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the gap between battery and capacitor.[4,6–9] 
Supercapacitors have higher power den-
sity compared with batteries, and higher 
energy density than conventional dielectric 
capacitors.[7,10–12] To develop flexible super-
capacitor cells, many efforts have been 
dedicated to constructing mechanically 
flexible and robust electrodes. Generally, 
the design strategy for flexible electrodes 
includes two steps: 1) fabrication of free-
standing and porous electrically conduc-
tive materials as flexible substrates; and 
2) optional coating/growing pseudocapaci-
tive materials on the flexible substrates to 
further increase the specific capacitance. 
In step 1, various flexible substrates have 
been utilized and studied including tex-
tiles, carbon nanotube (CNT) films, gra-
phene paper, cellulose paper, and carbon 
fibers.[13–15] For example, CNT buckypaper 
fabricated by vacuum filtration or electro-
spinning is one of the most promising 
flexible substrates, thanks to its high con-
ductivity, high surface area, high flexibility, 
and superior compatibility with pseudoca-
pacitive materials.[16–18] However, it should 
be mentioned that the nano- or micro-
composition fillers (such as nanotube in 

CNT buckypaper or fiber in carbon fibers) were mainly ran-
domly dispersed in the flexible substrates in the extant work. 
Prior studies reveal that this random configuration leads to 
tortuous ion pathways inside the electrode, impeding ion trans-
port especially under high current density.[19] Hence, specific 

Nanocarbon electronic conductors combined with pseudocapacitive 
materials, such as conducting polymers, display outstanding 
electrochemical properties and mechanical flexibility. These characteristics 
enable the fabrication of flexible electrodes for energy-storage devices; that 
is, supercapacitors that are wearable or can be formed into shapes that are 
easily integrated into vehicle parts. To date, most nanocarbon materials 
such as nanofibers are randomly dispersed as a network in a flexible 
matrix. This morphology inhibits ion transport, particularly under the high 
current density necessary for devices requiring high power density. Novel 
flexible densified horizontally aligned carbon nanotube arrays (HACNTs) 
with controlled nanomorphology for improved ion transport are introduced 
and combined with conformally coated poly(3-methylthiophene) (P3MT) 
conducting polymer to impart pseudocapacitance. The resulting P3MT/
HACNT nanocomposite electrodes exhibit high areal capacitance of 3.1 
F cm−2 at 5 mA cm−2, with areal capacitance remaining at 1.8 F cm−2 even 
at a current density of 200 mA cm−2. The asymmetric supercapacitor 
cell also delivers more than 1–2 orders of magnitude improvement 
in both areal energy and power density over state-of-the-art cells. 
Furthermore, little change in cell performance is observed under high 
strain, demonstrating the mechanical and electrochemical stability of the 
electrodes.
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The increasing demand for portable and flexible electronics 
such as roll-up displays, bendable transistors, electronic papers, 
and wearable sensing devices has inspired the development 
of flexible energy storage devices.[1–5] Among various energy 
storage devices, supercapacitors are most promising, bridging 
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capacitance retention could be influenced dramatically under 
high-power conditions, desirable for fast-charging (high power 
density) technologies. Very few reports exist of electrochemical 
performance of flexible supercapacitors at an areal current den-
sity of more than 20 mA cm−2. Hence, there is still a challenge 
to design flexible supercapacitors with high power density.

Moreover, to increase the areal capacitance of flexible 
supercapacitors, various pseudocapacitive materials have 
been studied and incorporated into the electrodes during 
step 2. Conducting polymers (CPs) have been reported as an 
excellent pseudocapacitive layer having relatively advantaged 
mechanical performance compared with inorganic pseudo-
capacitive materials, in addition to the CP’s highly reversible 
faradic redox nature.[20–23] State-of-the-art works report three 
main types of CPs used for the electrodes, including poly(3,4-
ethylenedioxythiophene) (PEDOT), polyaniline (PANI), and 
polypyrrole.[24–26] Generally, CP provides the entire volume for 
the redox reaction, resulting in a superior specific capacitance 
and energy density.[27,28] It is noted that the common synthesis 
process of CP in state-of-the-art works is mainly based on 
electrochemical deposition.[24,29] This wet process may intro-
duce solvents that make the fabricated cells incompatible with 
further integration of some electronic devices such as micro-
electromechanical systems or interfere with the morphology 
of the nanostructured electrodes.[30] Hence, solution-free 
processes such as polymer chemical vapor deposition (CVD) 
to fabricate CPs on the electrodes, as well as higher perfor-
mance CPs besides the three main ones mentioned earlier, 
are desirable.

