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Carbon nanotubes (CNTs) have been considered as promising electrode materials for energy storage

devices, especially flexible electronics owing to their excellent electrical,

physicochemical and

mechanical properties. However, the severe aggregation between CNTs significantly reduces the
electrochemically active surface areas and thus degrades the electrochemical properties. In this study,

we demonstrate a facile layer-by-layer strategy toward preparing a CNT/hollow carbon nanocage
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1 Introduction

Flexible electronic devices have been used in a wide range of
applications, such as flexible transistors, smart sensors, flexible
energy harvesting and storage, touch screens, and robotic systems
with skin-like sensing capabilities.’ Lithium ion batteries are the
current energy storage devices, but they suffer from low power
densities, sluggish charge/discharge processes, and limited cycle
life.’*** In this regard, supercapacitors are promising alternatives
owing to their higher power output, faster charge/discharge rates
and long cycling life."* Currently, a variety of electrode materials
have been used in supercapacitors, such as RuO,,'* MnO,,"”" >
polypyrrole,” mesoporous carbon,”** and activated carbon.
However, these electrode materials are usually rigid particles.
When the electrode undergoes deformation such as bending or
twisting, it easily falls off the current collector, which causes the
electrochemical performance to attenuate. Therefore, it is of great
importance to develop flexible electrode materials without
compromising electrochemical performance.

Carbon nanotubes (CNTs) have attracted extensive attention
owing to its unique one-dimensional tubular structure. They
have been regarded as promising electrode materials for flexible
electronics due to the excellent electrical conductivity,
mechanical flexibility, good chemical stability, and ready
commercial availability.>-** Liu*' fabricated porous CNTs
through a simple approach, and the optimal sample exhibited

24-26

School of Mechanical and Power Engineering East China University of Science and
Technology, 130 Meilong Road, Shanghai 200237, China. E-mail: jnwang@ecust.
edu.cn; Tel: +86-21-64252360

available. See DOL:

+ Electronic  supplementary information

10.1039/d0ra09710a

(EST)

© 2021 The Author(s). Published by the Royal Society of Chemistry

(HCNCQC) hybrid film. Through electrochemically removing the impurities in CNT films and optimizing the
concentrations of HCNC, the hybrid film exhibits a high specific capacitance of 183.7 F g™t at 10 mV s~
and good cycling stability of 85% retention after 5000 cycles at 1 A g~1. Our study provides potential

1

scale-up synthesis of free-standing CNT electrode materials for high-performance supercapacitors.

a high specific capacitance of 331 Fg ' (6 M KOH, 1 Ag ). In
order to utilize CNTs as flexible electrodes, it is necessary to
fabricate CNT macroscopic assemblies such as films. To date,
several methods have been proposed for preparing CNT films,
such as vacuum filtration,***® solution spraying,* and domino-
pushing.®® However, these methods are complicated and of high
cost, which are not beneficial for practical applications. We
previously developed a facile method to continuously fabricate
CNT films, which exhibited simultaneously excellent mechan-
ical, electrical properties, and flexibility.*®* However, the chal-
lenge of severe aggregation between CNTs remains, which is
a long-standing problem in CNT products resulting from the
large surface area and strong m—7 interactions or van der Waals
interactions. Such aggregation will lead to the loss of active
surface areas and thus degradation of the electrochemical
performance.”” In addition, the impurities (e.g., Fe nano-
particles) as the commonly remaining catalysts used for CNT
synthesis cannot participate in the electrochemical reactions,
and reduce the specific capacitance as well as the mechanical
properties. Therefore, it is necessary to prepare flexible and
pure CNT films with high electrochemical performance.

