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ABSTRACT: Polyaniline (PANI) nanofibers-coated graphite
electrode is fabricated by microwave-assisted chemical vapor
induced in situ polymerization in the presence of ammonium
persulfate. The microstructure and electrochemical perform-
ance of the as-prepared nanofibers are investigated in detail.
The obtained PANI nanofibers at the optimum volume ratio of
4% aniline, with some protuberances on the surface and the
diameter from S0 to 100 nm, are coated onto the surface of
graphite electrode. The PANI-coated graphite electrodes
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display the best electrochemical performance in 6 M H,SO, electrolyte, including a large reversible capacity of 2136 F g™" at
the current density of 1 A g™" and excellent rate capability. In particular, The PANI-coated graphite electrode exhibits a long cycle
life by retaining 91% of the initial specific capacitance after 1000 cycles. More importantly, a symmetric supercapacitor was
fabricated using PANI-coated graphite electrode, showing maximum energy density and power density of 24 Wh kg™ and 6000

W kg™, respectively.
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1. INTRODUCTION

With the increasing concerns about the environmental
pollution and the rapid growth of portable electronics, there
have been increasing demands of renewable and high-
performance energy-storage devices. The rechargeable lithium
batteries and electrochemical capacitors (ECs) are two of the
most prominent alternatives in this respect.’ On the basis of
their energy storage mechanism, ECs can be categorized as two
main subdivisions-electric double layer capacitors (EDLCs) and
pseudocapacitors. EDLCs deliver relatively low specific
capacitance (SC) due to their charge storage mechanisms
based on reversible adsorption/desorption of ion at the
electrode/electrolyte interface. However, pseudocapacitors
display high SC associated with the fast and reversible redox
reactions at/near the surface of active materials to generate
capacitance, resulting them drawn much attention in recent
years.” Among the reported pseudocapacitor materials,®
conducting polymer has caught much attention because of its
low energy optical transition, low ionization potential, and high
electron affinity.

Polyaniline (PANI), as a conjugated polymer, has been
considered as a promising EC material because of its low cost,
easy synthesis, high specific capacitance, interesting redox
behavior and good environmental stability.”” The electron-
conducting PANI has been demonstrated high electrochemical
capacitance, resulting from the existence of multiple redox
states in the presence of dopants. Scattered reports have
investigated the performances of pure PANI capacitors by
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changing synthetic method® and dopants.” Among these
reports, the moderate capacitances of the electrodes are not
desirable and have great potential to be improved.

In recent works, some special morphologies of PANI have
been synthesized, such as fibers/ tubes,'° ﬂaky,11 urchin-like,"*
and whisker-like."® In EC application, nanostructured PANI has
greater SC and lower internal resistance relative to its
conventional bulk counterpart due to higher effective surface
area and shorter ion transport path.'* Especially, the PANI
nanofibers widely used in a number of fields have attracted
growing attention because of their high aspect ratio, easy
synthesis, and remarkable electrochemical properties.®”

Several methods for preparing PANI nanofibers have been
reported, including electrochemical polymerization and chem-
ical oxidation polymerization."®'® In chemical oxidation
polymerization, PANI nanofibers with diameters <100 nm
can be made by template-guided polymerization'” and adding
surfactants."® However, these polymerization methods required
amount of reaction time. Furthermore, the classical preparation
process of working electrode by mixing PANI, binder and
conductive agent, makes the procedures complex, although the
binder is not necessary in some preparation process. > The
addition of a binder (e.g, polyfluortetraethylene) into the
working electrode in classical process impairs the electrical
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Scheme 1. Schematic Illustration of the Possible Formation Process of PANI;-Coated Graphite Electrode under Microwave

Radiation
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conductivity and increases the internal resistance of the
working electrode.”’ Particularly noticeable, the in situ
polymerization could complete through one-step reaction and
obtain preferable purity products.”> Several previous works
have successfully synthesized PANI nanofibers in situ polymer-
ization, indicating that the obtained PANI nanofibers show
better electrochemical properties.”®

In the present work, we adopted a fast microwave-assisted
chemical vapor induced (MCVI) in situ polymerization method
to successfully synthesize PANI on graphite electrode (PANL,).
The obtained PANI, was coarse nanofibrillar with diameter
from 50 to 100 nm. The possible growth mechanism of the
prepared PANI, nanofibers by in situ polymerization was
revealed reasonably. This unique MCVI polymerization
method not only made the procedures simpler, but also
enhanced the electrochemical performance benefiting from the
nanofibers structure and the special content of nitrogen in
PANI,. Herein, we investigated the effect of the concentration
of electrolyte on the electrochemical properties of the PANI,-
coated graphite electrode by means of cyclic voltammetry
(CV), galvanostatic charge—discharge and electrochemical
impedance spectroscopy (EIS), indicating that the PANI;-
coated graphite electrode exhibited best electrochemical
performance in 6 M H,SO, electrolyte, including a large SC,
remarkable rate capability, and excellent electrochemical
stability. Furthermore, we had fabricated symmetric super-
capacitor to further assess the application value of PANI;-
coated graphite electrode, indicating that PANI, exhibited high
energy and power density.