Herein, we employed a two-step method to fabricate highly 
flexible densified horizontally aligned CNT arrays (HACNTs)/
conformally coated poly(3-methylthiophene) (P3MT) CP 
as supercapacitor electrodes with a tailored nanoporous 

morphology. Starting with vertically aligned CNTs (A-CNTs), 
a one-step mechanical rolling treatment was used to create 
HACNTs.[31] Next, a dry process via modified oxidative CVD 
(oCVD) was employed to conformally deposit P3MT on the 
HACNTs. It is noted that the alignment in the CNT network 
was preserved after polymer deposition, preserving the aligned 
channels between HACNTs coated with CP, which we show 
enhances the conductivity and electrochemical performances of 
the as-assembled cell, as expected. In this configuration, P3MT/
HACNT flexible electrodes show extremely high areal capaci-
tance of 3.1 F cm−2 at 5 mA cm−2 compared with those in most 
extant works.[6–8,11,13,20,21] Thanks to the aligned ionic transport 
channels, the electrodes also exhibit high areal capacitance 
retention with 1.8 F cm−2 even at a current density as high as 
200 mA cm−2. This represents the first report of performance 
retention at high current density. The composite electrode was 
then used to assemble a flexible asymmetric supercapacitor cell 
with much higher cell capacitance, energy, and power densities 
compared to most state-of-the-art flexible cells. Furthermore, 
due to the high mechanical strength of HACNTs, the electro-
chemical performances of the cell changed very little upon 
severe bending, demonstrating real potential application in 
flexible and wearable electronics.

The fabrication process of the flexible P3MT/HACNT elec-
trode is illustrated in Figure 1a. A-CNTs are synthesized by 
thermal catalytic CVD on silicon wafers, which was reported in 
our prior works.[32,33] These CNT arrays have a highly aligned 
nanostructure with ≈1% volume fraction (Vf), corresponding 
to ≈80 nm inter-CNT spacing and an average CNT diameter 
of 8 nm. Then, a facile one-step treatment was employed to 
convert the vertical aligned CNT arrays to HACNTs.[34] In this 
process, a Teflon roller or razor blade was used to roll the CNT 
arrays along the horizontal alignment direction as shown in the 
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Figure 1. Electrodes based on HACNTs with pseudocapacitance via conformal P3MT. a) Fabrication process of P3MT/HACNT composite electrode 
with illustrations of the charged status of HACNT and P3MT/HACNT positive electrodes. b) Chemical structure of P3MT. Optical images of composite 
electrodes with c) flexible and d) rollable properties at a radius of curvature of 5 mm.
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middle of Figure 1a. Meanwhile, CNT arrays have been den-
sified by ≈12× (Vf = 12 vol%) as determined by the thickness 
after densification. Based on some prior studies, increasing 
the density of the nanostructured electrode gives rise to high 
volumetric electrochemical performance.[19,35] To the authors’ 
knowledge, this is the first report utilizing HACNTs for a flex-
ible supercapacitor cell. To increase the areal capacitance, 
P3MT CP was deposited conformally on the CNT via the oCVD 
process. oCVD is a unique coating technique for the deposi-
tion of CPs not only because nearly any substrate can be used 
(unlike electrochemical deposition that requires electrically 
conductive substrate) but also because it can lead to nanoscale 
controllable homogeneous and conformal coatings.[28] During 
the oCVD process, the coated polymerized thin films can be 
formed via simultaneous exposure to vapor-phase monomer 
(3MT) and oxidant (FeCl3) without the need for either a sol-
vent or the potential/current used in electrochemical deposi-
tion. P3MT is a very promising new CP for supercapacitor 
electrodes although very few works have been reported. Based 
on the chemical structure in Figure 1b, with only one methyl 
as the side group of the thiophene ring, P3MT demonstrates 
higher density of effective conjugation (polythiophene struc-
ture) than other modified polythiophene-like polymers, such 
as PEDOT and poly(3-hexylthiophene). In this way, the lighter 
repeating unit increases specific capacitance. Given the above 
considerations, the P3MT CP coating is well suited chemically 
to enhance the electrochemical performance of the composite 
electrode. In addition, 3-methylthiophene also has much lower 
vapor pressure compared to thiophene, which significantly 
facilitates the adsorption of monomer molecules on the 

substrate in the oCVD process.[36–39] Figure 1a also illustrates the 
difference in the ion storage and transport processes between 
the uncoated HACNTs and the P3MT/HACNTs. In the HACNT 
electrodes, the ions are only stored on the surface of A-CNTs 
(electrochemical double layer type) and excess ions will travel 
through the ion pathways formed by the HACNTs during the 
charge/discharge processes. By contrast, in the P3MT/HACNT 
electrodes, the ions travel into the redox material (P3MT films) 
during the charging process to store more ions based on the 
pseudocapacitive working mechanism, leading to increased spe-
cific capacitance and energy density.[27] In addition, the P3MT/
HACNT electrode also shows excellent bendable and rollable 
properties as shown in the digital images in Figure 1c,d. This 
flexibility can be attributed to the HACNT strength as well as 
the conformal coating of CP via the unique oCVD process.