In this study, we fabricate a CNT and hollow carbon nano-
cage (HCNC) hybrid film (CNT-HCNC) through a spray pyrolysis-
based method. The HCNCs were in situ added into the CNT film
during the continuous layer-by-layer deposition process, which is
beneficial for increasing the contact areas with electrolyte.
Furthermore, the residual catalyst particles in the as-prepared CNT
hybrid films were effectively removed by mild cyclic voltammetry.
Benefiting from the purification and enhanced transport of elec-
trolyte, the purified CNT (PCNT)-HCNC film shows a high specific
capacitance of 183.7 F g~ ' and good cycling performance with 85%
capacitance retention after 5000 cycles.
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2 Experimental methods
2.1 Continuous synthesis of hollow CNT assembly

The hollow cylinder-like CNT assembly was continuously
synthesized at 1100-1200 °C in a horizontal furnace using
a ceramic tube and nitrogen as the reactor and carrier gas,
respectively. The reaction solution consisted of a liquid feed-
stock of ethanol with dissolved ferrocene (0.2-0.8 wt%) as the
catalyst precursor and thiophene (0.05-0.3 wt%) as the growth
promoter. This solution was injected into the reactor at a rate of
2-10 mL min ', which was carried into the high-temperature
zone by N, at a flow rate of 16-32 L h™*. A film in the form of
cylinder formed on the inner side wall of the reactor at the
downstream, and was driven out from the reactor to the air by
the enclosed N, (Fig. 1).

2.2 Synthesis of carbon nanocage (CNC) and hollow CNC
(HCNC) power

The CNC powder was prepared by a spray pyrolysis approach.
C,H, and N, gases were mixed and flowed through liquid iron
carbonyl (Fe(CO);) into a quartz reactor at 700 °C. Iron carbonyl
was used as the Fe precursor, N, as the carrier gas at a flow rate
of 60 L h™*, and C,H, as the carbon source at 100 mL min .
Then, the carrier gas carried the as-prepared CNC powder to
a large collection tank.

The CNC powder was evenly mixed with excess ammonium
chloride and placed in a quartz tube. The quartz tube was
pumped by a vacuum pump and then protected by nitrogen. It
was then inserted into a furnace and held at 500 °C for 30 min.
After heat treatment, the quartz tube was cooled to room
temperature, and the sample was washed in deionized water.
The final product was collected as the HCNC.

2.3 Synthesis of CNT film and CNT-HCNC film

The preparation of the CNT and CNT-HCNC films is schemati-
cally shown in Fig. 1. A winding drum with a diameter of 0.2 or
0.4 m was used for winding CNTs. It was wrapped with a paper
substrate which was wetted with ethanol. As soon as the CNT
cylinder was introduced on the wet paper, it shrank to
a condensed and narrow CNT film. With continuous deposition
on the winding drum, a pure CNT film with a controllable size
was prepared. For the synthesis of a CNT-HCNC film, a meth-
anol dispersion with different concentrations of HCNCs was
used as the shrinking solution instead of ethanol. The winding

View Article Online

Paper

rate was optimized as 4-20 m min~ ' depending on the specific
experimental conditions.

2.4 Structure characterization

The contents of CNT and Fe were evaluated by thermo-
gravimetric analysis (TGA, Netzsch Model STA 409 PC, heating
rate of 10 °C min~ ' and a constant air flow of 20 mL min~"). The
structural features of CNTs and CNCs were characterized by
high resolution transmission electron microscopy (HR-TEM,
JEOL-2010F, accelerating voltage of 200 kV), and Raman spec-
troscopy (Raman, Bruker Senterra R200-L, excitation wave-
length of 532 nm). The functional groups were determined by X-
ray photoelectron spectroscopy (XPS, ESCALAB 250Xi). The
specific surface area of the sample was calculated using the
Brunauer-Emmett-Teller method (BET, TriStar 3000 V6.05 A).