2. EXPERIMENTAL SECTION

Materials. Aniline (ANI) was chemically pure and used for
polymerization without further purification. Ammonium persulfate
(APS) was used as oxidizer in the reaction of polymerization. 37%

hydrochloric acid (HCl) solution, 98% H,SO, solution and ethanol
absolute were analytical grade and were commercially obtained from
Chain Medicine Co. Deionized water was used for all polymerization
and testing experiments.

Preparation of the PANI Nanofibers. The PANI, thin film had
deposited on graphite electrodes through microwave irradiation
(G70D23AP-TD, 140—700 W, working frequency 2.45 GHz,
Guangdong China) without controlling the reaction temperature.
The typical synthesis procedure was as follows. The graphite
electrodes with about 1.7 g (6 mm in diameter and 4 cm in length,
spectral purity) were washed with double distilled water and ethanol
absolute several times in the ultrasonic cleaner, respectively. The
graphite electrodes were dried at 80 °C overnight before use. Then, as
shown in Scheme 1, 12 mL HCI-ANI mixed solution was added into a
glass beaker, in which the concentration of HCl was 1.25 M and
volume ratio (VR) of ANI was 1%, 2%, 3%, 4% and 5%, respectively.
PANI was prepared by ANI oxidation in the presence of APS (0.2 g).
The microwave-assisted synthesis was carried out for 2 min in the
power of 700 W. The graphite electrode was disposed in the same way
in the solution without ANI as the comparison. The obtained
electrodes were washed with double distilled water and ethanol
absolute, respectively, and finally dried at 80 °C overnight.

Characterization. The morphology of PANI, was observed on
field emission scanning electron microscopy (FE-SEM, Hitachi S-
4800, Tokyo, Japan) and the transmission electron microscope (TEM,
FEI Tecnai G20, USA). X-ray powder diffraction (XRD) was
conducted on a TD-3500 XRD (Tongda Instrument Co., Dan-dong,
China) with Cu Ka radiation source. The surface chemistry of PANI;
and PANI in the solution under microwave radiation (PANIL,) were
analyzed using Fourier transform infrared spectra (FT-IR, Suger Land
6700, TX, USA), Raman spectra using a Renishaw Raman System-
Model 1000 spectrometer with 785 nm (red) laser excitation and X-
ray photoelectron spectroscopy (XPS, Kratos AXIS 16S, Shimadzu,
Japan). The mass spectra were measured using a Bruker Ultraflex
MALDI-TOF/TOF-MS (Bruker Daltonic GmbH, Bremen, Germany).

Electrochemical Measurements. CV, galvanostatic charge/
discharge and EIS tests were conducted on an Autolab PGSTAT/
FRA2 302 electrochemical workstation (Eco Chemie B.V., Amster-
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Figure 1. FE-SEM micrographs of PANI, at the different VRs of ANI in mixed solution, (a) 1, (b) 2, (c) 3, and (d) 4%, in which the red arrows are
corresponding to the protuberances on the surface of PANI, nanofibers, and (e) 5%. The digital photograph of (f) PANI,-coated graphite electrode

and (g) vapor of reaction solution on glass by microwave-assisted heating.

dam, Netherlands). All the three-electrode electrochemical measure-
ments were carried out at ambient temperature with a PANI,-coated
graphite electrode, a graphite sheet and saturated calomel electrode
(SCE) served as the working electrode, counter electrode and
reference electrode, respectively. The SC (F g™') from discharge
curves is calculated”* based on the relationship, C = (It)/(Vim), where
C, V, m, I, and t are designated as the total specific capacitance,
operating voltage window, the mass of active material, the discharge
current and the discharge time.