The nanomorphology of HACNTs and P3MT/HACNT nano-
composite was investigated by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) with exem-
plary images shown in Figure 2a–c. Based on the images, one 
can clearly find that the P3MT was conformally coated on the 
nanotubes and the horizontally aligned CNTs are maintained 
after the oCVD process. Figure S2 (Supporting Information) 
shows the additional SEM images with different resolutions and 
locations, demonstrating the uniform coating along the whole 
long CNT based on our novel oCVD method. The diameter of 
the nanofibers increased to ≈18 nm after coating and hence 
the coating thickness of P3MT can be determined as ≈5 nm 
considering the synthesized CNT has diameter of 8 nm.[33] 
The average center-to-center distance of adjacent CNTs is 
23 nm after densification. Hence, the spacing of the composite 
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Figure 2. Properties of P3MT/HACNT nanocomposite and HACNTs. SEM images of a) HACNTs and b) P3MT/CNT composite. c) The TEM image 
of P3MT/CNT composite with coating thickness of ≈5 nm. Dashed lines are used to mark the interface between the CNT and P3MT. d) Raman spectra 
of P3MT/CNT composite. D and G bands are from HACNTs, and the band at 1430 cm−1 is from P3MT.
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nanofibers is 23 nm − 5 nm (coating thickness) − 5 nm 
(coating thickness) − 4 nm (radius of CNT) − 4 nm (radius 
of CNT) = 5 nm, giving a composite interfiber distance of 
5 nm, which allows ion transport and provides enough space 
for volume change of the CP during the doping and dedoping 
pseudocapacitance processes. This conformal and homoge-
neous coating around the HACNTs is highly desirable for the 
electrochemical performance of assembled supercapacitor cell 
since it allows for a stress-free large-volume/strain change 
of CP during the charging/discharging processes, avoiding 
collapse of the electrodes. Hence, this unique electrode nano-
morphology can support long cycling times. The composite 
phase and structural features were also characterized by Raman 
spectroscopy. As shown in Figure 2d, two prominent peaks 
can be found at ≈1307 and 1602 cm−1, representing the D and  
G bands for CNTs. The D band expresses the vibration of 
the disordered carbon structure, while G band shows the  
sp2-bonded carbon atoms.[14] The peak at 1430 cm−1 in Raman 
spectra can be attributed to the presence of P3MT, which is 
consistent with prior work.[40]

The electrochemical properties of the P3MT/HACNT com-
posite electrode and HACNT electrode were then characterized 
in a three-electrode configuration using an organic electrolyte 
with 1 m tetraethylammonium tetrafluoroborate/propylene 
carbonate. As a comparison, CNT buckypapers that have been 
utilized as flexible supercapacitor electrode substrates in state-
of-the-art works were also synthesized based on a procedure 
reported earlier.[41] As shown in the SEM image in Figure S1 
(Supporting Information), contrary to our HACNTs, the CNTs 
in the buckypaper are randomly dispersed. Figure 3a pre-
sents the cyclic voltammetry (CV) scan curves of these three 
electrode types at a scan rate of 100 mV s−1. The CV curves of 
HACNT and buckypaper electrodes show stable electrochem-
ical windows between −2 and 1 V, while the CV curve of the 
composite electrode shifted and expanded to between −1.7 and 
1.5 V due to the pseudocapacitive redox reactions dominated 
from P3MT during the charging/discharging process. The 
small peaks in the CV curve of the nanocomposite P3MT/
HACNT electrode in Figure 3a are a further indicator of the 
redox reactions. It is noted that there are two reversible redox 

peaks, potentially due to charge trapping. It is a phenomenon 
commonly seen during consecutive p- and n-doping cycles of 
conducting polymers.[38,42,43] Based on the enclosed area of the 
CV curves, the areal capacitance of HACNTs is ≈3× as large 
as that of buckypaper, indicating the superior properties of 
the well-aligned nanostructure of HACNTs. As expected, the 
areal capacitance of composite is ≈3× and ≈9× as large as those 
of HACNTs and buckypaper, respectively, which can be due 
to the high capacitance of the novel P3MT CP, as shown in 
Figure 3a.

