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Carbon nanotube (CNT) film is a favorable kind of substrate in flexible electric devices because of its
superior flexibility, favorable mechanical strength and excellent electrical conductivity. Moreover, since

10 conductive polymer polyaniline (PANI) owns high capacitance and easy manufacture method, it is always
in favor for the supercapacitors. In this research, CNT film synthesized via floating catalyst chemical
vapor deposition method could be further activated by electrochemically re-expanding to achieve better
porosity and higher specific area, in order to obtain all-solid-state flexible supercapacitor with higher area
capacitance. Comparing with the pristine CNT film characterized by PANI, electrochemically fabricated

1s CNT hydrogel film with PANI deposition had higher specific area capacitance, which was 680 mF cm™ at
1 mA cm™. All-solid-state supercapacitor that was synthesized by this composite film exhibited high
specific area capacitance of 184.6 mF cm™ at 1 mA cm?, which was higher than many similar
supercapacitors. The rolling test showed that this supercapacitor maintained its high capacitance even in
the rolling condition. After 500 charge-discharge cycles, it also remained high Coulombic efficiency and

20 specific area capacitance. This all-solid-state supercapacitor shows great potential for energy storage
device.

1. Introduction conductivity was a key for the applications of PANI in flexible
supercapacitors. Aqueous solution with sulphuric acid (H,SOy)
was the best electrolyte for enlarging the pseudocapacitance of
PANI, but most of the metallic current collectors which are

ss usually used such as nickel (Ni) foam could be dissolved in this
electrolyte. Porous carbons’ scaffolds, such as carbon fiber
cloth,”? graphene **° and carbon nanotube (CNT) film,*' could
be better for loading active materials as the electrodes of flexible
supercapacitors. Among these scaffolds, the carbon fiber cloth

6 could not exhibit high dispersion of PANI with high loading mass
due to low specific surface area. Moreover, graphene film
suffered from the closed pores formed by the restacking of

Because of the increasing demand of the light, ultrathin,
stretchable and portable electronic devices, flexible energy
storage devices have attracted considerable interest.'®
Supercapacitor, which is also called electrochemical capacitors or
ultracapacitor, combines the advantages of dielectric capacitor
and rechargeable battery, thus can both deliver high power within
30 a short time and store high amounts of energy.” Flexible portable
supercapacitors require high areal capacitance for the aim of
storing enough energy in limited space.® While general carbonous
materials which store energy in their electrochemical double-
layers have' . limited . spe;: IE‘,CH capacitance ) .compared' with graphene sheets. Different from these two scaffolds, CNT film
pseudocapacitive materials. " Pseudocapacitive materials for

i il taini Ui . tal oxid was better for loading PANI because of its abundant open
supercapamlg {f’ mainly confaiing severa ﬁ‘}f{ggamc metal ox1de - channels for electrolyte diffusion into the electrodes.
compounds and conductive polymers

h hich tical i« th b ’ usuatlly' le x}z}llblt Although PANI can be dissolved in some organic solvents and
fuch AIher practical capactiance thatl Carbonous materia’s, taus then coated onto CNT film by immersing the latter into the

they have attracted much attention for the applications of flexible . . O .
itor clectrodes. H . ] d i former solutions, direct deposition is still an important strategy to
40 supercapacitor electrodes. However, inorganic pseudocapacitive obtain CNT films characterized with high loading mass of

materials usually have poor mechanical performance, therefore 0 PANLY The dense network and hydrophobic surface of CNT

they could. not b'e hezs'lll}l] used 'for theAelectrodels of f;exﬂ'Jle films largely affected the uniform deposition of PANI along the
supercapacitors with high capacitance. As a result, conductive thickness  direction of these films.3 Usually in the

. . 13 20-22 23-
g)solymgrs, 11;01131(11ng hpcilyarg'hne (lf_AI;Ill)’ p;(;zlépo}/;roig_z(xPP}z/ ) electrodeposition process, PANI will firstly coat on the surface of
and poly(3,4-ethylenedioxythiophene) ( ), ave CNT films and it could block the transmission and deposition of

?he en w1dejy tlpvestlglated forpiiﬁblﬁ suger:apacnzrs. An}sng 75 aniline molecules into the internal part of the film, especially for
€8¢ concuctive polymets, as best pscudocapacitive the films prepared via floating catalyst chemical vapor deposition

perfolrlfnance' HOW;V e, 1ts fcond‘”“my .Wl?s S(;‘“ much lower tha/‘; (FCCVD) method which formed by thin CNTs (single-walled or
metallic current collectors for commercialize supercapaCItors. double-walled CNTS) OW]fliIlg denser Surface. Pulsed

so porous scaffold with large specific surface area and high
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electrodeposition strategy with tunable frequency can solve this
problem to fabricate flexible CNT/conductive polymer composite
film electrodes with conductive polymers uniform deposited in
the whole film electrodes from top to bottom along, but the
complicated process and low efficiency limited its applications,
and the surface hydrophobic property was still not solved by this
method. CNT sponges with much larger internal space than CNT
films can easily achieve uniform deposition of conductive
polymers, but their foam shape was largely different from film
electrodes for common batteries. ** If the dense CNT film can be
expanded in a certain extent and surface activated, the deposition
of PANI and other conductive polymers can be optimized.

