 1.  Schematic illustration of the architecture and fabrication of designed electrode. (a) Schematic 
illustration of the designed electrode structure. (b) Schematic illustration of preparing the PANI/VA-CNTs film.
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through the redox reaction, which further enhanced the electrochemical performance. The synthesized process 
of PANI/VA-CNTs electrode was carried out via the three-electrode system of electrochemical polymerization 
(Figure S1). As illustrated in Fig. 1b, the system consisted of loose D-CNTs film as working electrode, Ag/AgCl 
reference electrode, platinum plate counter electrode and 0.1 M aniline in 1 M HClO4 electrolyte. On application 
of an electric field, the disordered CNTs was induced so that to elementary orientate along the electric field’s 
direction32,33. Meanwhile, the aniline monomers in electrolyte lost electron and were in-situ electrodeposited on 
the carbon nanotubes. Besides, the positive charged particle would be moved34,35 to the electric field’s direction so 
that CNTs was accelerate to be vertical alignment36, leading to the increase of CNTs film. Then, PANI would con-
tinue to grow until they filled the entire network. It is due to the synergistic effect between the electric field induc-
tion and electropolymerization of PANI that we obtained the PANI/VA-CNTs nanocomposite electrode films.

The morphology structure of PANI/VA-CNTs was characterized by scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). As shown the cross-sectional image in Fig. 2a, the CNTs film presented 
a randomly disordered arrangement and its thickness was 2.9 μ​m. With the electrochemical-induced time reach-
ing 20 min, the D-CNTs was gradually formed a sparsely vertical-aligned nanostructure and the thickness of film 
was increased to 4.4 μ​m (Fig. 2b). After the 40 min electrochemical induction, the orderly and regularly vertical 
alignment of PANI/CNTs was formed, which was clearly shown in Fig. 2c, and the thickness of film arrived at 
5.4 μ​m. When the electrochemical-induced time exceeding 60 min, the PANI would be covered the whole net-
work of carbon film and the thickness of film was maintained at 5.6 μ​m (Fig. 2d). The inset TEM image in Fig. 2d 
was further confirmed that the PANI was in-situ grown on carbon nanotubes, guaranteeing a good electron 
conduction between CNTs and PANI in the network. Raman and Fourier transform infrared (FTIR) spectra 
were characterized the structures of PANI/CNTs nanocomposite electrode. As shown the Raman spectrum in 
Figure S2, D-CNTs exhibited a strong G band peak at 1592 cm−1, corresponded to the in-plane stretching E2g pho-
nons37. After electro-polymerizing PANI on CNTs, the peaks at 1169 cm−1 and 1337 cm−1 were ascribed to C-H 
bending of benzene ring and C-N stretching of benzene ring. The peaks at 1491 cm−1, 1616 cm−1 were assigned 
to C =​ C stretching of benzene ring and C =​ C stretching of quinonoid ring37. Furthermore, the FTIR spectrum 
of PANI/CNTs in Figure S3 showed a typical group bands of C =​ C stretching vibration of the quinonoid ring and 
benzenoid ring at 1558 cm−1 and 1475 cm−1, respectively and C–N vibrations of secondary aromatic amines at of 
PANI 1290 cm−1 11,38,39.

Electrochemical performance of PANI/VA-CNTs in aqueous electrolyte.  The cyclic voltammetry 
(CV) and galvanostatic cycle measurements were characterized to demonstrate the electrochemical performance 
of supercapacitors. After the disordered structure becoming vertical arrangement by electrochemical induction, 
the PANI/VA-CNTs supercapacitor obviously presented a greatly enhanced of electrochemical performance in 