Galvanostatic charge/discharge (GCD) tests were then car-
ried out on the three electrodes under various current densities. 
Figure S3 (Supporting Information) shows the GCD curves at 
alternating current densities of 10 and −10 mA cm−2. The areal 
capacitance can be calculated by the equation C = I/(dV/dt)  
(where I is the discharge current density, t is the discharge 
time, and V is the potential) and the areal capacitance obtained 
is exhibited in Figure 3b. Consistent with the data from the CV 
curves, P3MT/HACNT nanocomposite electrodes exhibit the 
highest areal capacitance, while the lowest one was achieved 
for the buckypaper. The buckypaper also exhibits relatively 
poor capacitance retention of ≈29% from 0.29 to 0.085 F cm−2 
when increasing the current density from 5 to 200 mA cm−2. 
By contrast, the HACNT electrode shows much higher areal 
capacitance retention of ≈67% from 0.72 to 0.48 F cm−2 for the 
same current range, consistent with expectations due to the 
advantaged micro- and nanomorphologies of the well-aligned 
nanostructure of HACNTs that allows the ions to have enough 
time to transport into the interior of the electrode even in short 
time/at high speed (high current density). Hence, the high areal 
capacitance can be still maintained at high current density. It is 
also consistent with some prior works, showing that textured 
porous nanostructures could lead to increased mass transport, 
which in turn enhances the sorption kinetics.[44] After coating 
with P3MT via the oCVD method, the areal capacitance of the 
composite electrode at 5 mA cm−2 increases further to as high 
as 3.11 F cm−2, which is much higher (from two orders to sev-
eral times higher) than that of many other flexible electrodes 
reported so far.[6,7,11–13,20,21,45] After increasing the current den-
sity by 40× to 200 mA cm−2, the nanocomposite electrode can 
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Figure 3. Electrochemical performance of single electrode comprised of P3MT/HACNT composite, HACNT film, and buckypaper based on three-
electrode measurement with Ag/AgCl as the reference electrode: a) cyclic voltammetry curves at 100 mV s−1 and b) areal capacitance comparison of 
the three electrodes.
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still exhibit 1.81 F cm−2 with capacitance retention of more 
than 58%. To the best of our knowledge, this is the first work 
to retain high (above 1 F cm−2) areal capacitance at such a high 
(200 mA cm−2) current density. The high electrochemical per-
formance of the nanocomposite electrode under high current 
density is next shown to contribute to high power density of the 
assembled cell.

To further explore the potential of the novel HACNT and 
P3MT/HACNT electrodes, flexible asymmetric supercapacitor 
cells were assembled with P3MT/HACNT nanocomposites as 
the positive electrode and HACNTs as the negative electrode. 
Asymmetric configuration can make use of the different poten-
tial windows of the two electrodes, to increase the maximum 
operation voltage, resulting in enhanced power and energy den-
sities.[23,27,46] Figure 4a exhibits the sandwich structure of the 
flexible cell including two asymmetric electrodes and a porous 
separator. The entire cell was encapsulated in polydimethylsi-
loxane as a flexible substrate and thin copper foils were used 

as the current collectors (see the Experimental Section in the 
Supporting Information for details). Figure 4b presents the CV 
curves at scan rates from 5 to 200 mV s−1 between 0 and 3.5 V in 
a two-electrode measurement system. All the CV curves exhibit 
quasi-rectangular and symmetric shapes, indicating an ideal 
capacitive behavior and high conductivity due to the horizontal 
alignment of the nanotubes in the flexible electrodes. The 
higher sheet conductance (lower sheet resistance) can also be 
found for composite electrode shown in Table S1 (Supporting 
Information), which can be attributed to the combined effect 
including the reduction of electron hopping between CNTs.[47] 
To evaluate the capacitive performance of the cell, GCD curves 
at different current densities from 5 to 500 mA cm−2 were 
investigated. As shown in Figure 4c, the symmetric and linear 
charge and discharge characteristics at all current densities 
reveal a rapid I–V response and reversible electrochemical reac-
tions. The areal capacitances of the flexible asymmetric cell at 
various current densities were then calculated and presented in 
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Figure 4. Electrochemical performance of assembled asymmetric supercapacitor cells based on P3MT/HACNT and HACNT electrodes with two-
electrode measurement. a) Schematic illustration of an asymmetric supercapacitor. b) CV curves of cells at various scan rates. c) Galvanostatic charge/
discharge curves of cells at various current densities. d) The areal capacitance of cells at different current densities. e) Ragone plot of cells and the 
comparison with other works.
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Figure 4d. At 5 mA cm−2, the cell exhibits the areal capacitance 
of 0.64 F cm−2, which is also much higher compared with most 
state-of-the-art works based on carbon, other CP, and metal 
oxide materials.[6,7,13,20,21,45] The capacitance decreased from 
0.64 to 0.32 F cm−2 when the applied current density increased 
by 100×, showing superior capacitance retention performance 
to other works cited earlier. The pseudocapacitive conducting 
polymer was selected to display both the high specific capaci-
tance required for storage and the high electrical conductivity 
required for fast charging. To enhance the latter, monomeric 
units with substituents, such as the methyl at the third ring 
position of P3MT, increase the probability that polymerization 
produces chains with the linear configurations that give rise 
to electrical conductivity. The theoretical specific capacitance 
of P3MT is as high as 409 F g−1, which exceeds the theoretical 
specific capacitance of 210 F g−1 of the widely researched con-
ducting polymer PEDOT.[24] An even higher specific capacitance 
is possible with the unsubstituted polymer PANI (750 F g−1); 
however, P3MT displays higher electrical conductivity.[24] It is 
noted that conducting polymer electrodes typically suffer poor 
mechanical stability due to large volume changes during the 
doping/dedoping process, which easily causes mechanical 
failure of the electrode and low capacitance retention during 
long cycling. The HACNTs provide continuous electron trans-
port pathways as well as a robust and flexible mechanical sup-
port for the redox reactions of the coated P3MT. Moreover, 
compared with random carbon fibers, HACNTs exhibit higher 

