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High performance of Pt-free dye-sensitized solar cells based on

two-step electropolymerized polyaniline counter electrodes

Yaoming Xiao,” Gaoyi Han,” Yanping Li, Miaoyu Li and Yunzhen Chang

Two-step cyclic voltammetry (CV) approach is employed in a quick and controllable
electropolymerization of polyaniline (PANI) nanofibers with short-branched structure onto the
fluorinated tin oxide (FTO) glass substrates as counter electrodes (CEs) for Pt-free dye-sensitized
solar cells (DSSCs). In the two-step CV method, a small quantity of PANI as a function of
crystal nucleus in the crystal growth, is pre-electropolymerized under a suitable high potential for
one cycle at the first-step, then subjected to the second-step for the PANI electropolymerization
at a low potential for small number of scans. The well-controlled PANI nanofibers with high
performance can be quickly electropolymerized by using the two-step mode. The extensive CVs
demonstrate the two-step PANI CE has superior electrocatalytic activity for I3 reduction.
Moreover, the electrochemical impedance spectroscopy shows the two-step PANI CE has the
lower series resistance and charge-transfer resistance than those of the PANI CE prepared by the
conventional one-step CV electropolymerization. Therefore, the DSSC assembled with the
two-step PANI CE exhibits an enhanced photovoltaic conversion efficiency of 6.21% (compared
to 5.01% for the DSSC with the one-step PANI CE), up to ~97% level of the DSSC using the Pt

CE. As the result, the two-step CV electropolymerized PANI CE can be considered as a
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promising alternative CE for Pt-free DSSCs.

Introduction

Dye-sensitized solar cells (DSSCs) have attracted scientific and technological interest of
researchers in the past decades as a high efficiency and low-cost alternative to conventional
silicon p-n junction photovoltaic devices."” In general, the DSSC consists of a dye-sensitized
porous nanocrystalline TiO, electrode, a iodine-based electrolyte, and platinum (Pt) as a counter
electrode (CE).4’5 The function of the CE is to transfer electrons from the external circuit back to
the redox electrolyte and to catalyze the reduction of I3 to I . However, the Pt metal is one of the
most expensive component materials in DSSCs.>” In addition, the Pt can be decomposed to Ptl,
in traditional I'/I3~ redox couple electrolyte, which will affect the long-term stability of the
DSSC.° Thus, it is necessary to develop an economic, stable, effective and Pt-free CE to realize
large-scale industrialization of DSSCs.”® As such, great deals of materials, such as carbon-based

16,17

materials,”'? sulfides,”" nitrides, and conducting polymers,'®*' have been attempted to

replace the Pt CE.

22-25

Among them, conducting polymers have been used in the polymer gel electrolyte and

CEs in DSSCs, and the polyaniline (PANI) is one of the most promising conducting polymers to

be employed as a cost-effective Pt-free CE for catalyzing the Is reduction reaction in DSSCs,

18,26-32

due to its low cost, high electrochemical activity, and environmental stability. It is well

known that the PANI can be easily synthesized through chemical polymerization'® and

electropolymerization methods.***

The latter set of methods is considerably simpler and more
cost-effective technique to obtain conducting polymers with the controllable surface morphology

and well adhesion on the substrate surface. The reported electropolymerization methods used in

Page 2 of 31



Page 3 of 31

Journal of Materials Chemistry A

2627 constant potential,zg’29 constant

synthesizing PANI include: the cyclic voltammetry (CV),
current,* pulse current,’ and pulse potentiostatic*> methods.

In our preliminary experiments, we found that it was hard to synthetize PANI by using the
conventional CV method at the low potential even for large number of scans, and it was too fast
and uncontrollable at the high potential for small number of scans (as shown in Fig. la, b, c, d,
and h). Therefore, we report a new approach named the two-step CV method (as shown in Fig.
le, f, and g) to realize quick and well-controlled electropolymerization of PANI nanofibers onto
the fluorinated tin oxide (FTO) glass substrates as CEs for Pt-free DSSCs in this study. Basically,
a small quantity of PANI as a function of crystal nucleus in the crystal growth, was
pre-electropolymerized under a suitable high potential for one cycle at the first-step, then
subjected to the second-step for the PANI electropolymerization at a low potential for small
number of scans. The obtained PANI CE demonstrated superior electrocatalytic activity for I3
reduction, and showed lower series resistance and charge-transfer resistance than those of the
PANI CE prepared by the conventional one-step CV electropolymerization. The DSSC
assembled with the two-step PANI CE exhibited a superior photovoltaic conversion of 6.21% to

that of the DSSC with the conventional one-step PANI CE, and was comparable to that of a cell

with a Pt CE.

