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In this work, flexible single-walled carbon nanotube/polyaniline (SWNT/PANi) composite films have been
synthesized through an in situ electrochemical polymerization/degradation process. In addition to their good
flexibility and light weight, cyclic voltammetry (CV) tests revealed that free-standing SWNT/PANi composite
films also showed good electrochemical properties. Before electrodegradation, the highest specific capacitance,
501.8 F/g, was obtained for SWNT/PANi composite films with 90 electrochemical polymerization cycles. It
reached values up to 706.7 F/g after electrodegradation, an increase of ~40%, which was attributed to more
available charge-transfer channels and increased polycrystalline PANi regions that were produced by the

dissolution of off-lying disordered PAN:i.

Introduction

Electrochemical capacitors (ECs), which are also known as
supercapacitors, are energy storage devices that combine some
virtues of batteries and electric double layer capacitances
(EDLCs), such as high power density, fast charge/discharge
ability and long cycle life.!™* These unique advantages make
them the most promising vehicles in various energy storage
devices. Carbon nanotubes, because of their unique properties,
such as high specific surface area and remarkable electronic and
mechanical properties, are attractive materials for electrochemi-
cal energy storage devices.’”” However, the specific capacitance
of pristine carbon nanotubes (CNTs) is too low to use them in
many devices, because they mainly possess double-layer
capacitances.’ So, many efforts have been focused on the
research of electrochemical behavior of CNT/active electrode
materials composites. Until now, two types of active materials
have been identified as the most promising electrode materials
for ECs: multivalent metal oxides'®~'3 and electrically conduct-
ing polymers (ECPs)."*"!® Compared to multivalent metal
oxides, ECPs possess higher electric conductivity and more
redox behaviors."”

As a typical ECP, polyaniline (PANi) has great potential in
electrochemical capacitor application, because of its low cost,
good processability, environmental stability, and reversible
control of electrical properties by both charge-transfer doping
and protonation.?*?! To date, the CNT/PANi composite materials
have been well-studied. Sainz et al.?? investigated the formation
mechanism of multiwalled carbon nanotube (MWNT)/PANi
composites via in situ chemical polymerization. They discovered
that two phases of PANi were developed simultaneously during
polymerization in the presence of MWNTs. One phase is a
“free” crystalline emeraldine base (EB); the other is the PANi,
which has a more-planar structure along the MWNTs. However,
Feng et al.?® suggested that MWNT/PANi samples were
composed of polycrystalline parts and amorphous parts. More-
over, the polycrystalline parts were distributed near the surface

* Authors to whom correspondence should be addressed. Tel.: +86 21
52412718. Fax: +86 21 52413122. E-mail addresses: liangao @mail.sic.ac.cn
(L.G.), jingsun@mail.sic.ac.cn (J.S.).

10.1021/jp1092042

of the MWNTs, and the amorphous parts were distributed far
away from the surface of the MWNTSs. Besides, the influence
of composite ratio on the electrochemical capacitances was also
studied by many researchers. Gupta et al.>* reported a specific
capacitance of 463 F/g for the electropolymerization of SWNT/
PANi composites at 73 wt % PANi. Recently, Zhang et al.
obtained the highest specific capacitance—500 F/g—for MWNT/
PANi composites that contained 0.8 wt % MWNT via in situ
electrochemical polymerization.

There has been recent interest in flexible safe energy devices,
based on supercapacitors and batteries, to meet the various
requirements of modern gadgets.’*"2® The success of these
applications will be dependent on the availability of electronic
materials that have good flexibility as well as good electro-
chemical behavior. Some researchers have tried to prepare
flexible and lightweight CNT/PANi composite electrodes for
use in supercapacitors. Liu et al.”? constructed flexible sheets
of CNT/PANi composites supercapacitors by painting a sheet of
flexible plastic electrolyte with a composite material made of PANi
and CNTs. Meng et al.*” successfully prepared paperlike CNT/
PANi composites via in situ chemical polymerization using a
CNT network as a template. They also applied these paperlike
CNT/PANi composites to prepare supercapacitors in series to
light a red light-emitting diode (LED). However, more details
about the electrochemical properties of such flexible CNT/PANi
composites and the effect of electrode microstructure on their
electrochemical behavior need to be learned to acquire optimum
microstructure for superior capacitance. Electrochemical po-
lymerization/degradation can sensitively adjust the morphology
and microstructure of the PANi composites through flexible
modulation of the electrolyte component and electric current.>-2
In our previous work," we prepared SWNT/PANi composite
films on the SWNT/Ti electrode through an electrochemical
polymerization/degradation process and improved the specific
capacitance of composite by electrodegradation successfully.
However, for free-standing SWNT/PANi composite films, the
effects of electrodegradation processing on their microstructure
and electrochemical behavior are seldom reported.

