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Abstract
Recently, many attempts have been made to increase the specific capacitance of carbon
nanotubes (CNTs). Chemical enhancement by adding redox active functional groups on CNTs
increases the specific capacitance, while excessive oxidation decreases conductivity and leads
to poor cycle life. Here we report the electrochemical enhancement methods followed by
annealing at different temperatures in air to add and adjust the redox active functional groups
on freestanding CNT films. Functionalized freestanding CNT films were used as positive
electrodes, assembled with freestanding CNT/MoO3�x negative electrodes to fabricate carbon
nanotube-based solid-state asymmetric supercapacitors (ASCs). The whole device showed
a high volumetric capacitance of 3.0 F cm�3, energy and power density of 1.5 mWh cm�3

and 4.2 W cm�3, respectively. We also fabricated a SCs pack to drive a homemade wireless
transport system successfully, demonstrating the potential applications of this solid-state
system for portable/wearable electronics.
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Introduction

Nowadays, the proliferation of portable/wearable electronics
such as wearable displays and flexible sensor networks leads to
increasing energy consumption and requires sustainable and
portable energy storage devices [1–4]. Green energy from
intermittent sources such as solar and wind also requires energy
storage systems [5,6]. Supercapacitors (SCs) and batteries are
the most common energy storage devices which have been
researched for decades [7–11]. Benefiting from the high power
density, fast charge/discharge rates and long cycle life, SCs
would be favored in various applications, including but not
limited to backup power, hybrid vehicles and pace makers [12].
Replacement of liquid electrolyte with solid-state electrolyte
offers a promising way to fabricate flexible, lightweight and
safe solid-state SCs, which are desirable for portable/wearable
electronics [13–17].

By virtue of high conductivity, high specific area, low specific
weight and mechanical integrity, carbon nanotubes (CNTs) have
attracted the scientific and commercial interest worldwide in
fields such as flexible electronics and energy storage [18,19].
However, the low specific capacitance of CNTs hinders their
applications as electrodes for high energy SCs [20]. Although
chemical enhancement by adding redox active functional
groups on CNTs increases the specific capacitance, excessive
oxidation decreases conductivity and leads to poor cycle life
[21–24]. In this context, it is necessary to develop a stable CNT
electrode with high specific capacitance without sacrificing the
high power density and long term stability.

Herein, we adopted the electrochemical enhancement
methods followed by annealing at different temperatures in
air to add and adjust the redox active functional groups on
freestanding CNT films. A systematic study of the influence
of different functional groups content on electrochemical
performance, conductivity and cycle life was also per-
formed. Furthermore, we used functionalized freestanding
CNT films as the positive electrodes, assembled with free-
standing CNT/MoO3�x negative electrodes to fabricate high
Figure 1 (a) Schematic of the fabrication procedure for functional
functionalized freestanding CNT film. (c) Enlarged cross-section SEM
digital image of a functionalized freestanding CNT film.
performance carbon nanotube-based solid-state asymmetric
SCs (ASCs). The whole device, including the electrodes,
electrolyte and separator, showed a high volumetric capa-
citance of 3.0 F cm�3, high energy and power density of
1.5 mWh cm�3 and 4.2 W cm�3, respectively, with a stable
operation window between 0 and 1.9 V. We also fabricated a
SCs pack to drive a homemade wireless transport system
successfully, demonstrating the potential applications of
this solid-state system for portable/wearable electronics.

Experimental

Preparation of functionalized freestanding CNT
films

We used the vacuum filtration method to fabricate the flexible
freestanding CNTs films. 0.1 g SDBS used as surfactant was
dissolved in DI water (50 mL) containing CNTs (0.050 g, Blue
Nano, China), then probe sonicated for 20 min to form CNT ink.
The as-obtained solution was filtered through a membrane
(220 nm pore size). The obtained filter cake was dried in
vacuum for 0.5 h and then peeled off to obtain a freestanding
film. After that, the samples were cut into pieces of 1.4 cm�
0.7 cm and treated by an efficient electrochemical enhance-
ment method. A typical three-electrode configuration with
freestanding CNT films as the working electrode, Ag/AgCl
electrode as the reference electrode, a graphite rod as the
counter electrode and 1 M H2SO4 aqueous solution as the
electrolyte was tested at 2.2 V for 20 min. After that we got
the functionalized freestanding CNT films.