In this research, cyclic voltammetry electrochemical oxidation
process was used to activate high-performance CNT films
prepared via floating catalyst chemical vapor deposition
(FCCVD) methods. This activated CNT film symbolized as CNT
hydrogel film was used for the electrodeposition of PANI to
fabricate flexible composite film electrodes. This composite film
symbolized as CNT/PANI hydrogel film showed more uniform
distribution of PANI wrapping carbon nanotubes, meanwhile
PANI did not cover the surface of the film. As a result, it
exhibited higher areal capacitance than pristine CNT film/PANI
composite film (CNT/PANI), which was 680 mF cm™. This high
performance electrode was used to fabricate flexible symmetric
supercapacitor with an areal capacitance up to 184.6 mF cm™
which was much higher than most flexible supercapacitors.
Furthermore, the specific capacitance remained stable after 500
cycles of charge-discharge and the Coulombic efficiency was
almost as high as 100%.

2. Experimental Section

2.1 Materials

Carbon nanotube thin film was prepared by floating catalyst
chemical vapor deposition (FCCVD) method followed by
shrinking with ethanol. All other reagents were analytical grade,
commercially available from Sinopharm Chemical Reagent Co.
Ltd, and used without further purification.
2.2 Synthesis.
2.2.1 Fabrication of CNT hydrogel film

The pristine CNTs film was cut into same rectangular slices
(1.5cmx4cm). Cu wires were embedded and connected to the
CNT film with conductive Ag paste to form CNT film working
electrode. A three-electrode system was used to achieve
electrochemical activation of CNT film in 0.8 M H,SO,4 aqueous
solution. Graphite sheet was used for the counter electrode and
saturated calomel electrode SCE was the reference electrode.
Cyclic voltammetry (CV) strategy was applied in this system
with the scan rate of 50 mV s between 1 V and 2 V for 20 cycles
in 0.8 M H,SOj, solution. In this process, CNT film was expanded
in a certain extent (thickness from 0.01 mm to about 1.00 mm,
and its surface was activated. After washing and drying processes,
the electrochemically fabricated CNT hydrogel film was obtained.
2.2.2 Fabrication of CNT/PANI hydrogel film

The aqueous solution with aniline monomer (0.5 M) and
H,SO, (1 M) was used as the electrolyte for electrodepositing
PANI onto CNT hydrogel films. Electrodeposition was carried
out in a three-electrode system with a saturated calomel electrode
(SCE) as the reference electrode, a Pt wire electrode as counter

60

65

70

75

80

85

9

S

9

P

110

electrode and a piece of CNT hydrogel film as working electrode.
Firstly, PANI was electrodeposited around the individual CNTs
via cyclic voltammetry with the voltage of -0.2 V~0.8 V at the
scan rate of 100 mV s'. The cyclic number was tuned from 200
to 500, with the aim of determining the most appropriate cyclic
number. After the electrodeposition, the composite films were
washed by deionized water and ethanol and dried in room
temperature. Finally, the CNT/PANI hydrogel films were
prepared.

2.2.3 Fabrication of flexible all-solid-state supercapacitor

Two pieces of identical activated CNT/PANI composite
hydrogel film electrodes were prepared by lighting pressing
activated CNT/films with Cu wires onto PET films. PVA-H,SO,
hydrogel electrolyte was prepared as follows: 1 g PVA powder
and 10 mL deionized water were mixed and heated to 90°C under
constant stirring until the solution became clear. After that, 1 g
H,SO, was added into the solution. The gel electrolyte was
obtained after cooling the solution down. Appropriate amount of
hydrogel electrolyte was smeared uniformly on the surface of
CNT/PANI composite hydrogel film. The electrodes were dried
in air at room temperature to vaporize the excess water. At last,
the electrodes were stacked together face to face, forming a solid
thin layer of PVA-H,SO, electrolyte. As a result, after the
packaging, CNT/PANI hydrogel supercapacitor device was
obtained. The whole process was shown in Figure 1.