In this paper, the flexible SWNT/PANi composite films have
been synthesized through in situ electrochemical polymerization/
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Figure 1. Scanning electron microscopy (SEM) images of (a) pure
SWNT paper, as well as SWNT/PANi composite films ((b) SWNT/
PANi50, (c) SWNT/PANi75, (d) SWNT/PANi90, (e) SWNT/
PANi105) at the same magnification. Inset in panel (e) is a digital
macrograph of the flexible composite film. (f) TEM image for
SWNT/PANi90.

degradation process. By modulating the cycles of electropoly-
merization and electrodegradation, we successfully controlled
the microstructure of SWNT/PANIi composite films and attained
the optimum microstructure for superior specific capacitance.

Experimental Section

Pristine SWNTs were synthesized by chemical vapor
deposition at Chengdu Organic Institute, Chinese Academy
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of Sciences. The SWNTs were purified via the following
process. First, 150 mg of pristine SWNTs were refluxed in
2.6 M nitric acid, at 140 °C for 24 h.’* The solution then
was filtered and washed by deionized water and absolute
ethanol. Finally, the acid-SWNTs were dried at 60 °C for
24 h in a vacuum oven.

SWNT bucky paper was prepared in a typical process that
has been reported in previous research.>* 3¢ Free-standing
SWNT/PANi composite films were synthesized by a simple
electrochemical method. In a three-electrode cell containing
aqueous solution of 1 M H,SO,4 + 0.05 M aniline, PANi was
electrodeposited on the working electrode by potentiodynamic
cycling between —0.2 V and 0.75 V (vs SCE) at a sweep
rate of 20 mV/s. Here, SWNT bucky paper was attached to
a thin nickel wire and used as the working electrode, while
platinum wire and SCE were used as the counter and
reference electrode, respectively. By controlling the elec-
trodeposited cycles at 50, 75, 90, and 105, we obtained the
composite electrodes SWNT/PANi50, SWNT/PANi75, SWNT/
PANi90, and SWNT/PANi105, respectively. For comparison,
pure PANi films were grown on a titanium plate under the
same conditions. The SWNT/PANi90 electrodes then were
electrodegraded in 1 M H,SO, by potentiodynamic cycling
between —0.5 V and 0.9 V (vs SCE) at a sweep rate of 10
mV/s. After 5, 10, 20, and 40 cycles of electrodegradation,
we obtained samples that have been denoted as De5, DelO,
De20 and De40, respectively. Cyclic voltammetry (CV)
measurements were performed in the voltage range from 0
V t0 0.75 V (vs SCE) at a scan rate of 5 mV/s. The electrolyte
was a 0.5 M H,SO, aqueous solution. All the electrochemical
experiments were performed using a Parstat 2273 electro-
chemical system (Princeton Applied Research Co, Ltd.,
USA).

The surface resistance of the SWNT/PANi composite films
was measured by a standard four-probe in van der Pauw
configuration, using an Accent HL5500 system at room
temperature.

Field-emission scanning electron microscopy (FESEM) (Model
JSM-6700F, JEOL, Tokyo, Japan), in addition to transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) (Model 2100F, JEOL, Tokyo,
Japan) were used to observe the morphology and microstructure
of the composite electrodes. Raman spectra were obtained using

e
o

500 SWNT/PANi90m a b
-5.5

400

T
bl
o

(bs/wyo)eoue)sisay aoeung

300 SWNT/HANi105 | 45

200

T
»
o

100

T
w
5]

o
o

-
o 2 40 60 80 100 = 120

Electro-polymerization Cycles

Figure 2. (a) Cyclic voltammograms conducted at a scan rate of 5 mv/s, (b) specific capacitance (closed squares) and surface resistances (half-
filled circles) for pure SWNT paper and SWNT/PANi composite electrodes with electrochemical polymerization cycles at 50, 75, 90, and 105,

respectively. (The arrows in panel (b) point to different y-axis labels.)
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TABLE 1: Specific Capacitances and Surface Resistances of Pure SWNT Paper and Free-Standing SWNT/PANi Composite
Films before and after Electrodegradation