Assembly of the solid-state symmetric and
asymmetric SCs

A functionalized freestanding positive electrode was assembled
with CNT/MoO3�x as negative electrode to fabricate a solid-
state ASC. PVA/LiCl gel was prepared by mixing LiCl (12 g) and
ized freestanding CNT films. (b) Cross-section SEM image of the
image of the functionalized freestanding CNT films. The inset is
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PVA (6 g) in deionized water (60 mL) and heated at 85 1C under
vigorous stirring until the solution became clear. Two electrodes
were immersed in PVA/LiCl gel for 5 min then assembled
together and separated by a cellulose separator (NKK TF40,
40 μm). The symmetric SCs for cycle life measurements in
Figure 3d were fabricated by using two functionalized CNT
electrodes, following the same process as above.

Characterizations

The morphology and structure of the samples were studied
by field-emission scanning electron microscopy (FE-SEM, FEI
Nova 450 Nano) and high-resolution transmission electron
microscopy (HRTEM, TECNAI). The content of the functional
groups was determined by thermogravimetric analysis (TGA,
Pyris1), Fourier transform infrared absorption spectroscopy
(FTIR, VERTEX 70) and X-ray photoelectron spectroscopy
(XPS, ESCALab250). There are no functional groups on
sample P found by FTIR, while there were functional groups
observed in the XPS measurement. The sample P analyzed
by FTIR was fabricated by mixing pure CNTs (no functional
groups) with KBr. However, we used the freestanding film for
XPS measurement, and the functional groups on sample P
(XPS) could come from the physisorption of water during the
sample preparation (O/C ratio was only 0.05). The relative
content of functional groups was calculated by dividing the
area integral of the functional group peak over the area of
the O1s peak. The O/C ratio was calculated by the area of
the O1s peak divided by the area of the C1s peak. All of the
electrochemical tests were carried out using Autolab
PGSTAT302N. Electrochemical impedance was measured
from 1 mHz to 1 MHz with a potential amplitude of 10 mV.

Results and discussion

The fabrication process of the functionalized freestanding
CNT films is illustrated in Figure 1a. Firstly, desired amounts
of CNTs and sodium dodecylbenzenesulfonate (SDBS) were
dispersed in deionized water following with probe sonica-
tion to form CNT ink. The ink solution was then vacuum-
filtered through a membrane. After vacuum drying, paper-
like freestanding CNT films were obtained by peeling off
Figure 2 (a) XPS spectrum of sample 200. (b) O/C ratio and functi
functionalized CNT film without annealing, functionalized CNT film
sample UA, 100, 200, 300 and 400, respectively.
from the filter membrane [25,26]. We adopted the efficient
electrochemical enhancement methods to add redox active
functional groups on CNT films. Briefly, a typical three-
electrode configuration with freestanding CNT films as the
working electrode, Ag/AgCl electrode as the reference
electrode, a graphite rod as the counter electrode and
1 M H2SO4 aqueous solution as the electrolyte was oxidized
at 2.2 V for 20 min regardless of water splitting. After
washed in deionized water, the functionalized freestanding
CNT films were annealed in air at different temperatures
to adjust the types and amount of functional groups.
The scanning electron microscopy (SEM) images of the as-
fabricated functionalized freestanding CNT films are shown
in Figure 1b and c. According to Figure 1b, the cross-section
SEM image revealed a uniform film with a thickness of
45 μm. Figure 1c is the enlarged cross-section SEM image,
indicating that the CNTs were well linked together and
distributed uniformly. Used as both, the active material and
current collector, the interpenetrating structure has hier-
archical porous channels, enabling electrolyte absorption
and active-site accessibility, facilitating effective elect-
ron transport. The inset shows the digital images of the
functionalized freestanding CNT film, which could perform
highly flexibility without any obvious mechanical damage
after bending.