areal capacitance at high current density as shown in Figure 3b, 
exhibiting high kinetics. Based on some prior studies, this can 
be attributed to the increased mass transport due to the well-
aligned nanostructure,[44] which in turn leads to the stable and 
high capacitive performance of composite electrode even at 
high current density (fast charging). Hence, by combing the 
advantages of P3MT and HACNTs, their superior properties 
can translate into high relative areal energy and power density 
across a wide range of current densities.

A Ragone plot describing the relationship between areal 
energy and power density of the flexible asymmetric cell is pre-
sented in Figure 4e and compared to recent works for compar-
ison. The assembled asymmetric cell delivers maximum energy 
and power densities of 1.08 mWh cm−2 and 1.75 W cm−2, 
respectively, which are much higher than those of many other 
flexible supercapacitor cells reported previously based on either 
symmetric or asymmetric configurations.[6,7,11,45,48,49] It is noted 
that the energy density decreases very little with increasing 
power density, indicating excellent energy density retention. 
Such performance is highly desired for portable or wearable 
electronics demanding fast-charging technologies.

To evaluate the mechanical robustness of the asymmetric 
supercapacitor cell, the electrochemical performances under 
mechanical deformation have been characterized and compared 
with those under the unstrained state, as shown in Figure 5. 
The deformation was achieved with bending angle of 180° and 
radius of curvature of ≈5 mm. As shown in Figure 5b, there 
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Figure 5. Bending tests of asymmetric cells. a) Flat and bending (folded, with bending angle 180°, and radius of curvature ≈5 mm) states of cells. b) CV 
curve comparison at 100 mV s−1 of flat and bending states with two-electrode measurement. c) Nyquist plot comparison of flat and bending states.  
d) Cycling test results with bending every 1000 cycles.
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are no apparent changes in the CV curves under 100 mV s−1 
between the loaded and unloaded states, indicating a flexible 
high-performing device. The superior mechanical reliability 
was also confirmed by the comparisons of Nyquist plots in the 
impedance test, with little changes as shown in Figure 5c. The 
sharp rise of the imaginary part of Nyquist plots in the low-
frequency range indicates low mass transport resistance, which 
can be attributed to our horizontally aligned nanostructure, and 
is sometimes referred to as “ideal capacitance.” By enlarging 
the Nyquist plots in the high-frequency range, the equivalent 
series resistance (ESR) can be found from the real part of the 
Nyquist plot (the intersection between the plot and the x-axis). 
From the inset of Figure 5c, the flexible cell exhibits the same 
small ESR of 1.7 Ω cm2 under both the loaded and unloaded 
states. The ESR is smaller or competitive compared with those 
in extant works.[7,19,50] The small ESR represents the high 
conductivity of the flexible electrodes and originates from the 
well-aligned nanostructures, giving rise to the high capacitance 
retention and high power density observed earlier. The charge/
discharge cycling tests at 100 mA cm−2 while cycling bending 
(load–unload cycles) were also carried out and the results are 
presented in Figure 5d. The cell was operated alternately in 
normal flat and bending states for 1000 cycles each and finally 
recovered to its flat state. After 5000 cycles, the asymmetric 
cell exhibits a high capacitance retention of 92%, showing that 
mechanical bending has a small influence on the ion transport 
in the electrodes. The 8% decay is due to the structural change 
from large volume change of conducting polymer during the 
charge/discharge processes.[24] The detailed decay process of 
electrode will be characterized by in situ SEM or X-ray diffrac-
tion measurements for our future works. The capacitance reten-
tion of 92% after 5000 cycles is better or competitive compared 
with extant works,[5,7,9] which can be attributed to the strong 
and robust support of the aligned carbon nanotube scaffold in 
both electrodes. Hence, the flexible cell exhibits characteristics 
needed and desired for portable and wearable power sources.