Electrochemical Polymerization

property pure SWNT sheet SWNT/PANi50 SWNT/PANi75 SWNT/PANi90 SWNT/PANi105
specific capacitance (F/g) 79 233.4 381.3 501.8 325.5
surface resistance (ohm/sq) 3.935 4.550 3.780 3.287 5.732
Electrochemical Degradation
property SWNT/PANi90 De5 Del0 De20 De40
specific capacitance (F/g) 501.8 706.7 560 352 264
surface resistance (ohm/sq) 3.287 2.500 3.175 5.286 5.920
a Model LabRam-1B system (Jobin Yvon, France) under a ization cycles. Macroscopically, the pristine SWNT sheet
radiation excitation wavelength of 632.8 nm. appeared very smooth. It was apparent that SWNT bundles
. . randomly interwound together to form a three-dimensional (3D)
Results and Discussion SWNT network (see Figure 1a). The original CNT diameters
Figure 1 displays typical SEM and TEM images of the were in the range of ~10—40 nm, whereas, for SWNT/PANi
SWNT/PANi composite films with different electropolymer- composite films, their diameters increased to ~50—110 nm after

Emeraldine salt (ES)

Electrochemical

—polymerization

SWNT/PANicomposite

Figure 3. Schematic of the in situ electrochemical polymerization of the SWNT/PANi composite films. (Inset shows a TEM image of the “conductive
glue”.)
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Figure 4. Raman spectra (Aex, = 632.8 nm) for pure SWNT paper,
pure PANi, and SWNT/PANi composite films with different electro-
chemical polymerization cycles (50, 75, 90, and 105, respectively).

electropolymerization. From Figure 1b to Figure le, the
diameters of SWNT/PANi composites increased with prolonga-
tion of the electropolymerization process. In the case of SWNT/
PANi50 (Figure 1b), there was only a small portion of the thin
PAN:I layer that was coated on the surface of SWNTSs sheets;
however, for the SWNT/PANi75 and SWNT/PANi90 samples
(see Figures lc and 1d), it was apparent that their diameters
were much larger than those of pristine SWNT sheet; mean-
while, the porous structure of SWNT network was retained.
However, as the number of electropolymerization cycles
increased to 105 (Figure le), there was excess PANi that not
only filled into the pores, but also formed aggregates. The inset
of Figure le indicates that, although a thick PANi layer coated
on the surface of SWNT bucky paper was depicted, it still
exhibited good flexibility. The paperlike SWNT/PANI films can
be rolled up, bent, and even twisted without cracking, which is
surely beneficial to its practical applications in some new areas.
The TEM image in Figure 1f clearly demonstrated that the
core—shell nanostructures of individual SWNT and SWNT
bundles were coated with PANi.

Figure 2a compares the CV curves of SWNT/PANi composite
films that had been synthesized in situ under different elec-
tropolymerization cycles. The CV curve of the pure SWNT
bucky paper shows an almost-rectangular shape, which indicates
that it mainly possesses electrical double-layer performance.’’
While the area of CV curves of the SWNT/PANi composite
films is much larger than that of SWNT bucky paper, which
suggests that the SWNT/PANi composite films show much
better electrochemical behavior than that of SWNT bucky paper,
because of their additional pseudo-capacitances and the charge-
transfer complex formed among them.

Based on the CV results, the specific capacitance values of
different samples are calculated according to eq 1:

_ 1 Ve
Co = s =y Jn VAV (M

where C,, is the specific capacitance, v is the potential scan
rate (expressed in units of mV/s), the term V., — V, represents
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Figure 5. SEM and TEM images, and corresponding selected area
electron diffraction (SAED) patterns, for SWNT/PANi90 (a, b) before
electrochemical degradation, (c, d) after electrochemical degradation for
10 cycles, and (e, f) after electrochemical degradation for 40 cycles.

the sweep potential range, and /(V) denotes the response current
density (given in units of A/g).

According to the CV measurements, the specific capacitance
of pure SWNT sheet is only 79 F/g, which is very similar to
the result of Meng et al.3° The specific capacitances of SWNT/
PANi50, SWNT/PANi75, SWNT/PANi90, SWNT/PANil05
have been calculated to be 233.4, 381.3, 501.8, and 325.5 F/g,
respectively (see Table 1). Their surface resistances, as measured
by a standard four-probe method, also are shown in Table 1.
This table shows that, when the number of electropolymerization
cycles reached 90, we obtained the highest specific capacitance.
However, when the number of cycles increased further to 105,
the specific capacitance decreased to 325.5 F/g. The variations
in electrochemical performances can be explained from the
formation process of SWNT/PANi composite films. In the initial
stage of the electropolymerization process, the ;t-bonded surface
of the SWNTs interacted strongly with the conjugated structure
of PANI, which facilitated the deposition of polymer chains on
the surface of the SWNTs, forming a tubular coated layer. Here,
the SWNT network served as a template for accelerating the
nucleation and the growth of PANi. The strong 77— interaction
between flat PANi conformation and SWNTSs, the additional
possibility of charge transfer from planar polymer chain to
SWNTs, and the increase in the active sites for faradaic reactions
resulted in an increase in the specific capacitance.> However,
as the polymerization continued, thicker PANi layers formed
on the surface of SWNTSs, causing weaker interaction between
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Figure 6. (a) Cyclic voltammograms conducted at a scan rate of 5 mv/s. (b) Specific capacitance (solid squares) and surface resistances (half-filled
circles) for samples SWNT/PANi90 before and after electrochemical degradation for 5, 10, 20, 40 cycles. (The arrows in panel (b) point toward