Experimental

Materials
Aniline monomer, sulfuric acid, acetone, ethanol, isopropyl alcohol, lithium pechlorate, iodine,
lithium iodide, tetrabutyl ammonium iodide, 4-tert-butyl-pyridine, and acetonitrile were

purchased from Shanghai Chemical Agent Ltd., China (Analysis purity grade). Sensitized-dye
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N719  [cis-di(thiocyanato)-N,N’-bis(2,2’-bipyridyl-4-carboxylic  acid-4-tetrabutylammonium
carboxylate) ruthenium (II)] was purchased from Dyesol, Australia. The above agents were used
without further purification.

Electropolymerization of PANI CEs

All the PANI films were electropolymerized on the FTO glass substrates (NSG, 13 Q-sq™") from
an aqueous solution containing 0.5 M aniline monomer and 0.5 M sulfuric acid in a three
compartment cell. Prior to electropolymerization, FTO substrates (1.5 cm x 2 cm) were cleaned
with acetone and isopropyl alcohol, respectively. A Pt wire, a saturated silver/silver chloride
(Ag/AgCl), and a cleaned FTO glass substrate were used as the counter electrode, the reference
electrode, and the working electrode, respectively.

The CV electropolymerization of PANI was carried out using a computer-controlled
Autolab potentiostat (PGSTAT320N) at ambient atmosphere. The parameters for PANI CEs
were listed in Table 1. In brief, one-step CV electropolymerization was conducted under one
potential interval range, and two-step controlled at two different potential ranges. Under the
two-step CV electropolymerization, for example, the potential range was firstly set between 0 V
and 1.3 V for 1 cycle for the pre-electropolymerization and then subjected to the second-step for
the PANI electropolymerization between 0 V and 0.8 V for 10 cycles vs. Ag/AgCl at a scan rate
of 0.05 V-s . The obtained CEs were designated as Sample A-1, B-1, C-1, and so on, which
were corresponding to the Table 1. The achieved PANI CE was rinsed in distilled water and
dried under a cool air flow. For comparison, a thermal decomposition Pt CE was employed.
Characterizations and measurements
The surface morphologies of the PANI CEs were observed using a scanning electron microscopy

(SEM, JEOL-JSM-6701F) operating at 10 kV and transmission electron microscope (TEM,
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JEOL-JSM-2100) operating at 200 kV. Fourier transform infrared spectra (FTIR) of samples
were recorded on an Infrared Spectrometric Analyzer (BRUKER TENSOR 27) using KBr as
pellets. CVs for I /I3 system (solution of 10 mM lithium iodide, 1 mM iodine, and 0.1 M lithium
pechlorate in acetonitrile) were conducted using the aforementioned Autolab potentiostat within
the potential interval ranging from —0.6 V to 1.2 V vs. Pt at a scan rate of 0.10 Vs '. The
electrochemical impedance spectroscopy (EIS) was performed using a CHI660D (Shanghai
Chenhua Device Company, China) electrochemical measurement system at a constant
temperature of 20°C in ambient atmosphere under a dark condition, and the impedance data
covered a frequency range of 1-10° Hz with 5 mV of amplitude and zero bias potential. The
detailed produce for the fabrication of the symmetric dummy cell with two identical electrodes

(used for impedance studies) has been reported elsewhere.*>*

The resultant impedance spectra
were simulated using the Z-view software. The redox electrolyte composed of 0.60 M tetrabutyl
ammonium iodide, 0.10 M lithium iodide, 0.10 M iodine, and 0.50 M 4-tert-butyl-pyridine in
acetonitrile was employed in EIS measurements.