In summary, novel P3MT/HACNT nanocomposite elec-
trodes have been designed and fabricated for flexible superca-
pacitor cells. HACNTs, fabricated from a facile rolling method, 
provide aligned carbon nanofibers to enhance ion transport 
in and out of the bulk of the electrode, facilitating pseudoca-
pacitive ion storage in the bulk of the conformal P3MT CP. 
Compared with conventional flexible substrates with random 
dispersion of fillers, HACNTs provide superior mechanical 
support and higher electrochemical performance, relative to 
a direct comparison here to CNT buckypaper. By conformal 
coating of new P3MT CP on the HACNTs with our unique 
oCVD method, the areal capacitance increased 3× to more than 
3 F cm−2 at 5 mA cm−2. The high capacitance is retained even at 
high current density, which is also attributed to the well-organ-
ized nanomorphology of the electrodes. Asymmetric flexible 
supercapacitor cells based on the HACNT and P3MT/HACNT 
electrodes exhibited remarkable energy and power densi-
ties beyond all other reported works at 1.08 mWh cm−2 and 
1.75 W cm−2, respectively. Furthermore, the electrochemical 
performance changed very little under severe bending, indi-
cating excellent mechanical cycling performance suggesting 
that new electrodes are promising for wearable and portable 
electronic applications.
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from the author.

Acknowledgements
This work was supported by Analog Devices, Inc. Some experiments 
were performed through use of the core facilities at the Institute for 
Soldier Nanotechnologies at MIT by the U.S. Army Research Laboratory 
and the U.S. Army Research Office under contract number W911NF-
13-D-0001. This work was also supported by SDBOR competitive grant.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
aligned carbon nanotubes, conducting polymers, high areal capacitance, 
oxidative chemical vapor deposition, supercapacitors

Received: March 26, 2019
Revised: May 9, 2019

Published online: 

[1] L. Yao, Q. Wu, P. Zhang, J. Zhang, D. Wang, Y. Li, X. Ren, H. Mi, 
L. Deng, Z. Zheng, Adv. Mater. 2018, 30, 1706054.

[2] M. Wang, Z. Li, C. Wang, R. Zhao, C. Li, D. Guo, L. Zhang, L. Yin, 
Adv. Funct. Mater. 2017, 27, 1701014.

[3] S.-I. Kim, J.-H. Kang, S.-W. Kim, J.-H. Jang, Nano Energy 2017, 39, 
639.

[4] J. Li, W. Lu, Y. Yan, T.-W. Chou, J. Mater. Chem. A 2017, 5, 11271.
[5] P. Yu, W. Fu, Q. Zeng, J. Lin, C. Yan, Z. Lai, B. Tang, K. Suenaga, 

H. Zhang, Z. Liu, Adv. Mater. 2017, 29, 1701909.
[6] S. Wang, C. Sun, Y. Shao, Y. Wu, L. Zhang, X. Hao, Small 2017, 13, 

1603330.
[7] Y. Ko, M. Kwon, W. K. Bae, B. Lee, S. W. Lee, J. Cho, Nat. Commun. 

2017, 8, 536.
[8] X. Zhang, M. Kar, T. C. Mendes, Y. Wu, D. R. MacFarlane, 

Adv. Energy Mater. 2018, 8, 1702702.
[9] Q. Rong, W. Lei, J. Huang, M. Liu, Adv. Energy Mater. 2018, 8, 

1801967.
[10] Y. Zhou, H. Xu, N. Lachman, M. Ghaffari, S. Wu, Y. Liu, A. Ugur, 

K. K. Gleason, B. L. Wardle, Q. Zhang, Nano Energy 2014, 9, 176.
[11] X. Liu, C. Guan, Y. Hu, L. Zhang, A. M. Elshahawy, J. Wang, Small 

2018, 14, 1702641.
[12] X. Zang, R. Zhang, Z. Zhen, W. Lai, C. Yang, F. Kang, H. Zhu, 

Nano Energy 2017, 40, 224.
[13] Y. Bu, M. Cao, Y. Jiang, L. Gao, Z. Shi, X. Xiao, M. Wang, G. Yang, 

Y. Zhou, Y. Shen, Electrochim. Acta 2018, 271, 624.
[14] D. K. Kim, N. D. Kim, S.-K. Park, K.-D. Seong, M. Hwang, 

N.-H. You, Y. Piao, J. Power Sources 2018, 380, 55.
[15] A. Ramadoss, K.-Y. Yoon, M.-J. Kwak, S.-I. Kim, S.-T. Ryu, J.-H. Jang, 

J. Power Sources 2017, 337, 159.
[16] S. He, J. Wei, F. Guo, R. Xu, C. Li, X. Cui, H. Zhu, K. Wang, D. Wu, 

J. Mater. Chem. A 2014, 2, 5898.
[17] J. Che, P. Chen, M. B. Chan-Park, J. Mater. Chem. A 2013, 1, 4057.
[18] Y. Zheng, Z. Lin, W. Chen, B. Liang, H. Du, R. Yang, X. He, Z. Tang, 

X. Gui, J. Mater. Chem. A 2017, 5, 5886.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1901916 (8 of 8)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2019, 1901916

[19] Y. Zhou, M. Ghaffari, M. Lin, E. M. Parsons, Y. Liu, B. L. Wardle, 
Q. Zhang, Electrochim. Acta 2013, 111, 608.