Firstly, TGA was conducted as shown in Figure S1a. Owing to
the detachment of functional groups, the weight loss appeared
around 100, 200, 300 and 400 1C. The types and amount of
functional groups on CNT films were characterized by FTIR and
XPS, as shown in Figures S1b, S2 and 2a. The pure CNT film,
functionalized CNT film without annealing, functionalized CNT
film with annealing at 100, 200, 300 and 400 1C were denoted
as sample P, UA, 100, 200, 300 and 400, respectively. According
to FTIR spectra, carbonyl (4CQO), hydroxyl (4COH), and
carboxy (–COOH) group were found in all samples except sample
P. In addition, XPS confirmed the existence of these functional
groups which were positioned at 531.6 eV (4CQO), 532.9 eV
(4COH) and 534.2 eV (–COOH), respectively [27]. To evaluate
the impact of annealing on the functional groups, we calculated
the O/C ratio and functional groups distribution from
the XPS data. According to Figure 2b, O/C ratio decreased
monotonically with the increasing temperature, demonstrating
the removal of oxygen-containing functional groups during
onal groups content for sample UA, 100, 200, 300 and 400. The
with annealing at 100, 200, 300 and 400 1C were denoted as
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annealing. The relative content of 4COH and –COOH increased
first and then decreased while 4CQO had the opposite trend.
As the temperature increased, the bond of functional groups
ruptured based on their thermal stability. From room tempera-
ture (sample UA) to 100 1C, the major process was the
desorption of physisorbed water. –COOH and 4CQO can only
exist at the edges or defects of CNTs, while 4COH can exist on
the basal plane and the edge plane [28]. Specially, the 4COH
on the basal plane causes the rehybridization from sp2 to sp3

state which strain loads and the 4COH on the basal plane
becomes unstable. When the annealing temperature increased
to 200 1C, owing to conjugate π bond, –COOH and 4CQO on
the edge plane were more stable than the 4COH on the basal
plane, the 4COH would largely desorbs from the basal plane,
sending the electron from s bond to delocalized π bond, which
could increase the conductivity of CNTs. On the other hand,
bonding energy of4CQO is lower than that of –COOH, leading
to easier detachment of 4CQO compared to –COOH. Accord-
ingly, the relative content of –COOH was the highest at 200 1C.
From 200 1C to 400 1C, –COOH would transform to 4CQO due
to acid dehydration, resulting in the increasing relative content
of 4CQO.

In order to probe the electrochemical performance of
different samples, cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD) electrochemical impedance spec-
troscopy (EIS) and cycle life measurements were conducted.
All the samples were cut into the same size (1.4 cm� 0.7
cm) and tested in a three-electrode configuration with
Figure 3 The electrochemical performance which was tested in s
and GCD curves for sample 200. (c) Capacitance with respect to cur
for different samples which were tested in symmetric solid-state SC
100, 200, 300 and 400 1C were denoted as sample P, 100, 200, 300
samples as the working electrodes, Ag/AgCl electrode
as the reference electrode, a graphite rod as the counter
electrode and 0.5 M Na2SO4 aqueous solution as the
electrolyte. CV curves of sample 200 with scan rates from
10 mV s�1 to 100 mV s�1 under a stable operation window
between 0 and 0.9 V are shown in Figure 3a, exhibiting a
roughly rectangular shape approximately symmetrical about
the zero-current line, indicating the good electrochemical
behavior. Figure 3b reveals the GCD curves, through which
the areal capacitance of the SCs could be calculated by the
following equations (Figures 3b and S3):

C¼ IΔt=ΔU ð1Þ

Cs¼ C=S¼ IΔt=SΔU ð2Þ

where C is the total capacitance, I is the discharge current,
Δt is the discharge time, ΔU is the potential window during
the discharge process after IR drop, and S is the working
area of the sample. It should be easily understood that the
conductivity of sample UA was so poor with so many
functional groups, resulting in no capacitance. The areal
capacitance of sample 200, compared with others, was the
highest (Figure 3c). Generally, the oxygen-containing func-
tional groups could improve the specific capacitance by
adding reversible faradic reactions (pseudocapacitance).
However, as positive electrodes, oxidation reaction should
occur during charging. Frackowiak and Béguin pointed the
faradic reactions of 4COH, –COOH and 4CQO, through
ingle electrode-configuration in liquid electrolyte. (a and b) CV
rent density for different samples. (d) Cycle life measurements
s. The pure CNT film, functionalized CNT film with annealing at
and 400, respectively.
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which 4COH and –COOH could provide reversible pseudo-
capacitance as positive electrode by the following reactions
while 4CQO could not [20].