The photocurrent density—voltage characteristic of the DSSC was carried out using a
computer-controlled CHI660D under illumination by a solar simulator (CEL-S500, Beijing
Ceaulight Science and Technology Ltd., China) in ambient atmosphere. The active cell area and
the incident light intensity were 0.30 cm” and 100 mW-cm > (AM 1.5), respectively. Prior to the
cell assembly, the TiO; colloid and TiO, photoanodes were prepared according to our previous
reports.””> The as-prepared TiO, photoanodes were further sensitized by immersing them into a
0.3 mM ethanol solution composed of N719 dye for 12 h, followed by cool air drying. After dye

adsorption, the TiO, photoanodes were assembled with Pt and various PANI CEs. Then the

redox electrolyte (aforementioned EIS testing electrolyte) was injected into the cells. The
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photoelectronic performances [i. e., fill factor (FF) and overall energy conversion efficiency (7)]
were calculated by the following equations:™

V max X J max

FF =

Voe x Jsc (D)

1’](%) _ Vmax%Jmax XIOO% _ VOCXJ%CXFF XIOO%

in Pin (2)
where Jsc is the short-circuit current density (mA-cm_z), Voc is the open-circuit voltage (V), P;,
is the incident light power, Jyax (mA-cm_z) and Vyax (V) are the current density and voltage in

the J—J curves at the point of maximum power output, respectively.

Results and discussion

Electrochemical synthesis of PANI CEs

Fig. 1 shows the CV electropolymerization of PANI CEs based on different parameters, and the
deposition capacities were listed in Table 1. It can be seen that the current density increases
distinctly after the Second Vertex Potential of about 1.05 V at the first CV cycle of each sample
(Fig. 1a Sample A-1, or B-1, or C-1), suggesting the PANI was barely electrodeposited on the
FTO glass before the potential of 1.05 V. The current density and deposition capacity increase
with the enlargement of the Second Vertex Potential (Fig. 1a), implying that more and more
PANI was electropolymerized on the FTO glass with the higher potential. According to Fig. 1b,
c, and d, the current density and deposition capacity increase significantly with adding the
number of scans in each sample, and the higher the Second Vertex Potential, the larger the rate
of increase within less number of scans. As can be seen in Fig. 1h, when the potential range was
set between 0 V and 0.8 V, the current density and deposition capacity are very low even

deposited for 40 cycles, meaning that barely no PANI was produced.



Page 7 of 31

Journal of Materials Chemistry A

Fig. 1e, f, and g demonstrate two-step CV electropolymerization of PANI CEs based on
different pre-electropolymerization potential interval range at the first-step and the same
second-step potential range for the PANI electropolymerization. It is interesting that even the
second-step potential range was set between 0 V and 0.8 V for 10 cycles, the current density and
deposition capacity obviously improved after the first-step pre-electropolymerization of PANI,
meaning that the PANI was successfully prepared on the FTO glass. And the higher the Second
Vertex Potential in the first-step pre-electropolymerization, the larger the current density and
deposition capacity in the second-step electropolymerization of the PANL
Morphology and composition of PANI CEs
The SEM images of various PANI CEs are shown in Fig. 2. It can be found that more and more
PANI nanofibers generated with increasing the Second Vertex Potential (Fig. 2A-1, B-1, and
C-1). Under the one-step approach, it is hard to synthetize PANI at the low Second Vertex
Potential even for many number of scans (Fig. 2D). Moreover, it is fast and uncontrollable to
prepare PANI at the high Second Vertex Potential for small number of scans (Fig. 2A-2, B-2, and
C-2). It can be noted that the surface of PANI nanofibers became uniformly while the
electropolymerization method was switched from the one-step mode to the two-step mode (Fig. 2
A-3, B-3, and C-3). The last three digital photograph images in Fig. 2 are corresponding to the
real pictures of the Sample B-1, B-2, and B-3, respectively. Too small number of PANIs in the
Sample B-1, nouniform and uncontrollable surface in Sample B-2, and well-controlled PANI
nanofibers with uniform surface in Sample B-3. It should be noticed that the
electropolymerization time was sharply cut down by using the two-step CV approach.

Fig. 3 shows the higher magnification of SEM and TEM images to further investigate the