2.3 Materials Characterization.

The microstructure morphologies of the samples were
investigated by field emission scanning electron microscopy (FE-
SEM, Quanta 400 FEG, FEI), high resolution transmission
electron microscopy (HRTEM, Tecnai G2 F20 S-Twin, FEI), and
Raman spectrum (LabRAM HR Raman spectrometer, HORIBA
Jobin Yvon).

2.4 Electrochemical Measurements.

Electrochemical performances experiments were carried out in
CHI-660C electrochemical workstation and LANHE CT2001A
electrochemical cell test equipment. The electrochemical
performances of CNT/PANI hydrogel films of different cyclic
number were investigated in 1 M H,SO, aqueous solution.

Electrochemical

ksl PANI deposition
activation

(R4

CNT film CNT hydrogel film CNT/PANI hydrogel film

)
Packing
- — /
£ y
el

PVA-H,SO, gel
electrolyte

4
Flexible supercapacitor

Figure 1 Stretch map of preparation process of CNT/PANI hydrogel
flexible all-solid-state supercapacitor

3. Results and discussion

The surface morphology of pristine CNT film is shown in
Figure S1, which indicates that this film was formed by CNT
network with large bundles, individual CNTs and abundant open
channels. In electrochemical activation process, each carbon
nanotube acted as a microelectrode. In acid electrolyte, during the
cyclic voltammetry process, hydrogen was produced on these
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microelectrodes and then the hydrogen bubbles expanded the
network of CNT film. Figure S2 shows the electrochemical
performance of CNT film and CNT hydrogel film. Figure S3
indicates the electrochemical activation process enhanced the
capacitance of CNT film significantly. Figure 2a and 2b show the
SEM images of CNT/PANI composite films based on pristine
and activated CNT films, respectively. Figure 2a reveals that
PANI can be coated on individual CNTs and CNT bundles in the
activated CNT film. This nanostructure largely benefit the
uniform dispersion of PANI among the CNT network scaffold,
thus its PANI utilization efficiency is relatively high. However,
as shown in Figure 2b, the surface of pristine CNT film is fully
coated by PANI layer, which covers most of the open channels in
the CNT scaffold, thus blocks the diffusion of electrolytes into
the electrode and reduces the utilizing efficiency of PANI as the
electrochemical active materials. Figure 2¢ and 2d show the TEM
images of the two samples, respectively. PANI layer is uniformly
coated onto the surface of CNTs as shown in Figure 2c, in which
PANI and CNT exhibit a uniform mixture. However, there are
many PANI hollow nanospheres coated on the surface of on the
pristine CNT film as shown in Figure 2d. By comparing
CNT/PANI hydrogel and CNT/PANI, it indicated that the
electrochemically re-expanding process helped increasing the
practical specific area and promoting PANI to deposit around

»s individual carbon nanotubes. The sketch map of forming process

of these two samples was showed as Figure 2e.

Electrochemical re-expanding

PANI deposition

Carbon tube PANI

Figure 2 (a) SEM image of CNT/PANI hydrogel film; (b) SEM image of
CNT/PANI film; (c) TEM image of CNT/PANI hydrogel film; (d) TEM

30 image of CNT/PANI; (e) sketch map of forming process.
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Figure 3 shows Raman spectra of pure pristine CNT film,
CNT/PANI hydrogel film and CNT/PANI film. In the Raman
spectra of pristine CNT film, the peak at 1331 cm™ and 1583 cm™
represent D band and G band of graphite crystal for carbon
nanotube. The intensity ratio (Ip/Ig) of the pristine CNT film is
1.1, which indicates the medium crystallization of these CNTs,
with conductive property and abundant surface defects. When
PANI was electrodeposited onto CNT film, the peaks at 414 cm™
and 574 cm™ in Raman spectra of both CNT/PANI hydrogel film
and CNT/PANI film is indicative of the C-N-C out-of-plane
deformation mode and deformation mode of the protonated amine
groups, respectively.>> The peak at 809 cm™ describes the C-H
motion out of plane of PANI. Besides, the characteristic peaks at
1000-1700 cm™ except for the D and G band are related to the
PANI oxidation states. The presence of the bands at 1589 cm’
(C—C deformation band of benzoid ring) and 1170 cm™ (N-H
bending deformation band of protonated amine) indicates that the
PANI layer was fully oxidized.*® After CV electrochemically re-
expanding activation process, the carbon nanotubes were
oxidized and decorated with oxygen-containing functional groups.
The crystallization defective sites increased. As a result, in Figure
3, the intensity ratio (Ip/Ig) of CNT/PANI hydrogel film is larger
than that of CNT/PANI film.”’