[20] S. Zeng, H. Chen, F. Cai, Y. Kang, M. Chen, Q. Li, J. Mater. Chem. A 
2015, 3, 23864.

[21] H. Moon, H. Lee, J. Kwon, Y. D. Suh, D. K. Kim, I. Ha, J. Yeo, 
S. Hong, S. H. Ko, Sci. Rep. 2017, 7, 41981.

[22] Y. Y. Smolin, K. L. Van Aken, M. Boota, M. Soroush, Y. Gogotsi, 
K. K. Lau, Adv. Mater. Interfaces 2017, 4, 1601201.

[23] M. Heydari Gharahcheshmeh, K. K. Gleason, Adv. Mater. Interfaces 
2019, 6, 1970016.

[24] G. A. Snook, P. Kao, A. S. Best, J. Power Sources 2011, 196, 1.
[25] C. Li, H. Bai, G. Shi, Chem. Soc. Rev. 2009, 38, 2397.
[26] Y. Y. Smolin, M. Soroush, K. K. Lau, Ind. Eng. Chem. Res. 2017, 56, 6221.
[27] Y. Zhou, N. Lachman, M. Ghaffari, H. Xu, D. Bhattacharya, 

P. Fattahi, M. R. Abidian, S. Wu, K. K. Gleason, B. L. Wardle, 
J. Mater. Chem. A 2014, 2, 9964.

[28] N. Lachman, H. Xu, Y. Zhou, M. Ghaffari, M. Lin, D. Bhattacharyya, 
A. Ugur, K. K. Gleason, Q. Zhang, B. L. Wardle, Adv. Mater. Interfaces 
2014, 1, 1400076.

[29] Q. Meng, K. Cai, Y. Chen, L. Chen, Nano Energy 2017, 36, 268.
[30] P. Huang, C. Lethien, S. Pinaud, K. Brousse, R. Laloo, V. Turq, 

M. Respaud, A. Demortiere, B. Daffos, P.-L. Taberna, Science 2016, 
351, 691.

[31] J. Lee, I. Y. Stein, M. E. Devoe, D. J. Lewis, N. Lachman, S. S. Kessler, 
S. T. Buschhorn, B. L. Wardle, Appl. Phys. Lett. 2015, 106, 053110.

[32] S. Vaddiraju, H. l. Cebeci, K. K. Gleason, B. L. Wardle, ACS Appl. 
Mater. Interfaces 2009, 1, 2565.

[33] B. L. Wardle, D. S. Saito, E. J. García, A. J. Hart, R. G. de Villoria, 
E. A. Verploegen, Adv. Mater. 2008, 20, 2707.

[34] J. Lee, I. Y. Stein, S. S. Kessler, B. L. Wardle, ACS Appl. Mater. 
Interfaces 2015, 7, 8900.

[35] Y. Ma, B. Wang, Y. Wu, Y. Huang, Y. Chen, Carbon 2011, 49,  
4098.

[36] http://www.chemspider.com/Chemical-Structure.21111820.
html?rid=07b488b0-0cb6-4e37-a03f-b14b431c323c, (accessed: Febuary  
2019).

[37] K. K. Gleason, CVD Polymers: Fabrication of Organic Surfaces and 
Devices, Wiley, New York 2015.

[38] D. C. Borrelli, M. C. Barr, V. Bulović, K. K. Gleason, Sol. Energy 
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Experimental Section  

Preparation of HACNTs:  Aligned CNTs (A-CNTs) were grown firstly by thermal catalytic 

chemical vapor deposition (CVD) on silicon wafers using iron (Fe) on alumina as the catalyst, as 

described in our previous works. These as-grown carbon nanotubes (CNTs) have a highly 

aligned structure with approximately 1% (1% CNT by volume and 99% air) volume fraction and 

densities of 10
9
 –10

10
 CNTs per cm

2
. The average diameter of these CNTs is 8 nm (multiwall 

CNTs with 3–5 shells of walls) and the CNT–CNT spacing (center to center) is approximately 80 

nm in the as-grown A-CNT forest. The A-CNTs were densified and reoriented horizontally to 

HACNTs using a 10 mm diameter Teflon rod or razor blade along the horizontal alignment 

direction as shown in the middle of Figure 1a. The thickness is reduced from ~2.4 mm to 200 m 

after densification. Since the postgrowth H2 anneal step weakens the attachment of the CNTs to 

the catalyst layer, the CNT film adhered on the substrate can be easily peeled off. For a 

comparison, the CNT buckypaper was also prepared by vacuum filtration of the MWCNT 

aqueous dispersion, which was reported before.
[1]

 As described in the main text, the thickness of 

the HACNT film is 200 m and the CNT Vf is 12%, and for comparision, the buckypaper film 

has thickness 200 m and Vf  ~15%. 