In a two-electrode system, two PANI,-coated graphite electrodes
with 2 mg active materials were constructed a symmetric electro-
chemical capacitor. The SC (F g™') of the electrodes, the energy
density (E, Wh kg™") and power density (P, kW kg™') of capacitor
from discharge curves are calculated™ on the basis of the relationships
C=4C, E=(1/8)CV? and P = (V — Vy,,)*/(4MR), where C, is the
specific capacitance of symmetric supercapacitor, which is calculated
from the equation of C, = (It)/(Vm), I (A) is the discharge current, ¢
(s) is the discharge time, V (V) is the operating voltage window, M (g)
is the total mass loading of both negative and positive electrodes, E is
energy density, and P is the power density of the supercapacitor, and R
is the internal resistance from IR drop obtained by the formula R =
(Virop)/ (2I), where here Vy,,, (V) is the voltage drop at the beginning
of the discharge and I (A) is the constant current.

3. RESULTS AND DISCUSSION

Pure PANI have really excellent theoretical SC** and may be
higher than that, moreover, morphologies of PANI have a
significant effect on the electrochemical properties. To achieve
better electrochemical properties and good morphology of
PANI nanofibers, we had designed a MCVI in situ polymer-
ization method because of its advantages such as dramatic
shrinkage in synthesis time, uniform heating and providing a
force to form nanofibers structure, to easily and quickly deposit
PANI, nanofibers onto the surface of graphite electrode. The
possible formation process of PANI; nanofibers coated graphite
electrode under microwave radiation is illustrated in Scheme la.
The solution with ANI oligmer and APS is boiling to form acid
mist during microwave-assisted heating. A polymerization
reaction occurred on the graphite electrode surrounded by
the acid mist. Figure 1f, g shows the digital photographs of
PANI,-coated graphite electrode and microwave vapor of
reaction solution on glass, indicating that PANI;, could
commendably deposit on graphite electrode using our method.

Figure 2. FE-SEM and TEM micrographs of PANI,. (a) FE-SEM of
PANI, at 4%, the red arrows are corresponding to the protuberances
on the surface of PANI, nanofibers. (b) Cross-sectional image of
PANI,-coated graphite electrode, the inset image is the profile
morphology of PANI, nanofibers and (c) the TEM image of PANI,,
the inset image is the TEM image of nanofiber at 50 nm.

FE-SEM and TEM were used to determine the morphology
of PANI, nanofibers. As shown in Figure la—e, the influence of
VR of ANI in mixed solution on the morphology is investigated
detailedly. All images show that the obtained PANI, is
nanofiber-shaped. When the VR is 1% (Figure 1a), the
nanofibers are short and thick. With the increasing of the VR,
the nanofibers become gracile and denser. When the VR is 2%
(Figure 1b), However, the nanofibers are with a part of
agglomerate. The agglomerate nanofibers become less and less
until completely disappear at 4% (Figure 1d), and the
nanofibers are agglomerated again at 5% (Figure le). Because
the nanofibers obtained at 4% are entangled, coarse and less
compact, the VR of 4% is used for the subsequent study
described in this paper.

Figure 2 further indicates the optimal morphology of PANI,;
nanofibers at 4%. As illustrated in Figure 2a, the FE-SEM image
taken at high magnification further reveals fibrous structure
with diameter from 50 to 100 nm. Furthermore, the cross-
sectional image (Figure 2b) indicates that the PANI, nanofibers
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Scheme 3. Growth Schematic of (a) Long-Chain PANI,; and the Redox Reaction in Solution and (b) PANI,
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Figure S. CV curves of (a) PANI,-coated graphite electrode at the different VRs of ANI (1%, 2%, 3%, 4% and 5%) in 1 M H,SO, electrolyte at scan

rate of 10 mV s7!

, the mass of PANI, are 2.5, 2.8, 3.1, 3.0, and 2.6 mg, respectively. and (b) the comparison of bare graphite electrode and PANI;-

coated graphite electrode in 1 M H,SO, electrolyte at scan rate of 10 mV s™' (The inset image show an enlarged view of CV curve of bare graphite

electrode).

film with the thickness of ~4 um are obtained and the inset
image clearly reveals the profile morphology of nanofibers
which are compact. Further investigation by TEM reveals that
the obtained PANI; nanofibers are not smooth and have some
protuberances on their surface (also clearly seen the red arrows
of Figures 1d and 2a), which may depend on the nucleation and
growth process of PANI}, mainly including the secondary
growth of PANI,;, which has been explained in detail later in
this article. The protuberance on the surface of PANI,
nanofibers may increase the connection and promote the
electron transfer among the nanofibers during the electro-
chemical measurement, indicating that the obtained PANI; may
be an optimal electrode material.