Figure 2.  Morphology characterization of PANI/VA-CNTs nanocomposite electrode film. Cross-sectional 
SEM images of PANI/VA-CNTs electrodes prepared within variously electrochemical polymerization (a) 0 min, 
(b) 20 min, (c) 40 min and (d) 60 min, and the inset in Fig. 2d is the TEM image of PANI/CNTs.
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comparison with D-CNTs. As shown the CV curves in Fig. 3a, a better charge/discharge behavior with large 
area and redox peaks, which revealed the pseudocapacitance originated from leucoemeraldine/emeraldine and  
emeraldine/pernigraniline transitions of PANI11, were achieved for PANI/VA-CNTs supercapacitor, while 
D-CNTs only exhibited a small rectangular shape of electric double layer capacitor (EDLC) at the scan rate of 
10 mV s−1. Through controlling the electrochemical-induced time, we obtained various loading amounts of the 
PANI/VA-CNTs (the PANI weight percentage in nanocomposite electrode) and the corresponding specific capac-
itance (Fig. 3b). It was observed that the weight percentages of PANI were as follows: 36.1 wt.%, 58.3%, 65.1% 
and 69.5% under 20 min, 40 min, 60 min, and 80 min electrochemical induction, respectively. By optimizing 
the loading amount, PANI/VA-CNTs with 60 min electrochemical induction exhibited the highest capacitance 
(348.6 Fg−1).The galvanostatic charge/discharge behaviors of variously electrochemical induction supercapac-
itors were shown in Fig. 3c. The basically symmetric curve between charge and discharge cycles revealed the 
good reversibility of supercapacitors. Additionally, as revealed from charge/discharge curves, the capacitance 
would be raised with the electrochemical-induced time increasing from 0 min to 60 min, which were well 
in accordance with the wt.% changes of PANI in Fig. 3b. However the capacitance would be decreased with 
electrochemical-induced time exceeding 60 min because the overgrowth PANI could not only inefficiently inter-
act with VA-CNTs but also hinder the ion diffussion29,36. The detailed specific capacitance variation was estimated 
in Fig. 3d. At a current density of 1 A g−1, PANI/VA-CNTs prepared under 60 min electrochemical induction rep-
resented the largest specific capacitance of 403.3 F g−1, which was more than 6 time higher than the pure D-CNTs 
(66.6 F g−1). Furthermore, at a higher current density of 20 A g−1, PANI/VA-CNTs could still perform a high 
capacitance of 274.2 F g−1. Precisely, it is the synergetic effect between vertically aligned CNTs and PANI, which 
played the key role to improve electrochemical performance of supercapacitors.

Electrochemical performance of PANI/VA-CNTs in organic electrolyte.  The energy density of 
supercapacitor is mainly dominated by the operated potential, which is proportional to the square of voltage. 
To improve the stored energy, organic electrolyte was utilized because of its wider electrochemical window. 
The supercapacitor was constructed by two piece of as-prepared PANI/VA-CNTs nanocomposite electrodes, 
which were separated by a porous paper. The organic electrolyte was 1 M EMIBF4/PC where EMIBF4 was 
1-eutyl-3-methylimidazolium tetrafluoroborate and PC was propylene carbonate. As shown in Fig. 4a, the PANI/
VA-CNTs cell significantly showed a larger energy storage behavior under a wider potential window of −​3 V to 
3 V than D-CNTs at a scan rate of 100 mV s−1. Meanwhile, the galvanostatic charge/discharge curves of PANI/
VA-CNTs cell exhibited a nearly symmetric curve, which showed small deviations from linearity owing to the 

Figure 3.  Electrochemical characterization of the PANI/VA-CNTs in 1 M HClO4. (a) CV curves of PANI/
VA-CNTs and D-CNTs at a scan rate of 10 mV s−1. (b) The calculated specific capacitances and PANI weight 
percentages in PANI/VA-CNTs electrodes under variously electrochemical-induced time at a scan rate of 
10 mV s−1. (c) Galvanostatic charge/discharge curves of PANI/VA-CNTs under variously electrochemical-
induced time at a current density of 1 A g−1. (d) The calculated specific capacitances under different current 
densities.
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pseudocapacitive feature of PANI (Fig. 4b). The specific capacitance of supercapacitors calculated from discharge 
curve under wide potential window was shown in Fig. 4c. It was revealed that the specific capacitance decreased 
with the increase of current density. At a current density of 1 A g−1, the specific capacitance of PANI/VA-CNTs 
supercapacitor was 314.6 F g−1, which was much higher than the D-CNTs (70.6 F g−1). When the current den-
sity increasing to 10 A g−1, only 64.4% of capacitance (202.7 F g−1) could be maintained for PANI/VA-CNTs and 
53.3 F g−1 for D-CNTs (Figure S4). When the current density was increased to as high as 20 A g−1, the PANI/
VA-CNTs could still represent a large specific capacitance of 173.3 F g−1, whereas the D-CNTs just preserved 
40.8 F g−1 (Figure S5).