Preparation of P3MT/HACNTs: Deposition of P3MT CP on HACNTs was performed by using 

the oxidative chemical vapor deposition (oCVD)  process. The HACNTs were held facing the 

oxidizing agent in a vacuum chamber. Heating the oxidizing agent allowed for its sublimation 

into the CNT arrays. 3MT was polymerized by oCVD technology, described elsewhere.
[2]

 3-MT 

was purchased from Sigma Aldrich and used without further processing. The monomer, 3-MT, is 

heated to 130 , and is introduced into a vacuum chamber in vapor phase. At the same time, the 

oxidant iron (III) chloride, is vaporized after being heated up to 200  . The monomer molecules 



and oxidant molecules are then mixed in the vapor phase and adsorbed on the substrate HACNT. 

Upon adsorption, the reaction between oxidant and monomer take place, leading to the 

polymerization of 3-MT. During the oCVD process, the temperature of the substrate HACNT is 

controlled as 40 , and the pressure of the vacuum chamber is controlled as 150 mTorr. This 

yields a conformal P3MT coating of 5 nm on the CNTs in the HACNT nanocomposite film. 

Fabrication of Flexible Asymmetric Supercapacitor Cells: The asymmetric cells were prepared 

by assembling P3MT/HACNTs as the positive electrode and HACNTs as the negative electrode, 

which were separated by a porous film (Celgard 3501, Celgrad LLC). 1 M tetraethylammonium 

tetrafluoroborate/propylene carbonate (Et4NBF4/PC) was used as the electrolyte.  Each electrode 

was transferred onto an elastic polydimethylsiloxane (PDMS) substrate (~200 m thickness) by 

pressing the PDMS film on the electrode.  The whole cell was then constructed by assembling 

the two PDMS-supported electrodes and thin copper foils (~50 m thickness) were used as the 

current collectors. 

Materials Characterizations: The nanomorphology of Electrodes was characterized by Ultra plus 

Zeiss SEM and FEI Tecnai G
2
 Spirit TWIN TEM. The Raman spectra were obtained by Horiba 

Jobin Yvon HR800 in the Institute for Soldier Nanotechnologies at MIT.  

Electrochemical Characterizations: CV, GCD, and Impedance tests were performed by using a 

VersaSTAT 4 instrument (Princeton Applied Research). The areal capacitance of electrode and 

cell can be obtained from discharge profile in GCD test based on the equation below 

                                                                                                                                   (1)  



where   is the discharge current density;   is the time during the discharge process and   is the 

potential. The areal energy density and power density can be calculated by using the following 

equations 

  
 

 
                                                                                                                                  (2) 

  
 

  
                                                                                                                                       (3) 

where    is the potential window and    is the discharge time.  

  



 

 

 
 

Figure S1. SEM images of buckypaper with random-dispersed carbon nanotubes. 

  



 

Figure S2. SEM images of P3MT/HACNTs with (a), (b) low magnifications, (c) near top and (d) 

near bottom.  

 

Figure S2a&b are representative SEM images of the composite at low magnification, showing a 

homogeneous morphology. Further, Figure S2c&d show higher-resolution SEM images of the 

composite near the top and bottom, respectively, showing again a similar morphology. The 

uniform coating is an established feature of the oxidative chemical vapor deposition (oCVD) 

technology. The penetration of oCVD polymers into nanoporous structures, including VACNTs 

of similar density and even greater height (~1 mm) has been established previously for different 

oCVD polymers. One reason that oCVD can achieve conformal coverage is that the monomer 

reactant vapors are able to penetrate in before polymerizing. 

 

 

  



 
Figure S3. GCD curves of different electrodes at alternating current densities of 10 mA cm

-2
 and 

-10 mA cm
-2

. 

  



 

Figure S4. FTIR spectra of P3MT/HACNTs. 

 

In Figure S4, the peaks at 1522 cm
-1

 and 1323 cm
-1

 can be assigned to C=C and C-C stretching 

vibrations of the thiophene ring, respectively.
[3]

 The peak at 1391 cm
-1

 corresponds to the methyl 

deformation vibration of P3MT.
[4]

 The peak at 973 cm
-1

 corresponds to C–S bond in P3MT 

polymer chains.
[5]

 Moreover, the peaks at 1087 cm
-1

 and 1174 cm
-1

 can be assigned to C–H in-

plane bending vibration in P3MT.
[5-6]

 Those indicate that P3MT has been formed on HACNTs 

successfully based on our oCVD method. 

  



Table S1. Sheet resistance of HACNTs and P3MT/HACNTs 

 

  SheetResistance(Ohm) Average(Ohm) Standard Error 

HACNTs 

4.621 

4.617 0.089 
4.802 

4.376 

4.669 

    
  SheetResistance(Ohm) Average(Ohm) Standard Error 

P3MT/HACNTs 

2.492 

2.333 0.060 
2.220 

2.356 

2.266 
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