the different y-axis labels.)

the PANi and the SWNTSs. Thus, some disordered PANi formed
at off-lying spaces that surrounded the ordered polycrystalline
regions.'” On one hand, an increase in the thickness of the PANi
impedes the ion diffusion and migration process; on the other
hand, the appearance of disordered PANi makes the electro-
chemical reactions less reversible. Both of them result in a
decrease in specific capacitance. These will be further verified
by the changes in the surface resistance of SWNT/PANi
composite films. From Figure 2b, the surface resistance showed
an inverse tendency, compared to that of the specific capacitance
of a SWNT/PANi composite. Combined with the SEM images
for sample SWNT/PANiS50, shown in Figure 1, only a small
portion of PANI is distributed on the surface of the SWNT sheet.
Less conductive pathways resulted in an increase in surface
resistance.® Previous measurements have shown that the
resistance of the SWNT network is dominated by the junctions
between bundles.** One could expect that decreasing the
intertube resistance could decrease the surface resistance in the
network. Indeed, Ma et al.“’ reported that the contact resistances
could be greatly decreased through in situ polymerization of a
thin layer of self-doped conducting polymer (polyaniline boronic
acid, PABA) around and along the CNTs. From SWNT/PANi50
to SWNT/PANi90, with more PANi polymerized on the surface
of SWNT, the tube junction form of SWNT/SWNT has been
replaced by SWNT/PANi/SWNT. PAN:i acts as a “conductive
glue”, effectively assembling the SWNTs into a conductive
network, which results in a decrease in surface resistance. As
shown in Figure 3, SWNT (core) well-coated with PANi (shell)
interwound with each other to form a homogeneous conductive
network. In the case of SWNT/PANi105, not only more excess
PANI filled into pores in the films, but more disordered PANi
were formed on the surface of SWNT/PANi composite films,
which lead to an increase in surface resistance.

Figure 4 shows the Raman spectra of different SWNT/PANi
composite films. The Raman spectrum of pure SWNT shows a
strong peak at 1588 cm™! and a weak peak at 1334 cm™!,
assigned to the G and D bands, respectively. For the pure PANi,
C—H bending of the quinoid ring (1164 cm™"), C=N stretching
of the quinoid ring (1475 cm™'), and C=C stretching of the
quinoid ring (1588 cm™") were observed.*'*> Note that the in-
tensities of Raman peaks at 1170 and 1471 cm™! in the
composite films increase as the number of electropolymerization
cycles increases. The increase in intensity of a characteristic
peak of PANI indicated that more and more PANi was deposited
onto the working electrode. Meanwhile, a remarkable decrease

in the intensity of the band located at 1471 cm™!, with respect

to that of the band located at 1170 cm™!, can be noticed from
samples SWNT/PANi50 to SWNT/PANi90. This pronounced
decrease gave evidence that a site-selective interaction between
the quinoid ring of the doped polymer and the nanotubes
occurred, as a consequence of the in situ polymerization.** The
charge-transfer reaction between the polymer and charged
SWNTs is similar to a doping process. The positive charges
induced on the polymer chain were compensated by the anion-
charged carboxyl-group-functionalized SWNT.* Thus, perni-
graniline produced during electrochemical polymerization was
readily reduced to the emeraldine state by the carboxyl group
on the side of SWNTs (Figure 3). This interaction facilitates
change-transfer processes between the components of the system
and therefore influences the transport properties of the com-
posites.*® The surface resistance measurement (shown in Table
1) coincides with our analysis very well. However, when the
number of electropolymerization cycles increased further up to
105, the 1147,/1,170 ratio increases again, which suggests that the
interaction between the polymer and charged SWNTSs becomes
much weaker because of the increase in the thickness of the
PANIi layer. Thus, a more-disordered PANi was likely to be
formed. The decrease in its surface resistance further verified
this phenomenon. Based on the understanding above, we
speculate that the specific capacitances of SWNT/PANi com-
posite films could be improved further by controlling their
microstructure.