e Pure CNT film

=== CNT/PANI hydrogel film

= CNT/PANI film
2
[72]
c
[]
whd
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0 400 800 1200 1600 2000

Raman shift / cm™

Figure 3 Raman spectra of pristine CNT film, CNT/PANI hydrogel film
and CNT/PANI film

To determine the best deposition cycle number of PANI on
activated CNT films, CNT/PANI hydrogel films were prepared
via PANI deposition with different cyclic numbers. Figure 4a
shows the electrochemical rate performance of different cycle
numbers (200, 300, 400 and 500). It reveals that the practical
capacitance of the composite films first increased and then
decreased along with the increase of PANI electrodepositing
cyclic numbers. The electrode material of CNT/PANI hydrogel
with 400 cycles of PANI deposition exhibits better rate
performance than other composite films. Further increasing the
depositing cyclic number may reduce the practical surface area of
the electrodes, thus decrease the utilization efficiency of PANI.
As a result, the practical capacitance was decreased. Therefore,
400 is the appropriate value for PANI electrodeposition cycle
number to prepare high-performance film electrodes. CV curves
of this composite film at different scan rates (5, 10, 20, 40 mV s'l)
are shown in Figure 4b. Due to the processes of PANI redox
transition, there are two pairs of redox peaks in the CV curves. At
different scan rate, this CNT/PANI hydrogel film shows the

This journal is © The Royal Society of Chemistry [year]
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capacitive-like response in the whole potential range of
investigation as showed. Figure 4c presents the charge-discharge
curves at different current density (1, 2, 5, 8 and 10 mA cm‘z)
within the same potential window (-0.2~0.7 V vs. SCE). The
shape of charge-discharge curves is similar to faradic capacitors,
which indicates that this film electrode is suitable for
supercapacitors, and the charge or discharge curves are not
straight lines, indicating the faradic processes. The capacitance of
the CNT/PANI hydrogel film at 1 mA cm™ is 0.68 F cm? that
10 was much higher than many flexible electrodes such as carbonous
films, conductive polymers and even metallic oxides. Figure 4d
shows the specific capacitances of CNT/PANI hydrogel and
CNT/PANI film electrode (with the same PANI deposition cycle
number of 400). The electrochemical performance of CNT/PANI
15 film is shown in Figure S4 in the supporting information. After
calculating, the specific capacitance of CNT/PANI hydrogel film
is 10%~25% higher than that of CNT/PANI film. The
capacitance performance of CNT/PANI hydrogel film is better.
The cyclic voltammetry re-expanding process results the uniform
20 coating of PANI around the outer wall of individual CNTs and
the formation of porous microstructure in CNT/PANI hydrogel
film. This porous nanostructure simultaneously maintains the
facile electrolyte penetration, fast proton exchange, and metallic
conductivity, thus ensures highly electrochemical performance of
25 the flexible film electrodes.
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Figure 5 The sketch map (a) and optical image (b) of flexible
ss supercapacitor based on CNT/PANI hydrogel film; CV curves (c) and rate
performance (d) of flexible supercapacitor; the charge/discharge curves of
the flexible supercapacitor at 5 mA ¢cm™ in planar and rolling condition
(e); cyclic performance of the flexible supercapacitor (f).
As showed in Figure 5a, the sandwich structure of this all-
0 solid-state flexible supercapacitor device is composed of two
identical CNT/PANI hydrogel film electrodes and a layer of
H,SO4/PVA gel electrolyte. PET thin films were used to package
and protect the flexible supercapacitor. Figure 5b represents the
optical image of this flexible supercapacitor. The electrochemical
os characterization of CNT/PANI hydrogel all-solid-state flexible
supercapacitor was shown in Figure Sc~5f.

Table 1 Areal specific capacitance of different flexible electrode materials

Page 4 of 7

Flexible electrode material Areal capacitance for electrode (mF cm™) Areal capacitance for supercapacitor (mF cm™) Reference
Graphene/ cellulose paper 81 46 38
Active carbon cloth 88 (10 mV s™) - 39
Graphite nanosheets - 23 (10mA g 40
RGO gel film - 33.8 (1 mA cm™) 41
Pure CNT 50 (1.4 mA cm™) - 42
RGO/ PANI - 23 43
Graphite nanosheets/ PANI 355.6 (0.5 mA cm™) 77.8 44
PEDOT/ cellulose - 118 45
RGO/PPy - 175 46
Graphene hydrogel-PANI/graphene 190.6(0.5 mA cm™) - 47
PPy/Paper 420 (1 mA cm™) - 48
Cellulose nanofiber /[PANI-RGO] - 5.86 (0.0043 mA cm?) 49
Cellulose nanofiber/[PANI-PEDOT] - 4.22 49
SWCNT/ cellulose/ PANI 330 - 50
Graphite/ PEDOT/ MnO, 316.4 - 51
CNT/PPy 280 - 42
NiCo,04 nanowire - 161 (1 mA cm™) 52
CNT/TiO,/ionomer 88 (5 mV s 85(5mV st 53
Fe;04@Sn0; core-shell nanorod array 7.013 (0.2 mA cm™) - 54
Fe,0; nanorod array/carbon cloth 382.7 (0.5 mA cm™) - 55
CNT/PANI hydrogel film 680 (1 mA cm™) 184.6 (1 mA cm™) This work