The chemical structures of PANI; and PANI, were analyzed
by FTIR and Raman spectra. As shown in Figure S1 (see the
Supporting Information), the new two characteristic peaks
located at 1706.8 and 1303.2 cm™" in PANI, corresponding to
the stretching vibration of C=O and the deformation
vibrations of C—0O, respectively,27 indicating that the carboxyl
group is successfully introduced onto the surface of graphite
electrode. The result was further proved by Raman spectra (see
Figure S2 in the Supporting Information). Figure S3 in the
Supporting Information shows the XRD image of PANI,, two
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obvious peaks centered at 20 = 20.9 and 26.3° are ascribed to
the periodicity parallel and perpendicular to PANI, chains,
respectively.”®*” And the inset image indicates that the PANT,
film have been successfully synthesized on the surface of
graphite electrode.

To confirm the FTIR and XRD results, we further
characterized the valence states of PANI; and PANI, with
XPS spectra and the results are shown in Figure 3 and Figure
S4 in the Supporting Information. Figure 3 shows the XPS
spectra of PANI, in detail. Figure 3a shows the wide scan
survey, in which the O Is photoemission peak was clearly
observed. Furthermore, The C 1s spectrum (Figure 3b) related
to the surface functional groups on the graphite electrode can
be decomposed into four subpeaks, which are attributed to the
functional groups of PANI, (aromatic C—H at 284.600 eV and
C—C/C—N/C=N/C=N" at 285.759 eV), and the surface
functional group of graphite electrode (carbonyl C=0 at
287.920 eV and the carboxyl O—C=O0 at 289.810 eV),
respectively.*>*' An N 1s spectrum (Figure 3c) is deconvoluted
into three Gaussian peaks correlated to three different
electronic states, namely, the quinoid amine (=N—) with
Binding Energy (BE) at 399.300 eV, the benzenoid amine
(—NH-) with BE at 400.750 eV, and the nitrogen cationic

dx.doi.org/10.1021/am505533c | ACS Appl. Mater. Interfaces 2014, 6, 19978—19989
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radical (N*) with BE at 402.200 eV.*>** The results indicate
that the PANI, has been obtained and the carboxyl is
successfully formed in the surface of graphite electrode. Figure
S4 in the Supporting Information shows the XPS spectrum of
PANI,, which corresponds to the N 1s spectrum of PANI,.
The generally accepted structure of PANI is described as
Scheme S1a in the Supporting Information,* where Y (0 <Y <
1) corresponds to the ratio of reduced unit and 1-Y
corresponds to the ratio of oxidized unit in PANI On account
of the different value of Y, the states of PANI are different and
mainly include three isolable oxidation—reduction states, which
cover fully reduced form (Y = 1) designated as leucoemeraldine
base (LB, Scheme S1b in the Supporting Information), half-
oxidized and halfreduced form (Y = 0.5) designated as
emeraldine base (EB, Scheme Slc in the Supporting
Information), and fully oxidized form (Y = 0) designated as
pernigraniline base (PNB, Scheme S1d in the Supporting
Inforrmation). The atomic concentration of nitrogen in PANI,
and in PANIL, is shown in Table S1 in the Supporting

dx.doi.org/10.1021/am505533c | ACS Appl. Mater. Interfaces 2014, 6, 19978—19989
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Figure 8. Electrochemical measurements of PANI,-coated graphite electrode in 6 M H,SO, electrolyte in two-electrode system. (a) CV curves at the
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graphite electrode. (f) Cycling stability of the PANI,-coated graphite electrode symmetric supercapacitor at a scan rate of 20 mV s™".

Information, the amount of =N—, —NH— and N+ are 43.44,
28.18, and 28.37% in PANI,, and 59.22, 13.55, and 27.23% in
PANI,, respectively. According to the results, the predominant
atomic structures both in PANI, and in PANI, are =N—. And
the mixed structure of EB and PNB mainly exist in our
obtained PANI (0 < Y < 0.5), indicating that the obtained
PANI has more quinoid structures which could present a large
affinity for high mobility charges.>* However, the concentration
of =N— in PANI, is higher than that of in PANI,, indicating
that PANI, contains more oxidation state components because
ANI oligomer has highly contacted with oxidizing agent in
solution and promotes PANI, to be further oxidized during
reaction, resulting in the concentration of PNB in PANI, being
lower than that in PANIL,. As we know, the conductivity of PNB
is quite poor,® indicating that PANI, may be an optimal
material to present better electrical conductivity.

