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Abstract In this study, poly(2,5-dihydroxyaniline)
(PDHA) was successfully prepared by electrochemical
method on the surface of active carbon (AC) electrodes.
The physical and electrochemistry properties of PDHA/
AC composite electrode compared with pure AC elec-
trode were investigated by scanning electronic micro-
scope (SEM), cyclic voltammetry (CV), electrochemical
impedance spectroscopy, cycle life test. From SEM,
PDHA presents nanofiber network morphology. The
diameter of the nanofiber PDHA is about 200-300 nm.
PDHA/AC composite electrode shows redox peaks in CV
curve and voltage plateaus in galvanostatic charge—
discharge curve, and all these indicate that PDHA/AC
composite electrode has more advantages. The mainte-
nance of the capacitance compared to initial cycle
capacitance of composite electrode is about 90% during
the charge—discharge cycles. In conclusion, The PDHA/
AC composite electrode shows much higher specific
capacitance (958 F g'), better power characteristics,
longer cycle life. Therefore, PDHA/AC composite electro-
des were more promising for application in capacitor. This
can be attributed to the introduction of nanofiber PDHA.
The effect and role of PDHA in the composite electrodes
were also discussed in detail.
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Introduction

With a growing demand for power sources, supercapacitors
are attracting great interest because of higher specific power
than batteries and higher specific energy than conventional
capacitors [1-3]. Electrode material, as an important part of
supercapacitors, has also drawn considerable attention;
many researches have been focused on electrode material.

Three different types of supercapacitors are commonly
described in literature [1], depending on the nature of the
active material used: activated carbon [4-10], conducting
polymer [11-16], and metal-oxide [17-19].

In electrochemical double-layer capacitor, porous acti-
vated carbon (AC) is utilized as the active electrode
material due to its high porosity, good conductivity, low
cost, and high surface area. However, in practice, the upper
limit for the measured capacitance of activated carbon
electrode is generally about 200 F g ' in aqueous electro-
lytes [11].

Deposition with conducting polymers has been consid-
ered as one of the favorable methods for carbon modifica-
tion [3, 20]. Conducting polymers such as polyaniline
(PANI) [20-30], polypyrrole [31], polythiophene [32], and
their derivatives have been recognized as the electrode
materials for the supercapacitor application. Moreover,
PANI and its derivatives show a lot of advantages for
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practical applications, such as ease of polymerization in
aqueous media and good stability in air.

Recently, obvious progress has been made in designing
and fabricating composites [23-28]. Among these studies,
Bin Dong et al. [26] reported the polyaniline/multiwalled
carbon nanotubes composite electrode synthesized by an in
situ chemical oxidative polymerization method. Wei-Chih
Chen et al [21] reported the electropolymerization of PANI
on the surface of activated porous carbons.

However, to the best of our knowledge, no studies have
been focused on the fabricating of poly(2,5-dihydroxyani-
line) and activated carbon. Therefore, in this study, we first
attempt to prepare PDHA/AC electrode. Finally, we have
successfully prepared nanofiber network PDHA. The
physical and electrochemical properties were characterized
by SEM, EIS, galvanostatic charge—discharge test, and
cycle life test.

Experimental section
Preparation of activated carbon electrodes

Weigh a certain amount of AC, C, and PVDF; add N-
methyl pyrrolidone as dispersing agent; heat the mixture in
the electromagnetic heating furnace; put the slurry on
stainless steel mesh evenly (work area, 10x 10 mm); while
it is viscous, place electrodes in vacuum-drying oven.

Preparation of PDHA/AC composite electrodes

Electrochemical measurements were carried out with a
three-electrode configuration. Ag/AgCl (Shanghai Electri-
cal Instrument Works) was used as the reference electrode,
AC electrode (10x10 mm) as the working electrode, and
platinum foil (1010 mm) as the counter electrode. All
potentials reported here were measured vs. Ag/AgCl. Poly
(2,5-dimethoxyaniline) film was electrochemically loaded
on the AC electrodes through cyclic voltammetry (CV) in a
potential range between —0.2 and 0.8 V with the scan rate
of 5 mV s ! in the solution containing 0.5 mol L' H,S0O,
and 0.2 mol L' 2,5-dimethoxyaniline; Then, poly(2,5-
dimethoxyaniline)/AC electrode was used as the working
electrode, poly(2,5-dihydroxyaniline) was obtained though
hydrolysis reaction on poly(2,5-dimethoxyaniline)/AC elec-
trode by CV in a potential range between —0.2 and 0.8 V
with the scan rate of 5 mV s™' in the solution containing
0.5 mol L™' H,S0,.

Measurements

CV and surface morphology of the resulting electrodes were
characterized, respectively, using an electrochemical work-
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station LK9805Z (Lanlike Company, Tianjin) and a SEM
(JSM-6700F, Japan). The Impedance Spectrum Analyzer,
IM6 (ZAHNER, Germany), with Thales software was
employed to measure the ac impedance spectra of electro-
des at applied Potential of 0.4 V. The potential amplitude of
ac was kept as 5 mV, and a wide frequency range of
10 mHz-100 kHz was used. The charge—discharge behav-
ior of electrodes and cycle life were examined by
chronopotentiometry using LAND CT2001A (Jinnuo Com-
pany, Wuhan).