2.5 Electrochemical measurements

The samples were tested using a conventional three-electrode
system in a 0.5 M H,SO, aqueous solution on an electro-
chemical workstation (CHI 760E) at room temperature. In
a three-electrode system, a graphite plate and a saturated
calomel electrode (SCE) were used as the counter and reference
electrodes, respectively. The electrochemical impedance was
measured by applying an AC voltage of 10 mV amplitude in
a frequency range from 0.01 Hz to 100 kHz at an open circuit
potential. To further evaluate the potential for flexible energy
storage devices, a quasi-solid-state symmetric supercapacitor
was constructed using two identical films as positive and
negative electrodes, a cotton knitted fabric as separator and
PVA/H,S0, as gel electrolyte. The PVA/H,SO, gel electrolyte was
prepared by dissolving 5 g PVA and 5 g H,SO, in 30 mL
deionized water at 90 °C under vigorous stirring, followed by
cooling to room temperature. The two film electrodes and
cotton fabric were soaked into the gel electrolyte for 15 min and
subsequently dried. Then they were assembled into a device and
left for 12 h to allow electrolyte solidification. Cyclic voltam-
metry (CV) and galvanostatic charge-discharge were carried out
in the three-electrode systems. The specific capacitance in the
three-electrode system was calculated from the cyclic voltam-
metry (CV) measurements as follows:

C = [I(V)dVI2Vy

where the integral term refers to the area of the CV curve, Vis
the potential sweep range starting from 0-1.0 V, and » is the

Ethanol or HCNC
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Fig. 1 Schematic diagram of the preparation process of CNT and CNT-HCNC films.
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scan rate. Additionally, the galvanostatic charge and discharge
(GCD) curves were used to calculate the capacitance as follows:

C = IAtAV

where I, AV, and At are the discharge current, voltage range
excluding the IR drop, and discharge time, respectively.

3 Results and discussion
3.1 Properties of CNT and CNT film

Fig. 2a depicts the as-obtained hollow cylinder-like CNT
assembly coming out from the reactor. After having been
shrunk by ethanol, a CNT film was collected on the winding
drum continuously. The film could be easily curled without
damage, demonstrating its excellent flexibility (Fig. 2b). The
TEM images in Fig. 2c and d reveal that CNTs had a diameter of
about 5-10 nm and were combined together to form a complete
network structure. The Fe nanoparticles produced from ferro-
cene were coated with carbon layers (Fig. 2d). Their content was
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Fig. 2
CNTs. (e) TG curve of CNT film. (f) Raman spectrum of CNT film.
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determined as 31.7 wt% by TG analysis (Fig. 2e, the 45.35 wt%
residue was assumed to be Fe,0;). The I/, ratio was deter-
mined to be 3.38 in the Raman spectra (Fig. 2f), suggesting the
high quality and high degree of graphitization of the as-
prepared CNT film.

3.2 Electrochemical performance of PCNT film

The electrochemically inactive Fe nanoparticles inevitably
contributes to a substantial portion of the electrode weight
which will reduce the specific capacitance of the device.*®
Therefore, it is necessary to gently remove them without
damaging the CNT structure. We infiltrated a 0.5 M sulfuric acid
electrolyte solution into the CNT film, and performed 20 cycles
from —0.4 V to 1.6 V at a scanning rate of 50 mV s~ ' as done in
a previous study.*” As shown in Fig. 3a, a sharp peak located at
0.1-0.3 V was observed initially, evidencing the presence of Fe
nanoparticles in the CNT film. During the 15 cycles, the inten-
sity of the peak gradually reduced, and nearly disappeared at
the 20™ cycle (Fig. S1b?), indicating that the Fe particles in the
film had been largely dissolved. Compared with the pristine
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(a) Hollow cylinder assembled from CNTs. (b) Flexible and winded CNT film. (c) TEM image of the CNTs in the cylinder. (d) HRTEM image of
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Fig. 3
and PCNT films at various scanning rates.

CNT (Fig. 2c), the TEM image of the purified CNT (Fig. S2t)
further confirmed the removal of catalyst particles in the CNT.
TGA was used to determine the remaining content of Fe in the
CNT film after electrochemical purification. As shown in
Fig. 3b, the content of residual Fe was reduced to 6.7 wt%,
indicating the effectiveness of this purification method.