19984

The MALDI-TOF analysis of PANI, and PANI, are shown
in Figure 4. The peaks of the mass spectra of PANI, and PANI,
studied are grouped in multiplets, which imply the presence in
the segments of PANI structures. Obviously, the intensity of
peaks in PANI, at higher molecule mass is stronger than that in
PANL, indicating that a larger relatively percentage composi-
tion of high molecular mass exist in PANI,. For linear PANI,
degree of polymerization is one of the key parameters, which is
proportional to chain-length. The MALDI-TOF results indicate
that PANI; has higher relatively percentage composition of
high degree of polymerization than PANI,, illustrating that
PANI, contains a greater number of long chains. High linear
charge density could be produced on the polymer chain during
redox. However, this high charge density must have coupling
charge to stabilize. PANI, with longer chains can provide more
coupling charge and may be beneficial to improve the ability to

dx.doi.org/10.1021/am505533c | ACS Appl. Mater. Interfaces 2014, 6, 19978—19989
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keep electron stability, thus forms a more stable and higher
electroactive chemical structure (Scheme 2). As is commonly
known, the pseudocapacitance of PANI comes from the redox
reaction involving the doping and dedoping of counter-anions
(HSO,™) from the electrolyte, accompanying the change of
electrons of nitrogen atom (Scheme 2). And the high content
of nitrogen atom in PANI, nanofibers at the unit mass resulting
from its longer chain of PANI, can promote the protonation of
PANI, and then improve the redox reaction (Scheme 3a).
Furthermore, the smaller quantity of chains in unit mass of
PANI, can decrease the electron transfer resistance. It can be
reckoned that PANI, nanofibers with fine entangled and
loosened structures synthesized by MCVI in situ polymer-
ization may be endowed with exciting electrochemical perform-
ance.

According to the results above, we propose the possible
polymerization mechanism of PANI; by MCVI in situ
polymerization method. As shown in Scheme 1la, the surface
of graphite electrode is lamellar structure and the layers
strongly absorb microwave radiation until become hot and
fluffy during microwave-assisted heating. Meanwhile, the
surface of graphite is modified with carboxyl (negative) in
acid mist with ANI and APS (proved by FT-IR and XPS
images), which can provide a certain number of active sites for
nucleation or polymerization of ANI (Scheme 1b). Then, the
PANI, is obtained by ANI monomer polymerization, which is
positive in the acid. Thus, because of electrostatic interaction
between negative carboxyl and positive PANI;, PANI, firmly
grows on graphite electrode when the solution is boiling.”” In
addition, rapid exotherm of the hot graphite electrode when it
is surrounded by the vapor is also an important factor to
promote the better contact of the PANI, and the graphite
electrode.

It is assumed that under optimum conditions, the ANI nuclei
produce stacks stabilized by z—rm interactions between
phenazine-containing oligomers.14’36 ANI monomer nucleates
and polymerizes under microwave radiation (Scheme 1c), and
produce amount of active centers for growth of PANI, chains.
However, the environment of polymerization may have a
significantly greater influence on the number of active centers,
and then effect the chain growth of PANI, (proved by MALDI-
TOF analyze). According to Scheme 3a, ANI forms some
oligomers active center on the graphite electrode and then
easily grows to form long-chain PANI, because of the better
linear nature of PANI,; chains under microwave radiation. As
we know, the initiator molecules are three-dimensionally mixed
with the monomer molecules in bulk solution. Therefore, each
molecule of the initiator is capable of creating a nucleation
center for PANI, chain growth.'® Therefore, a large number of
active centers are formed in solution (Scheme 3b) and lots of
oligomers are produced. The obtained oligomers could not be
further polymerization sufficient in such a short time because of
the effect of ion diffusion resistance in solution, leading to form
amounts of short chains in PANIL,. Furthermore, accompanying
the PANI, nanofibers are formed on the graphite electrode,
new free nuclei adsorb on the nanofiber and continue growing
on the surface, producing some protuberances on the surface of
PANI, nanofibers because of the limit of polymerization time,
which is called the secondary growth of PANL?’ Moreover,
irregular movement of molecules under microwave radiation
causes the heterogeneous nucleation, which results in forming
the coarse surface of nanofibers. As a result, the coarse PANI,

nanofibers with some protuberances and longer chains come
into being.