In order to understand electrochemical induction of PANI/VA-CNTs affecting the electrochemical behavior of 
supercapacitors, the electrochemical impedance spectroscopy (EIS) was carried out23,36,40,41. As shown in Fig. 4d, 
an equivalent circuit model was utilized to analyse the Nyquist plots. In this model, R0 was the internal resistance 
of supercapacitor, the element C1/R1 represented the contact impedance between electrode film and metal cur-
rent collector, Warburg diffusion impedance Zw and the elements C2 represented the intercalation capacitance, 
which was ascribed to the vertical-aligned-structure and PANI contribution. As shown the fitting parameters 
in Table S1, the PANI/A-CNTs exhibited a smaller R0 (9.6 Ω) than D-CNTs (15.3 Ω), which was resulted from 
the good electric conductivity of electrodes. In addition, a better EDLC and conductivity of PANI/VA-CNTs 
(0.94 mF/0.75 Ω) than D-CNTs (0.14 mF/2.32 Ω) when taking the C1/R1 for comparison. Furthermore, compared 
with the ion diffusion ability of Zw, a lower resistance of PANI/VA-CNTs (0.43 Ω) was obtained than D-CNTs 
(2.15 Ω), which was revealed that the vertical-aligned-structure provided open pathways for ion faster diffu-
sion. When taking C2 into account, PANI/VA-CNTs performed larger intercalation capacitance (18.3 mF) than 
D-CNTs (2.74 mF). It could be found that PANI/VA-CNTs was effectively improved the electrochemical perfor-
mance of supercapacitor.

The cyclic stability of supercapacitors was investigated by continuously operating the galvanostatic charge/
discharge process under the voltage of 0 to 3 V at a current density of 4 A g−1 (Figure S6). As described in Fig. 5a, 
D-CNTs displayed capacitance retention of 98.3% after 3000 cycling operation due to the excellent reversibility 
of EDLC. However, though occurring the redox reaction and volume change of PANI, a capacitance retention of 
90.2% for PANI/VA-CNTs was preserved after 3000 cycles testing where the good cycling stability was not only 
attributed to the stable vertical-aligned structure network (Figure S7) but also good interaction between PANI 

Figure 4.  Electrochemical characterization of the PANI/VA-CNTs in 1 M EMIBF4/PC. (a) CV curves of 
PANI/VA-CNTs and D-CNTs at a scan rate of 100 mV s−1. (b) Galvanostatic charge/discharge curves of PANI/
VA-CNTs at the current density of 1 A g−1. (c) The calculated specific capacitances under different current 
densities. (d) EIS analysis of supercapacitors. The inset figures were the depressed semicircle of Nyquist plots 
and the equivalent circuit model. Symbols denoted experimental data, while the continuous lines represented 
the fitted data.
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and CNTs (see the inset in Fig. 2d). The energy density was also evaluated for supercapacitors. As showed in 
Fig. 5b, the PANI/VA-CNTs performed a high energy density of 98.1 Wh kg−1, which was more than 4 times larger 
than D-CNTs of 22.1 Wh kg−1. To our knowledge, the electrochemical performance of PANI/VA-CNTs based 
supercapacitor could be comparable to those similar materials based supercapacitors (Table S2). It was because of 
the combination between CNTs and PANI, supercapacitor displayed higher electrochemical performance.

Discussion
In this study, through taking comprehensive analysis of the results as well as the structure and electrochemical 
activity of electrode materials, we speculated the mechanism of the high performance supercapacitor. For the 
D-CNTs supercapacitor, carbon nanotubes were random bundled in the electrode, which resulted in long and 
tortuous pathways for charge disordered transmission and less accommodation so that the supercapacitor per-
formed poor capacitance. However, after the disordered structure becoming vertical arrangement by electric field 
induction, the continuously conductive pathway could allow charges directly rapid transmission. As a result, 
more charges accumulating into electrode, the performance of supercapacitor was improved. Furthermore, when 
the high electrochemical active PANI material was electropolymerized into the carbon backbone, electrochem-
ical performance of supercapacitor would be further enhanced due to the redox reaction bringing more charges 
accumulated into the electrode. Therefore, the higher electrochemical performance based on PANI/VA-CNTs 
nanocomposite electrode was derived from the full combination of the vertical-aligned structure and electro-
chemical activity.