The specific capacitance of the original CNT film and PCNT
film were determined by CV measurements, as shown in
Fig. S1a,t 3c and d respectively. Compared to the pristine CNT
film, the specific capacitance of the purified CNT (PCNT) film
was significantly improved. When the scanning rate was 10 mV
s, the specific capacitance of the PCNT film reached 87.8 F
g~ !, about 5 times that of the original CNT film, indicating that
purification had an effective activation effect on the electro-
chemical performance of CNT films. The increased specific
capacitance can be mainly ascribed to the removal of impuri-
ties, which can not only reduce the absolute mass of electrodes
but also create new opened microscopic pores during the
purification process. However, when the scanning rate reached
500 mV s~ ', the specific capacitances of the original CNT and
PCNT film were not significantly different, indicating that the
compact stacking and aggregation of CNTs limited the entry
and transportation of the electrolyte.

3.3 Electrochemical performance of PCNT-HCNC film

To solve the problem of CNT stacking, HCNCs were successfully
prepared and added within the CNT film. Initially, the CNC
particles were prepared with Fe nanoparticles encapsulated
(Fig. S3a and b¥). With further heat treatment in the presence of
ammonium chloride, the Fe nanoparticles within the CNCs
were effectively removed without damage to the structure of
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(a) CV curves during the purification process. (b) TG curve of PCNT. (c) CV curves of PCNT. (d) Specific capacitances of the original CNT

CNCs, giving rise to HCNCs with a diameter of 2-5 nm (Fig. S3c
and dt). The hybrid films with different weight ratios of PCNTs
and HCNCs were prepared, as shown in Fig. S4.1 It was found
that with the increased amount of HCNC, the specific capaci-
tance of the film became larger (Fig. S5a and bf). However,
when the concentration of HCNC was too high, the specific
capacitance decreased (Fig. S5ct). The concentration of HCNC
in the methanol was 1.0 mg mL ™", and the PCNT-HCNC film
(denoted as PCNT-HCNC-1.0) showed the best performance.
Fig. 4a shows the CV curves of the film at different scan rates
ranging from 10 to 500 mV s '. The curves retained almost
arectangular shape from 0 to 1 V over a wide range of scan rates
(Fig. S5dt), suggesting the electrochemical double layer capac-
itor nature in the charge-discharge process, which might result
from the fast diffusion process of electrolyte ions into/out of the
electrode material. The XPS (Fig. S61) demonstrated that oxygen
existed in the sample with a low atomic ratio of 6.2%. The
oxygen atoms were mainly in the form of C-O and a small
fraction of C=0, which could also contribute to the electro-
chemical performance through a redox reaction. As shown in
Fig. 4b, the PCNT-HCNC-1.0 exhibits a high specific capacitance
of 183.7 Fg " at 10 mV s~ ', which is twice as large as that of the
PCNT film, indicating that the addition of HCNC nanoparticles
significantly increased the electrochemical surface area of the
film. When the scanning rate was increased to 500 mV s, the
specific capacitance of PCNT-HCNC-1.0 was 13 times that of the
PCNT film, which indicates that the HCNC can effectively
improve the rate capability.

We used a schematic diagram to describe the role of HCNC
in the film (Fig. 4c). For the original CNT film, the CNTs densely
stacked with each other due to the strong van der Waals force.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Schematic diagram of the role of hollow carbon nanocages.

In addition, the hydrophobic nature of the CNT led to the
difficulty of the conductive ion transport in the film, especially
at high scanning rates. As a comparison, the addition of HCNC
nanoparticles could effectively loosen the densely packed CNTs
and provide channels for the electrolyte ions. However, when
the amount of HCNC was further increased, the alignment of
CNTs in the film would be reduced, leading to the increased
thickness of the film and thus reduced utilization of the active
materials.