The MCVI in situ deposition of our PANI, nanofibers on
graphite electrode provides a practical method to synthesis of
nanostructures. Such nanostructure can provide a relatively
short diffusion path for electrolyte ions to access the
electroactive surface of PANI, and facilitate electron transfer
fleetly between electrode and electrolyte, improving the
electrochemical use of active materials. To evaluate the
electrochemical performance of PANI, as active supercapacitor
electrodes, we performed a combination of CV, galvanostatic
charge—discharge, and EIS measurements in a conventional
three-electrode system. CV is considered as an ideal tool in
characterization the supercapacitive behavior of any material.
Here, it was used to optimize the VR of ANI in mixed solution.
The capacitive properties of the PANI;-coated graphite
electrode by changing VR of ANI were studied within the
potential window of —0.2 to 1.0 V vs SCE in 1 M H,SO,
electrolyte at the scan rate of 10 mV s™" and the corresponding
results are shown in Figure Sa. The area enclosed by the CV
curves increases with the VR of ANI from 1% to 4%, until the
largest area is obtained at 4%. With the increasing of VR of
AN, the nanofibers become denser. This could provide more
active sites. However, when the VR of ANI increases to 5%, the
area enclosed by the CV curve is decreased. It may result from
the disorderly and agglomerate PANI, obtained at 5% which
could not be fully used for energy storage. The results prove
that the PANI, obtained from the VR of ANI at 4% shows the
optimal capacitive performance, which corresponds to the
results from FE-SEM images (Figure 1).

To contrast the capacitive property of the substrate graphite
electrode and the PANI,-coated graphite electrode, we carried
out CV curves at the same scan rate of 10 mV s™' in 1 M
H,SO, electrolyte. As shown in Figure Sb, the shape of the CV
curves of PANI,-coated graphite electrode and bare graphite
electrode has substantial discrepancy and the area enclosed by
CV curve of the former is much greater than that of the latter.
The CV curve of bare graphite electrode exhibits a double-layer
capacitance characteristic (shown in the inset image of Figure
Sb), which corresponds to the carbon material, indicating that it
has no effect on the shape and peak intensity of PANI,-coated
graphite electrode. As a result, the graphite substrate
contributing to the whole capacitance of PANI,-coated graphite
electrode is negligible.

To evaluate the influence of concentration of electrolyte on
the electrochemical properties of PANI;,, we performed
electrochemical measurement in detail in three different
concentrations of H,SO, electrolyte (1, 3, and 6 M) in three-
electrode system and the corresponding results are shown in
Figure 6. Figure 6a shows the CV curves at a scan rate of S mV
s~!, which indicate that the PANI, shows the largest SC in 6 M
H,SO,. Furthermore, the PANI, shows the best rate capability
in 6 M H,SO, electrolyte (Figure 6b). This material stores the
energy based on the Faradaic pseudocapacitance. But only one
couple of wide redox peaks of PANI, is observed, illustrating
that the PANI; may have conformational defects and a free of
structural,®® which is caused by the microwave radiation having
been strongly absorbed by the polar molecular of PANI, and
further entering into the internal of PANI; molecular.
Galvanostatic charge—discharge measurements are also taken
at various current densities to analyze and predict the
performance of our active PANI, under practical operating
conditions. It can be seen that the curves are nearly linear and
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symmetrical, which is another typical characteristic of an ideal
capacitor. According to Figure 6c, the PANI, has the longest
discharge time in current density of 1 A g' in 6 M H,SO,.
Furthermore, the charge time and discharge time are nearly
equal, indicating that the material shows an excellent
Coulombic efliciency. Figure 6d shows the SC in three
different concentrations of electrolytes at the various current
densities from 1 to 20 A g~'. The PANI, exhibited excellent SC
of 2136 F g" in the current density of 1 A g~' in 6 M H,SO,,
and still keep as high as 425 F g™' even at 20 A g~'. However,
the specific capacitance decreased from 1938 to 150 F g™" in 3
M H,SO, and from 1788 to 75 F g”' in 1 M H,SO, at the
current densities from 1 to 20 A g, respectively. The decrease
in capacitance is primarily caused by the presence of inner
active sites that cannot sustain the redox transitions completely
at higher scan rate and current density. However, the higher the
concentration of electrolyte, the larger the number of active
ions are, which can promote the redox reaction more or less.
This is why the PANI, exhibited more prominent rate
capability with the increase of scan rate and current density
in 6 M H,SO,. These results indicate that the PANI, has
relatively best electrochemical property in 6 M H,SO,.
Furthermore, the results of Figure S5 in the Supporting
Information indicate that the optimal electrolyte concentration
is 6 M.