structures of the Sample B-1, B-2, and B-3, respectively. It can be found that small number of
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short and smooth PANI nanofibers with the diameter of 30 ~ 60 nm and the length of about 400
nm were pre-electropolymerized in the Sample B-1 (Fig. 3B-1-1, B-1-2, and B-1-3). At the
one-step mode, the agglomerate and rough PANI nanofibers with the diameter of 50 ~ 100 nm
and the length of about 500 nm, can be observed in the Sample B-2 (Fig. 3B-2-1, B-2-2, and
B-2-3). Under the two-step mode, the well-controlled PANI nanofibers with uniform and
short-branched structure could be obtained in Sample B-3 (Fig. 3B-3-1, B-3-2, and B-3-3), and
the short-branched PANIs with the diameter of 10 ~ 20 nm and the length of 40 ~ 80 nm was
electropolymerized on the pre-electropolymerized PANI nanofibers. The possible mechanism
could be that a small quantity of PANI nanofibers, was pre-electropolymerized under a suitable
high potential at the the first-step, then the second-step would be rapidly and successfully
electropolymerizing short-branched PANIs at a low potential, due to the first-step
pre-electropolymerized PANIs could act as the function of crystal nucleus in the crystal growth.
After the optimization, the PANI CE prepared under the potential range between 0 V and 1.3 V
for 1 cycle for the first-step pre-electropolymerization and then subjected to the second-step
electropolymerization between 0 V and 0.8 V for 10 cycles possessed the unique characteristics
of well-controlled PANI nanofibers with short-branched morphology on the FTO substrate. It
can be envisaged that the well-controlled PANI nanofibers could establish the excellent electron
transport network and the short-branched PANIs could increase the active surface area, thus
being expected to enhance the electrocatalytic activity for PANI-based CEs.

To characterize the composition of the electropolymered PANI CEs, the PANI was collected
together from the FTO glass, and the FTIR spectra of the B-1, B-2, and B-3 PANIs were
performed. As shown in Fig. 4, the spectra for the three kinds of PANIs look almost the same.

The contribution from C—H bending of the quinoid ring appears at 1120 and 1144 cm'. The
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C-N bending mode and stretching mode are also observed at 1246 and 1305 cm ™', respectively.
The characteristic absorption signals of the PANI nanofiber appear at 1501 and 1586 cm ™' can be
attributed to the benzenoid deformation and C=C stretching of quinoid ring of the PANI,
respectively.*>”” The FTIR spectra indicate that the PANI nanofibers were successfully deposited
onto the surfaces of FTO glass substrates.

Electrochemical properties of PANI CEs

Fig. 5a shows CVs for the Pt, B-1, B-2, and B-3 PANI CEs, respectively. The CEs all show two
pairs of redox peaks. The oxidation and reduction pair on the left is attributed to the redox
reaction of Iy + 2e < 31 ,which directly affects the DSSC performance; while that on the right
results from the redox reaction of 31, + 2e <« 2I3, which has little effect on the DSSC
performance.’****% It can be seen that the B-3 PANI CE shows the largest anodic and cathodic
current densities for I3 /I redox reaction among these four CEs, which can be attributed its
short-branched structure of the PANI nanofibres with high active surface area, as demonstrated
in the TEM results. Notably, the B-1 PANI shows the lowest redox current densities due to the
smallest number of PANI was grown on the FTO glass under the Second Vertex Potential of 1.2
V for only 1 cycle.

Fig. 5b, c, d, and e show CVs of the I /I system on the Pt, B-1, B-2, and B-3 PANI CEs at
various scan rates, respectively. For these four CEs, the cathodic peaks gradually and regularly
shifted negatively, and the corresponding anodic peaks also shift positively while increasing scan
rate. Fig. 5f illustrates the relationship between the cathodic and anodic peak current densities
and the square root of the scan rate. The linear relationship at different scan rates demonstrates
that this redox reaction is diffusion limited at either the Pt CE or PANI CE, which may be due to

40,41

the transport of iodide species off of the Pt or PANI CE surface. This suggests that the
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adsorption of iodide species is little influenced by the redox reaction on the both CEs surface,
thus indicating no specific interaction between Iz /I redox couple and PANI CE as well as the Pt
CE.%

In addition, the diffusion coefficient (D,) in the Randles-Sevcik equation can be estimated

Page 10 of 31

from the correlation between the peak current density (J;.q) and scan rate (v), as illustrated in Eqn.

3.
Jrea =K n'5 4 C (D))" 0% 3)
Where K is the constant of 2.69x10°, n is the number of electrodes contributing the charge
transfer, 4 is electrode area, and C represents the bulk concentration of I3 species. As listed in
Table 2, the diffusivity with the B-3 PANI CE was 4.76 x 10°° cm *s™', which was larger than
that with the B-1 PANI CE (1.55 x 10 cm *s"), B-2 PANI CE (1.46 x 10 ® cm *s™"), and the
Pt CE (2.28 x 10" ® cm s "), presumably originating from its well-controlled surface structure.**

Furthermore, Fig. 6a shows 160 consecutive CV tests of the B-3 PANI CE. In the successive
160 CV cycles, the CVs do not change. The correlations between the peak current densities and
the cycle numbers were summarized in Fig. 6b. Both redox peak current densities retain stable
with increasing the cycle number. This proves that the B-3 PANI has good chemical stability and
is tightly bound to the FTO glass surface.*”