4 | Journal Name, [year], [vol], oo—oo

This journal is © The Royal Society of Chemistry [year]



Page 5 of 7

20

25

3

=5

3

by

Journal of Materials Chemistry A

10
n
8r [ ]
.“
6F
o~ [
c: ;
~— [
N :
[
2| i
0 1 1 1 1 1 1
0 2 4 6 8 10 12
Z'(Q)

Figure 6. Nyquist plot (100 kHz-10 mHz) of CNT/PANI hydrogel all-
solid-state flexible supercapacitor

As shown in Figure Sc, CV curves of the flexible supercapacitor
exhibit typical rectangular shape approximately, suggesting that
it’s similar to EDL supercapacitor, which is an ideal
supercapacitor in applications. It can be seen that the shape is
almost maintained along with the increase of scan rate. Charge-
discharge curves of the flexible supercapacitor at different current
density are showed in Figure S5. The charge and discharge
curves are straight lines and symmetrical to each other,
suggesting the non-faradic processes and high Coulombic
efficiency. Figure 5d shows the rate performance of this device.
C,, of the capacitor at 1 mA em” is 184.6 mF cm™. Comparing
with different flexible supercapacitor materials, the specific
capacitance of electrode and supercapacitor device are much
higher, as shown in Table 1.* Even at a current density up to 5
mA cm?, the C,, of this device can retain a high value of 120 mF
em”, which indicates that the good rate performance of this
supercapacitor device. In order to investigate whether this device
can be operated in rolling condition, we tested the charge-
discharge performance of it in rolling condition just as shown in
Figure 5b. The result of Figure 5e demonstrates that the charge-
discharge curve of rolling supercapacitor is similar to that of
pristine condition at 5 mA cm™ and the C,p, values are almost the
same. As a result, the CNT/PANI hydrogel all-solid-state flexible
supercapacitor can be available in rolling or bending condition.
Furthermore, the cyclic performance of the flexible
supercapacitor was investigated with the charge-discharge current
density of 1 mA cm™ as shown in Figure 5f. The capacitance of
the flexible supercapacitor remained almost the same after 500
cycles of charge-discharge. During long time charge-discharge
cycles, the utilization factor of the electrochemically active
material might decrease, therefore the capacitance decreased until
300 cycles. While, the electrolyte of the CNT/PANI hydrogel
flexible supercapacitor was gel electrolyte. After long time of
charge-discharge cycles, the gel electrolyte penetrated into the
inner layers and contacted with the unutilized active materials.
The capacitance increased slightly after 300 cycles.’® Overall, the
cyclic performance was still very good for supercapacitors. Also,
the Coulombic efficiency remained almost 100%. In Figure 6, the
Nyquist plot of the flexible supercapacitor was tested in the open
circuit potential of 0.013 V and amplitude of 5 mV. The Nyquist
plots shows the electrolyte resistance of the CNT/PANI hydrogel
flexible supercapacitor is about 4.3 Q and the charge-transfer

60 resistance of is about 1.5 Q. The result suggests that the fast
charge transfer process in the CNT/PANI all-solid-state flexible
supercapacitor.

4. Conclusions

We have fabricated all-solid-state flexible supercapacitor via
os electrochemically activating the FCCVD CNT film and then
electrochemically decorating PANI around individual CNT/CNT
bundles. Electrochemically activating process increased the
internal space of the dense CNT film to promote the decoration of
PANI, thus increased the electrochemical performance. The
70 supercapacitor based on the CNT/PANI hydrogel film exhibited
high areal capacitance, good flexibility, and long cycle lifetime,
thus could be promising for high-performance flexible energy
storage devices.
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CNT film prepared via floating catalyst CVD method was activated by electrochemical strategy
for better PANI growth. Both of this CNT/PANI hydrogel film electrode and flexible symmetric
supercapacitor based on this electrode material exhibited high areal capacitance.