To probe into the electrochemical improvement of the
PCNT-HCNC hybrid films, the electrochemical impendence
spectra (EIS) were measured (Fig. 5) with an AC voltage ampli-
tude of 10 mV in the frequency range from 0.01 Hz to 100 kHz.
In the low frequency region, all of the samples showed an
inclination at an angle of 75° indicating their capacitive
behaviour. In the high frequency region, the semicircles were
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Fig. 5 Nyquist plots for the different PCNT-HCNC hybrid film-based
EDL supercapacitors.

© 2021 The Author(s). Published by the Royal Society of Chemistry

often associated with the charge transfer resistance (R.) rep-
resenting the ion transfer efficiency at electrolyte/electrode
interface. With the increase of HCNC in the composite, the
R values were 11.21 Q for PCNT-HCNC-0.6, 7.58 Q for PCNT-
HCNC-0.8, 5.72 Q for PCNT-HCNC-1.0, and 10.43 Q for PCNT-
HCNC-1.2. It was found that the PCNT-HCNC-1.0 showed the
lowest R among all the samples, indicative of their fast reac-
tion kinetics due to the sufficient channels for ions and thus
significantly enhanced electrochemical properties.

GCD measurements were carried out at different current
densities to evaluate the electrochemical performance of the
electrode materials. The GCD curves of PCNT-HCNC-1.0 at
different current densities are shown in Fig. 6a. A minimal IR drop
was observed, suggesting the low internal resistance and the fast
ion diffusion. A high specific capacitance of 161 F g~ ' was achieved
for PCNT-HCNC-1.0 at 1 A g ', which decreased to 145 F g ' at
2Ag 'and 125 Fg " at 5 A g ' (Fig. 6b). It should be noted that
a specific capacitance of 113 F g~ can still be achieved at 10 A g™*
with a retention of 70%, suggesting its excellent rate capability.***>

To demonstrate its potential application in flexible devices,
we fabricated an all-solid-state symmetric supercapacitor based
on the PCNT-HCNC-1.0 electrodes. The capacitor exhibited an
excellent electrochemical stability with a retention of above 85%
after 5000 cycles at 1 A g~ * (Fig. 6¢). LED light could be easily lit
up as shown in Fig. 6d. In addition, when the supercapacitor
was bent to different angles (0, 30, 90, and 180°) as shown in
Fig. S7af, the specific capacitance showed negligible variation.
Even after bending for 1000 times, there was no significant
reduction in capacitance (Fig. S7bf), further revealing the
excellent flexibility of the capacitor. Compared with the
commercial activated carbons and other carbon-based super-
capacitors, the PCNT-HCNC-1.0 had higher energy storage

RSC Adv, 2021, 11, 6655-6661 | 6659
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(a) GCD curves of the PCNT-HCNC film at different current densities. (b) Specific capacitance of PCNT-HCNC at various current densities.

(c) Cycle life of CNT-HCNC measured at a current density of 1 A g~*. (d) Digital image of a LED light lit by the PCNT-HCNC film.

performance in terms of the areal capacitance and volumetric
energy density (Tables S1, S2 and Fig. S87).

4 Conclusions

In summary, we prepared a CNT/CNC film through a facile
layer-by-layer strategy. Through a mild CV cycling process, most
of the residual Fe particles in the film can be removed, thus
increasing the specific capacitance of the film. In addition, the
purification process can also create new opened microscopic
pores during the removal of Fe nanoparticles, improving the
electrochemical activity area and the specific capacitance of the
film. The in situ addition of HCNCs in the film is beneficial for
preventing the CNT stacking and thus promoting the electrolyte
transport. As a result, the PCNT-HCNC film can achieve a high
specific capacitance of 183.7 F g~ " at 10 mV s, good cycling
performance with 85% capacitance retention after 5000 cycles,
and excellent flexibility. Our study provides a potential strategy
toward the preparation of high-performance CNT-based elec-
trode materials for flexible supercapacitors.
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