Owing to the charge-transfer resistance (R is an index to represent the electrocatalytic
performance of CEs, the Nyquist plots (Fig. 7) were measured to further elucidate the
electrochemical catalyst of different CEs on the reduction of I3 , by using the symmetrical cells
with the Pt, B-1, B-2, and B-3 PANI CEs, respectively. Insets of Fig. 7 illustrate the
electrochemical cell for the EIS measurement, the equivalent circuit models employed to

simulate the resultant spectra of CEs, and the magnification of the Nyquist plots. The semicircle

10
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at high frequency refers to the R, of the I3 reduction at the electrolyte/CE interface, while the
semicircle at low frequency represents the Warburg impedance (W) corresponding to the
diffusion resistance of the I /I; redox species. The constant phase element (CPE) is frequently
used as a substitute for the capacitor in an equivalent circuit to fit the impedance behavior of the
electrical double layer more accurately when the double layer does not behave as an ideal
capacitor. The intercept of the real axis at high frequency is the ohmic series resistance (Rs)
including the sheet resistance of two identical CEs and the electrolytic resistance.*

Table 2 shows the impedance parameters obtained from the Z-view software analyses of the
EIS data. Due to the symmetric configuration of the dummy cell, the real Ry value was
calculated as half of the value obtained from the Z-view fitting. The R of the B-3 PANI CE is
found to be 2.16 Q-cm?, which is lower than that of the B-1 PANI CE (7.83 Q-cm?) and the B-2
PANI CE (2.51 Q-cm?). This indicates that the electrocatalytic activity for I3 reduction can be
enhanced when the electropolymerization mode is switched from the one-step method to the
two-step approach.“s'47 Additionally, the largest CPE magnitude (Ycpg= 1.75 mF-cm™) of the
B-3 PANI CE corresponds to its short-branched structure with large surface area, which can
promote the electrocatalytic activity of the PANI CE. This is in consistence with the CV tests.
Furthermore, the B-3 PANI CE had the lowest ¥ (2.12 Q-cm?) compared to the other three CEs.
Photovoltaic performance of DSSCs with Pt and various PANI CEs
The photovoltaic properties of DSSCs based on different CEs were measured under full sunlight
illumination (100 mW-cm 2, AM1.5 G) (above curves) and in the dark (below curves), which
were reproduced many times without obvious change, and the results were summarized in Table
3. As can be seen in Fig. 8 (above curves), the short-circuit current density (Jsc) value of the B-3

PANI CE was highest among all CEs, this might be owing to the higher electrocatalytic active

11
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area of its well-controlled and short-branched structure nanofibers, as indicated in the TEM and
CV tests.”* Generally, the Vo value dependents on the difference between the Fermi level of
the electron in TiO, and the cathodic potential of the redox couples on the CEs.' Because the
TiO, photoanodes and the compositions of the electrolytes for all of the DSSCs are the same, the
Voc value of each DSSC is associated with the electrochemical characteristics of the CE. It can
be seen that the Voc values of the PANI-based DSSCs are lower than that of the Pt DSSC.
However, due to their high electrochemical activities, the DSSCs with the PANI-based CEs still
possess relatively high V¢ values (~0.72 V), comparable to that of the Pt CE (0.75 V). Fig. 8
(below curves) also shows the dark current-voltage characteristics of the corresponding
photocurrent-voltage curves. It is obvious that the voltage of DSSC with the PANI-based CEs
are lower than that of the Pt CE, which indicates that the internal consumption of currents are
higher than that of the Pt CE, leading to the low open-circuit voltage.*® Moreover, the overall
performance of the DSSC assembled with the B-3 PANI CE is superior to that of with the B-1
PANI CE and B-2 PANI CE, and exhibits an acceptable fill factor (FF) value of 0.59, and
supplies a cell efficiency of 6.21% comparable to those of a cell with a Pt CE (0.63 and 6.39%)).
This can be attributed to its higher Ry and R, values (9.69 and 2.16 Q-cmz, respectively),

comparable to those of a cell with a Pt CE (9.06 and 1.48 Q-cm?, respectively).*>*"*

Conclusions

In summary, an enhanced electrocatalytic activity for the PANI CE was demonstrated by means
of using a two-step CV approach, under the potential range was firstly set between 0 V and 1.3 V
for 1 cycle for the first-step pre-electropolymerization and then subjected to the second-step for

the PANI electropolymerization between 0 V and 0.8 V for 10 cycles vs. Ag/AgCl at a scan rate