Figure 5 shows SEM and TEM images, as well as corre-
sponding selected area electron diffraction (SAED) patterns of
samples SWNT/PANi90, Del0, and De40. After electrodegra-
dation, more pores formed on the surface of the SWNT/PANi
composite films, and the thickness of the PANi layer packed
on the surface of SWNTs decreased as the number of electro-
degradation cycles increased. For sample De40, most of the
PANi was electrodegraded and only a small amount of PANi
remained on the surface of the SWNT films. The diffraction
pattern in Figure 5b, corresponding to the free-standing SWNT/
PANI90 film, shows distinct amorphous rings. As the number
of electrodegradation cycles increased, the diffraction patterns
show much weaker amorphous rings (shown in Figures 5d and
5f). These changes in diffraction patterns not only give evidence
that amorphous PANi lay on the off-lying of SWNT/PANi90
composites, but also suggested that they could be dissolved by
the electrodegradation reaction.
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well as for SWNT/PANIi90 before and after electrochemical degradation
for 5, 10, 20, and 40 cycles.

Figure 6 exhibits the CV curves of SWNT/PANi90 before
and after electrodegradation. According to the CV measure-
ments, the highest specific capacitance of 706.7 F/g is obtained
for sample De5, which is much larger than that of SWNT/
PANi90; the specific capacitance of Del0 is 560 F/g, which
represents an increase of ~12%, relative to that of SWNT/
PANi90. However, the specific capacitances of samples De20
and De40 are only 352 and 264 F/g, respectively (see Table 1).
These results coincide well with their surface resistance, which
showed an inverse tendency, compared to that of the specific
capacitance (see Figure 6b). These unique relations suggest that
low surface resistance is beneficial to the transfer of charged
ions, thus improving the electrochemical behavior.

Similarly, during the electrodegradation process, off-lying
disordered PANi was first dissolved to form ionic channels,
because of their weaker interaction with SWNTs, and then
unveiled polycrystalline regions became more available for
electrochemical reaction. Later, the off-lying polycrystalline
PANI was dissolved gradually as the electrodegradation reaction
continued. The decrease in the mass of polycrystalline PANi
resulted in weak pseudo-capacitance behavior from the Faradaic
redox process, as well as the weak “conductive glue” effect,
which impeded the ion diffusion and migration processes. It is
because of these reasons that the specific capacitances for De20
and De40 become inferior to that of SWNT/PANi90.

The Raman spectra of different samples after electrodegra-
dation further verified the changes in nanostructure during the
electrodegradation process. As shown in Figure 7, increasing
the number of electrodegradation cycles from 5 to 40 leads to
almost-undetectable PANi signals in the Raman spectra, which
suggests that electrodegradation is a gradual process and most
of the off-lying PANi were dissolved when the number of
electrodegradation cycles reached 40. For samples De20 and
De40, characteristic peaks of PANi at 1170 and 1471 cm™! were
too weak to be detected. These results suggest that the
nanostructure of SWNT/PANi composite films could be adjusted
by electrochemical degradation, which provides a convenient
way to assemble free-standing nanometer-sized SWNT/PANi
films in a controlled manner.
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Conclusion

In this study, the free-standing single-walled nanotube/
polyaniline (SWNT/PANi) composite films have been success-
fully synthesized through an in situ electrochemical polymer-
ization/degradation process. Structural analysis showed that the
SWNT/PANi composite films had a SWNT (core)-doped PANi
(shell) tubular structure with diameters of several tens to
hundreds of nanometers, depending on the number of cycles of
in situ electrochemical polymerization/degradation. Moreover,
high-resolution transmission electron microscopy (HRTEM) and
corresponding electronic diffraction pattern results show that
polycrystalline and disordered PANi coexist in the SWNT
(core)-doped PANI (shell) tubular structure, and off-lying PANi
could be dissolved by electrochemical degradation. In addition
to their well flexibility, SWNT/PANi composite films also show
better electrochemical performance. The highest specific ca-
pacitance of 501.8 F/g was obtained for SWNT/PANi90. By
controlling the number of electrodegradation cycles at 5, the
specific capacitance was successfully enhanced to 706.7 F/g,
which was attributed to dissolution of the off-lying disordered
PANI and an increase in the number of available polycrystalline
PAN:i regions. In conclusion, flexible SWNT/PANi composite
films with controllable microstructures can be easily acquired
via electrochemical polymerization/degradation processes and
they have great promising applications in flexible electrochemi-
cal capacitors.
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