The surface morphology and chemical structure of PANI,
nanofibers after electrochemical test in 1, 3, and 6 M H,SO,
had analyzed by TEM (see Figure S6 in the Supporting
Information), Raman (see Figure S7 in the Supporting
Information), and XPS (see Figure S8 in the Supporting
Information), respectively. The same surface morphology as
previous has been found in Figure S6 in the Supporting
Information. The Raman spectra show characteristic peaks of
PANI, in Figure S7 in the Supporting Information. The content
of element sulfur obviously increases after electrochemical test
(see Figure S8 in the Supporting Information). Furthermore,
the atomic content of nitrogen with different form in PANI,
has undergone great changes (see Table S2 in the Supporting
Information) because of the influence of the concentration of
electrolyte and different ability to combine protons of the
nitrogen with different form during electrochemical measure-
ment. All the results indicate that the PANI; maintains previous
structure after electrochemical measurement.

The electrochemical properties of PANI, had been
investigated in 6 M H,SO, in three-electrode system containing
CV (see Figure S9a, b in the Supporting Information),
galvanostatic charge—discharge (see Figure S9c, d in the
Supporting Information). The SCs and rate capability are lower
than PANI,, indicating that the PANI shows better electro-
chemical properties in situ polymerization. Furthermore, the
PANI nanofibers (see Figure S10 in the Supporting
Information) have been successfully prepared on the graphite
electrode by electrochemical in situ polymerization. As shown
in Figure S11 in the Supporting Information, the electro-
chemical properties have been provided in detail in 6 M H,SO,,
electrolyte in three-electrode system. The SCs and rate
capability are also less than PANI,, indicating that the PANI
has better electrochemical property in MCVI in situ polymer-
ization method in 6 M H,SO,.

It is of interest to compare our results with other reported
SC values of PANI synthesized under various experimental
conditions (see Table S3 in the Supporting Informa-
tion).” 71339759 According to this, several factors can be

considered as responsible for the outstanding SC behavior of
our PANI; nanofibers coated graphite electrode developed by
the MCVI in situ polymerization method. First, it is the novel
MCVI in situ synthesis method that causes some defects in the
structure of nanofibers. Second, special nanofiber structure
could promote the electron transfer between electrode and
electrolyte. Third, the special valence states content of nitrogen
in PANI}, which present a large number of delocalized polarons
with high content of quinoid structures. Fourth, a large
concentration of nitrogen atoms existing at the long chain of
PANI, resulting from the high polymerization degree of PANI,
could promote the redox reaction.

EIS measurements were used for conductivity studies as well
as to elucidate mechanism and kinetics of the chemical and
electrochemical reactions on PANI,-coated graphite elec-
trode.”® The Nyquist plot of PANI;-coated graphite electrode
between real (Z') and imaginary (—Z”) part of impedance in
three different concentrations of electrolytes are shown in
Figure 6e. The nearly perpendicular shape of the obtained
curve at lower frequencies indicates an ideal capacitive behavior
of the electrodes. The minimum angle of 63° has been obtained
in 1 M H,SO, electrolyte and the slope is larger in 3 and 6 M
H,SO, than that in 1 M H,SO, at low frequencies. The real-axis
intercept at high frequency corresponds to the uncompensated
resistance of the bulk-electrolyte solution, which is also known
as Ryr.®" The magnitude of the Rggz of PANI, in three
different electrolytes is also obtained from the Z'-intercept as
shown in Figure 6f. They are 0.66 € in 1 M H,SO,, 0.42 Qin 3
M H,SO,, and 041 Q in 6 M H,SO,, respectively. We notice
that the Rggz decreases with the increase of electrolyte
concentration. This is attributed to the active points of contact
between the material and electrolyte may increase in larger
concentration of electrolyte, which could decrease the charge-
transfer resistance at the interface between the electrode and
the electrolyte. As shown in Figure 6f, the vertical curve has the
largest slope with respect to the Z’ axis in 6 M H,SO,, ie,
closest to the imaginary impedance axis (—Z"), which implies
that PANI,-coated graphite electrode in 6 M H,SO, exhibits
the highest conductivity or lowest internal resistance, including
polarization impedance. Furthermore, as we know, the
semicircle arc in the high-frequency region might be attributed
to diffusion effect of electrolyte in the electrode. The larger the
semicircle arc, the higher the resistance of PANI,-coated
graphite electrode is. The small semicircle illustrates that the
PANI, could be a desirable electrode material.