Results and discussion
Morphology analysis
The morphologies of electrodes play an important role on

the performances of electrodes. SEM picture of PDHA was
shown in Fig. 1. The film presents nanofiber network
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Fig. 1 SEM photos of the PDHA/AC electrode: (magnification

a x10,000 b x30,000)
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porous morphology. The diameter of the nanofiber PDHA
is about 200-300 nm. In general, nanofiber PDHA
intertwined together to form a three-dimensional reticula-
tion, which may cause remarkable rising of conductive
pathway and lead to high conductivity, and the network
nanofiber and porous morphology may enable effective and
rapid access of the electrolyte and storage in three
dimensions, which results in high charge storage and fast
charge—discharge processes. In conclusion, this kind of
composite electrodes exhibit both desired faraday pseudo
capacitance and considerable double-layer capacitance.
Therefore, it will be an ideal candidate as electrode material
for supercapacitors.

Cyclic voltammetry test

Figure 2 gives CV curves of AC and PDHA/AC composite
electrodes in the potential range of —0.2 to 0.8 V at the scan
rate of 1 mV/s in 0.5 mol/L H,SO, solution. As was shown
in Fig. 2, CV curve of AC electrode shows rectangular-like
feature that is a typical I-E response of AC electrode in
aqueous media, revealing double-layer charge—discharge
characteristic. This is in agreement with results reported in
the literature [7, 21, 25, 27]. For PDHA/AC composite
electrode, the current significantly increases for the poten-
tial beyond 0.2 V and decreases below 0.6 V during the
anodic potential sweep. This is resulted from faradaic
current of conducting state PDHA in the potential of 0.2 to
0.6 V. On the other hand, while the potential is below 0.2 V,
PDHA exists in the insulating state that could not generate
faradaic current. The current is enhanced due to the
reduction of PDHA in the reversal cathodic potential
sweep. In addition, the peak-to-peak potential separation
between the oxidation and reduction peaks is so small

12
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E/V(vs. Ag/Agcel)

Fig. 2 Cyclic voltammograms of the AC (a) and PDHA/AC (b)
electrodes at the scan rate of 1 mV/s

which indicates that the PDHA/AC composite electrode
shows good reversibility.

Moreover, from a comparison of all curves in Fig. 2,
larger voltammetric output currents occur at the PDHA/AC
composite electrode than the pure AC electrode. Since
capacitance can be estimated from the output current
divided by the scan rate [26], this implies that the
capacitance of the composite is larger than that of the pure
AC electrode. We can draw a conclusion that PDHA/AC
composite electrode has considerable faraday pseudo-
capacitance and double-layer capacitance. This conclusion
is further improving that this kind of high specific area
nanofiber porous PDHA allow excellent electrolyte access
and storage in three dimensions, resulting in high charge
storage and fast charge—discharge processes. However,
accurate capacitance values should be obtained from the
galvanostatic charge—discharge experiments.

Galvanostatic charge-discharge test

The charge—discharge behavior of AC and PDHA/AC
composite electrodes were examined by chronopotentiometry,
and typical results measured from 0 to 0.8 V in 0.5 mol/L
H,SO, solution at 3 mA c¢m 2 are shown in Fig. 3.

For AC celectrode, potential-time curve shows linear
relationship indicating the slope of galvanostatic charge—
discharge curve is essentially constant, showing double-
layer characteristic [7, 29]. This conclusion is consistent
with the result of CV analysis.

Compared to AC electrode, it could be seen that the
curve of PDHA/AC composite electrode is not ideal
straight line, indicating the process of faradic reaction.
Longer charge/discharge duration is shown due to the
combination of electric double-layer capacitance and

EN(vs. Ag/Agcl)
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Fig. 3 Galvanostatic charge-discharge curves of AC (a) and PDHA/
AC (b) electrodes at current density of 3 mA cm 2
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faradaic capacitance. Moreover, it can be obviously found
that there are voltage plateaus between 0.2 and 0.5 V in
charge—discharge process, respectively. The voltage
plateaus correspond to redox reactions of PDHA, which is
also consistent with the result of CV test. In addition, note
that all the charge curves are very symmetric to their
corresponding discharge counterparts in the whole potential
region of investigation, which indicate that a reversible
oxidation occurs among the electrode materials.

The discharge average specific capacitance of these
electrodes can be obtained from these discharge curves
according to the following equation [26].

I xt

T AV xm M

Where C is specific capacitance, / is discharge current, ¢
is the discharge time, AV is average discharge potential, and
m is the mass of active material within the electrode.