4COH34C¼OþHþ þe� ð3Þ

�COOH3�COOþHþ þe� ð4Þ
Accordingly, the content of 4COH and –COOH in samples 100
and 200 was much higher than others, resulting in the higher
areal capacitance (capacitance of sample 100 under low
current density). However, from 100 1C to 200 1C, the charge
transfer resistance (CTR) decreased from 8.6Ω to 2.1Ω (Figure
S4) due to transformation from s bond to delocalized π bond.
The relatively poor conductivity hindered the electron and
charge transport in sample 100, leading to a lower capacitance
than sample 200 and poor rate capability. The capacitance
decreased with decreasing content of functional groups in
sample 300 and 400, and a relatively higher CTR in sample
400 (possibly due to the defects from electrochemical oxida-
tion) leads to somewhat lower capacitance than sample P. We
also measured the cycle life of different samples for 10,000
charge/discharge cycles. All of the samples were fabricated
into solid-state devices to demonstrate their long-term stability
in solid-state electrolyte for the following experiments' con-
sideration. According to Figure 3d, device UA and 100 revealed
a relatively poor stability which may be attributed to a poor
conductivity caused by large member of 4COH groups on the
basal plane. The poor conductivity would form uneven distribu-
tion of voltage, leading to hyperpolarization. Some functional
groups would decompose due to hyperpolarization, which
leads to poor stability. To sum up, the sample 200 showed the
highest volumetric capacitance with excellent conductivity and
Figure 4 The electrochemical performance of the ASC device. (a) C
discharge curves. (c) Volumetric capacitance versus current density
state devices. (e) Nyquist plot and (f) cycle life.
long-term stability, becoming a good candidate as a positive
electrode for ASCs.

Contemporarily, the limited working voltage window and
energy density of SCs would inhibit the attempt to utilize
the SCs as high performance power sources in practical
applications [29]. Since the energy density can be calcu-
lated as

E ¼ 0:5CðΔUÞ2 ð5Þ

enhancement of energy density can be achieved by fabricating
ASCs, expanding the working voltage window and increasing
energy density by combining two appropriate electrodes with
different operation windows [30]. In previous work, MoO3�x

was demonstrated as a good negative electrode material with a
large operation window and a high specific capacitance, there-
fore, we used electrodeposition to form a freestanding CNT/
MoO3�x hybrid structure negative electrode (Figure S5a)
[8,29,31]. According to the energy dispersive X-ray spectro-
scopy (EDAX) mapping in Figure S5b–d, the C, Mo and O signals
were found, demonstrating the homogeneous formation of
CNT/MoO3�x hybrid structure. Figure S5e shows the XPS
spectrum of Mo 3d, in which two strong peaks corresponded
to Mo6+ and a weak peak corresponded to Mo5+. The CVs of the
freestanding CNT/MoO3�x electrode was recorded in a three-
electrode configuration with an Ag/AgCl reference electrode, a
graphite rod as the counter electrode and 0.5 M aqueous Na2SO4

electrolyte (Figure S5f).
The electrochemical performance of the solid-state ASCs

was carefully evaluated through CV, GCD and cycle life
measurements. The volume and weight of the whole device
(including the electrodes, electrolyte and separator) were
about 0.015 cm3 (1.4 cm� 0.7 cm� 0.015 cm) and 20 mg,
V scans at rates from 10 to 100 mV/s. (b) Galvanostatic charge/
. (d) Ragone plot of the ASC device compared with other solid-
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respectively. The CV curves of the solid-state ASCs with
scan rates from 10 to 100 mV s�1 at stable working voltage
window 0–1.9 V is shown in Figure 4a. GCD curves under
different current density are shown in Figure 4b, through
which the volumetric capacitance could be obtained. The
solid-state ASCs revealed the highest volumetric capacitance
of 3.0 F cm-�3 at 0.133 A cm�3 and remained at 1.9 F cm�3 at
1.33 A cm�3 discharge current density, which was much higher
than the value reported for other solid-state symmetric SCs or
ASCs [29,32–36]. The Ragone plot shown in Figure 4d shows the
volumetric energy density versus the power density, which can
be calculated by the following equations:

E ¼ 0:5CðΔUÞ2=V ð6Þ

P¼ 0:25ðΔUÞ2=VR ð7Þ

R¼ΔUdrop=2I ð8Þ
where C is the total capacitance of the cell, which can be
achieved through Eq. (1), ΔU is the cell voltage, V is the volume
of the whole device, and R is the internal resistance of the
devices estimated from the voltage drop (ΔUdrop) at the
beginning of the discharge at a constant current density (I).
The highest volumetric energy density achieved was 1.5 mWh
cm�3 which is substantially higher than graphene [17,32],
carbon nanotubes [36,37], WO3�x/Au/MnO2 core shell nano-
wires [14] VN [25], MnO2/carbon fiber [33] and conductive
polymer [13,38] based solid-state symmetric SCs and compar-
able with WO3�x/MoO3�x based solid-state ASCs [29]. The
highest volumetric power density was about 4.2 W cm�3 which
was much higher than other solid-state SCs and ASCs, as
Figure 5 (a) Structure chart of the wireless transport system. (b
voltage–time curves for the input signal and received signal, respe
Max2606: voltage-controlled oscillator.
shown in Ragone plot. Both the high volumetric energy and
power density indicated the potential applications for driving
portable/wearable electronics. The charge transfer resistance
was about 8Ω obtained from nyquist plot (Figure 4e). In
addition, the ASC device showed lifetime maintaining at 90%
of initial capacity after 10,000 charge/discharge cycles at
0.5 A cm�3 and the Coulombic efficiency remained close to
100% (Figure 4f).

Recently, many groups reported the use of SCs to power
low energy electronics such as light-emitting-diodes (LED),
small sensors and simple sensor systems [33,38], while it
would be more significant to power some energy-thirsty
electronics [39,40]. To prove the feasibility, we built a
wireless transport system as shown in Figure 5a. Briefly, a
sound signal was processed by frequency modulation system
and emitted through an antenna. In our experiment, the
emitted signal from a cell phone was tuned to 105 MHz and
we used a radio to receive the signal. Figure 5b shows
images of the wireless transport system, which needed
rated voltage and current of 3.5 V and 3 mA, respectively.
We fabricated a pack of 9 ASCs in series and parallel to meet
the rated power of the wireless transport system. The
voltage–time curve of the sound signal input is shown in
Figure 5c, three single tones were introduced with different
intervals. According to Figure 5d, which shows voltage–time
curve of the received signal from the radio, the shape
of three tones was almost unchanged and the intervals
were identical compared to Figure 5c, demonstrating the
successful sound signal transport from the cell phone to the
radio. Actually, after charging for 1 min, the pack could
power the wireless transport system for more than 30 s.
) Digital image of the wireless transport system. (c and d) The
ctively. C: commercial capacitor, R: resistance, L: inductance,
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Conclusions

In conclusion, the electrochemical enhancement followed by
annealing at different temperatures in air was used to add and
adjust the number of 4CQO, 4COH and –COOH groups on
freestanding CNT films. The highest electrochemical perfor-
mance and stable long-term stability was achieved after
annealing at 200 1C, which could be attributed to the relatively
high content of 4COH and –COOH groups adding pseudocapa-
citance and increasing high conductivity compared to other
samples. Furthermore, carbon-based solid-state ASCs were
fabricated by assembling functionalized freestanding CNT films
as the positive electrodes with freestanding CNT/MoO3�x

hybrid structure electrodes. The whole device showed high
electrochemical performance, including a high volumetric
capacitance of 3.0 F cm�3, high energy and power density of
1.5 mWh cm�3 and 4.2 W cm�3, respectively, with a stable
operation window between 0 and 1.9 Vand long-term stability.
We also applied a SCs pack to drive a home-made wireless
transport system, indicating the potential applications as
energy storage system for portable/wearable electronics.
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