The detailed electrochemical properties of PANI;-coated
graphite electrode in 6 M H,SO, were investigated containing
CV (see Figure S12a in the Supporting Information),
galvanostatic charge—discharge (see Figure S12b in the
Supporting Information) and long-term cycle stability measure-
ments in three-electrode system. Especially, the long-term cycle
stability is one of the most important factors to consider for
conducting polymers in supercapacitor applications. As can be
seen in Figure 7, the electrochemical long-term cycle stability of
the PANI,-coated graphite electrode is investigated at a current
density of 8 A g™'. The capacitance of PANI,-coated graphite
electrode retained 91% of the initial capacitance after 1000
cycles. Interestingly, the SC is increases up to 1169 F g™* from
initial SC of 1120 F g™' after 100 cycles, which may be
explained with the better and better contact of PANI, with
H,SO, aqueous solution at the beginning of electrochemical
measurement. The SC degradation may be caused by the
combination of the effect of the collapse of nanofiber-shaped
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PANI, and the shedding of PANI, from electrode more or less.
This result is better than that of most of the electrode made by
PANI nanostructure (see Table S3 in the Supporting
Information). Therefore, the PANI,-coated graphite electrode
described in this work may be a potential candidate for
supercapacitor applications with out-bound long-term cycle
stability. Moreover, as shown in Figure 7, the constant
charging/discharging experiments indicate that the electrode
has a very stable Coulombic efficiency of ~100% over 1000
cycles. The inset image shows the first and the last five cycles at
the cycling measurement. Such an excellent cyclability is
thought to be related to the novel nanostructure of material
composed of coarse and loosened PANI, nanofibers with some
protuberances on, which can accommodate the big volume
charge of PANI, during doping/dedoping processes. And the
concentration of electrolyte is enough to maintain a better
electrical and mechanical contact between electrode and
electrolyte in 6 M H,SO,.

The symmetric supercapacitor was fabricated to further
prove the electrochemical properties of PANI,-coated graphite
electrode. Figure 8a shows a set of CV curves at different scan
rates varying from 1 to 20 mV s~". The CV curves also have one
wide redox couple peak. The SC decrease from 1300 to 668 F
g-1 at various scan rates (Figure 8b), showing excellent rate
capability. Figure 8c depicts the profiles of galvanostatic
charge—discharge measurements at various current densities
varying from 0.5 to 15 A g~'. The charge—discharge curves
show good symmetry in the potential range, indicating that the
supercapacitor has a high reversibility between charge and
discharge processes. Figure 8c shows the SC of PANI,-coated
graphite electrode at different current densities. The PANI,-
coated graphite electrode can reach maximum SC of 1085 F g™
at the current density of 0.5 A g™'. The high SC is obtained
although the rate capability needs to improve. The rate
capability could be further improved by synthesis PANI
composites such as PANI-graphene composite like reported
literature.”> Figure 8d shows the Ragone plot of our electrode.
At a charge/discharge rate of 0.5 A g™/, the energy density of
PANI,-coated graphite electrode can be as high as 24 Wh kg™".
The largest power density (6000 W kg™') was obtained at the
current density of 15 A g '.We also evaluate the long-term
cycling stability of the PANI -coated graphite electrode
symmetric capacitor by CV at a scan rate of 20 mV s™' for
1000 cycles. As shown in Figure 8, the PANI;-coated graphite
electrode symmetric capacitor exhibit electrochemical stability
with about 86% retention of the initial available specific
capacitance after 1000 cycles.

4. CONCLUSIONS

We successfully fabricated PANI; nanofiber-coated graphite
electrode in situ polymerization using an MCVI in situ
deposition method we designed. The coarse PANI, nanofibers
were obtained with diameters from 50 to 100 nm and with
some protuberances on the surface. The possible in situ
polymerization mechanism of PANI, was clarified reasonably.
We researched the electrochemical properties of PANI,-coated
graphite electrodes in three different concentrations of
electrolytes in a three-electrode system and they displayed
optimal electrochemical performance in 6 M H,SO, electrolyte,
including a remarkable specific capacitance as high as 2136 F
g~ at a current density of 1 A g”' and excellent rate capability
and cycle performance, retaining 91% of its initial capacitance
after 1000 cycles. Furthermore, a symmetric supercapacitor

shows maximum energy density and power density of 24 Wh
kg™ and 6000 W kg™'. All the evidence suggests that the
electrochemical properties have been significantly improved
using our facial synthesis method and the special structure of
PANI,, which was promising for further development of PANI
nanomaterial-based electrochemical supercapacitors after im-
proving the rate capability. The works to improve the rate
capability by synthesis of PANI hybrids include carbon
nanotube and grapheme, etc., has been carried out in our lab.
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