In accordance with Eq. 1, Table 1 summarized the
specific discharge capacitance of AC and PDHA/AC
electrodes as a function of discharge current density. It
can be seen that PDHA/AC composite electrodes have
consistent higher specific capacitance than pure AC
electrode, although the specific capacitance of pure AC
and PDHA/AC composite electrodes all decrease gradually
with the increasing discharge current density. At current
density of 3 mA cm 2, the PDHA/AC composite electrode
shows a higher specific capacitance of 958 F g '
Moreover, compared with pure AC electrode, the
capacitance-decreasing rate with increasing discharge cur-
rent density for PDHA/AC electrodes is lower. At a current
density of 15 mA cm 2, the specific capacitance of PDHA/
AC electrodes is still as high as 740 F g, which is about
77% of the specific capacitance at current density of
3 mA cm % The capacitance maintenance of pure AC
electrode is about 64%. This indicates that PDHA/AC
composite electrode have better power characteristics than
pure AC electrode. The reason may be: the addition of
PDHA to AC makes the composites with interwoven
fibrous network structure, which improves the conductivity
and facilitates access of the electrolyte, and makes decrease
of the specific capacitance is more slowly even at high
discharge current density.

Table 1 Specific capacitance of AC and PDHA/AC electrodes at
different current densities

Current density [mA cm 7 3 5 15

Specific capacitance of AC electrode [F g '] 336 264 215

Specific capacitance of PDHA/AC 958 748 740
electrode [F g ']
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Fig. 4 Impedance spectra of AC (a) and PDHA/AC (b) electrodes at
applied voltage of 0.4 V

Impedance spectra test

The electrochemical impedance spectra are used to study
mechanistic aspects further. From the redox peaks voltage
of CV test and voltage plateaus of galvanostatic charge—
discharge curves, we infer that the conductance of PDHA is
minimum at approximately 0.4 V. Therefore, typical
Nyquist diagrams for the AC and PDHA/AC electrodes in
0.5 mol L' H,SO0, solution at applied potential of 0.4 V
were shown in Fig. 4.

Note that all the impedance spectra show a single
semicircle in the high-frequency region and a sloped line
which is indicative of a redox layer produced by the ac
stimulation penetrating the entire depth of the polymer film
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Fig. 5 Cycle life of PDHA/AC electrode
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in the low-frequency region [33]. The linear part with 45°
slope appearing in a transitory way next to the semicircle
indicates the diffusion limitation in the doping—undoping
process. From the point intersecting with the real axis in the
region of high frequency, internal resistance can be
obtained, which is related to several reasons: the ionic
resistance of the electrolyte, the intrinsic resistance of active
material, and the contact resistance at the interface active
material [26, 34]. The semicircle diameter implies the
charge transfer resistance [35]. Internal resistances of pure
AC and PDHA/AC composite electrodes are almost the
same. However, it is clearly seen that PDHA/AC composite
electrode includes a semicircle with smaller diameter than
pure AC, indicating its lower charge-transfer impedance. It
is further proven that porous nanofiber PDHA coated on
AC electrode may have excellent active sites and conduc-
tivity, which makes ion intercalation distance to a matter of
nanometer and facilitates the charge transfer and reduces
internal resistance. Further demonstrating PDHA/AC com-
posite electrodes have better power characteristics and were
more promising for application in capacitor than pure AC
electrodes.

Cycle life test

Since degradation of conducting polymers is usually found
when they are potential cycled in aqueous media [29], cycle
life is very important to the electrode material, so the
stability of PDHA/AC electrode has to be examined in
order to evaluate their practical applicability. Typical
galvanostatic charge-discharge cycling results of PDHA/
AC electrode at current densities of 3 mA cm 2 in the
potential ranges of 0.0 to 0.8 V for 200 cycles were
employed to investigate the cyclic life. In addition, Fig. 5
showed the specific discharge-specific capacitance of the
PDHA/AC electrode as a function of cycle numbers.
During the initial cycle, capacitance of 958 F g ' is
obtained. There is a gradual increase up to 1,068 F g ' in
about 30 cycles, the reason may be the activation process of
PDHA, and then it remains fairly constant up to 200
charge—discharge cycles. The maintenance of the capaci-
tance of composite electrode is about 90% during the
charge—discharge cycles (compared with capacitance of
initial cycle). The capacitance decay is probably due to the
degradation of PDHA during cycling. Swelling and
deswelling of this electroactive polymer may also lead to
degradation. Thus, PDHA deposited on activated carbon is
fairly adherent and stable and retains its electrochemical
capacitance property over a large number of cycles. The
result is consistent with that indicated above. Therefore, we
can draw a conclusion: this kind of composites can be
considered as promising materials in the application of
supercapacitors.

Conclusion

In summary, nanofiber network PDHA was prepared
successfully through electrochemical method. High value
of capacitance up to 958 F g~ ! of the PDHA/AC has been
obtained at current density of 3 mA cm 2, which is better
than the reports value of PANI/AC electrodes [21, 25]. The
results indicate that this kind of PDHA has more active
sites, excellent conductivity, which result in high charges-
torage and fast charge-discharge processes and smaller
internal resistance. So the PDHA/AC composites proposed
here will be effectively used as electrodes
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