In summary, a supercapacitor based on PANI/VA-CNTs nanocomposite electrodes has been developed 
through combining the structure and electrochemical activity design. The supercapacitor displays high elec-
trochemical performance such as large specific capacitance (403.3 F g−1) in HClO4 electrolyte and good cycling 
stability (90.2%) and high energy density (98.1 Wh kg−1) in EMIBF4 organic electrolyte. Considering of these 
remarkable achievement, we believe the PANI/VA-CNTs supercapacitor will have great potential for practically 
portable and wearable electronic applications.

Methods
Preparation of CNTs film.  75 mg CNTs powder was dispersed in 30 ml N, N-Dimethylacetamide solution 
for 30 min under 200 W horn sonication treatment (2 s on and 6 s off in an ice water bath), forming gel-like dis-
persion of 2.5 mg ml−1. The as prepared 3 ml suspension was casted on glass substrate (2.5 ×​ 7.5 cm2 size) at room 
temperature for 5 days, obtaining loose CNTs film.

Fabrication of PANI/VA-CNTs electrode film.  The electrochemical polymerization process was carried 
out to fabricate PANI/VA-CNTs electrode using CHI760E Workstation with chronopotentiometry model. The 
CNTs film was used as working electrode, platinum plate was used as the counter electrode (20 mm ×​ 30 mm) 
and Ag/AgCl was employed as the reference electrode. The electrolyte was 1 M HClO4 solution, containing 0.1 M 
aniline. The PANI/VA-CNTs was prepared at constant current of 0.5 mA cm−2 and the voltage was maintained at 
about 0.75 V for 20 min, 40 min, 60 min and 80 min. After the polymerization, the working electrode was removed 
from the electrolyte and rinsed using deionized water and ethanol for three times, and then dried at 80 °C for 
1 day, obtaining PANI/VA-CNTs film.

Construction of PANI/VA-CNTs supercapacitor and the characterization.  The aqueous electrolyte 
based supercapacitor: three-electrode system was carried out where PANI/CNTs film was used as working elec-
trode, platinum plate was used as the counter electrode (20 mm ×​ 30 mm), Ag/AgCl was employed as the refer-
ence electrode, and electrolyte was 1 M HClO4 solution. The organic electrolyte based supercapacitor: 
two-electrode system, in which the supercapacitor was constructed by two as-prepared PANI/VA-CNTs nano-
composite electrodes separated by a porous paper of 50 μ​m. 1 M EMIBF4/PC organic electrolyte was used for 

Figure 5.  The cyclic stability and energy stored in supercapacitors. (a) Cycle testing of supercapacitors under 
a voltage of 3 V at a current density of 4 A g−1. (b) Energy density versus power density of supercapacitors.
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supercapacitor (EMIBF4 was 1-eutyl-3-methylimidazolium tetrafluoroborate and PC was propylene carbonate). 
The D-CNTs based supercapacitor was fabricated by the same process. For supercapacitor, the CV, galvanostatic 
cycling and EIS were measured using CHI760E electrochemical work station. The specific capacitance of super-
capacitors based on CV test was calculated using formula: C(F g−1) = ∫ν −

idV
m V V V

V1
( )2 1 1

2 , where i (A), m (g),  
v (V s−1), V1 and V2 were the instant current, the mass of electrode, the potential scan rate and high and low 
potential of the CV test, respectively. The specific capacitance of supercapacitors based on galvanostatic cycle test 
in HClO4 was calculated by C(F g−1) =​  ∆

∆
I t

m V
, where I (A), ∆​t (s), ∆​V (V), and m (g) were the discharge current, 

the discharge current, the voltage range along discharge during the discharge process, and the mass of electrode, 
respectively. The specific capacitance of supercapacitors based on galvanostatic cycle test in EMIMBF4/PC was 
calculated by C(F g−1)=​ ∆

∆
I t

m V
4 , where I (A), ∆​t (s), ∆​V (V), and m (g) were the discharge current, the discharge 

current, the voltage range along discharge during the discharge process, and the total mass of the two electrode, 
respectively. The energy density and average power energy was calculated by E =​ CV2/8 and P =​ E/∆​t, where the 
C (F g−1), V (V), and ∆​t (s) were the cell capacitance, operated voltage and discharge time.
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