12
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of 0.05 V-s'. In the case of the two-step CV method, a small quantity of PANI as a function of
crystal nucleus in the crystal growth, was pre-electropolymerized under a suitable high potential
at the the first-step, then subjected to the second-step for the PANI electropolymerization at a
low potential for small number of scans. It can be noted that well-controlled and short-branched
PANI nanofibers with high performance could be electropolymerized quickly while the
electropolymerization method was switched from the one-step mode to the two-step mode. The
two-step PANI CE showed the improved excellent electrocatalytic activity for the I3 /I redox
reaction compared to the conventional one-step PANI CE due to its higher cathodic peak current
in CV tests and lower Rct value. The enhancement in the electrocatalytic activity can be
attributed to the increased active surface area from its well-controlled and short-branched surface
morphology. The low-cost DSSC using the two-step PANI CE yielded a conversion efficiency of
6.21% under full sunlight illumination (100 mW-cm 2, AM1.5 G), which is up to ~97% of that
using the Pt CE. The present work suggests that the two-step PANI CE shows a great potential as

a cost-effective CE alternative for Pt-free DSSCs.
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Figure and Table Captions

Table 1 Parameters of CV electropolymerization for the various PANI CEs

Table 2 Best-fit values of Rg, R, W, and Y¢pg in the equivalent circuits used to simulate the impedance spectra
in Fig. 7; and the diffusion coefficients (D,) based on the Pt, B-1, B-2, and B-3 PANI CEs, respectively

Table 3 The photovoltaic parameters of DSSCs with Pt, B-1, B-2, and B-3 PANI CEs, respectively

Fig. 1 CV electrodeposition of PANI CEs on FTO glasses with each active area of 1.0 cm x 1.5 cm

Fig. 2 SEM images of various PANI CEs based on the Sample A-1, B-1, C-1, A-2, B-2, C-2, A-3, B-3, C-3,
and D, respectively; and digital photographs of PANI CEs based on the Sample B-1, B-2, and B-3,
respectively

Fig. 3 SEM images of the B-1 (B-1-1), B-2 (B-2-1), and B-3 (B-3-1) PANI CEs, respectively; and TEM
images of various PANIs based on the Sample B-1 (B-1-2 and B-1-3), B-2 (B-2-2 and B-2-3), and B-3 (B-3-2
and B-3-3), respectively

Fig. 4 FTIR spectra of the PANI based on the Sample B-1, Sample B-2, and Sample B-3, respectively

Fig. 5 CVs (a) of the Pt, B-1, B-2, and B-3 PANI CEs at a scan rate of 100 mV-s ', respectively; CVs for the
Pt (b), B-1 (¢), B-2 (d), and B-3 (¢) PANI CEs at different scan rates (from inner to outer: 25, 50, 75, and 100
mV-s ', respectively); relationship (f) between all the redox peak currents and scan rates

Fig. 6 Consecutive 160 CVs (a) of I'/I; system for B-3 PANI CE at a scan rate of 100 mV-s ', the relationship
(b) between the number of scans and the resultant redox peak currents from Fig. 6a

Fig. 7 Nyquist plots of the symmetrical Pt, B-1, B-2, and B-3 PANI CEs, respectively

Fig. 8 Photocurrent density—voltage characteristics of DSSCs based on the Pt, B-1, B-2, and B-3 PANI CEs,

respectively
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Two-step cyclic voltammetry approach is employed to prepare polyaniline nanofibers, which
supplies a quick and controllable method to obtain polyanilines with short-branched structure to

increase the active surface area.
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Samples Scan rate Start First Vertex =~ Second Vertex =~ Number Deposition
(V-s_l) Potential Potential Potential of Scans capacities
(V) (V) (V) (mC-cm™)
Q-+ Q.
A-1 0.05 0 0 1.2 1 9.08 -1.19
B-1 0.05 0 0 1.3 1 37.39 -5.42
C-1 0.05 0 0 1.4 1 80.68 -11.94
A-2 0.05 0 0 1.2 7 26.87 -8.11
B-2 0.05 0 0 1.3 5 15891 -55.83
C-2 0.05 0 0 1.4 3 266.20 -69.35
A-3 0.05 0 0 1.2 1 9.13 -1.21
0.05 0 0 0.8 10 6.76 -4.84
B-3 0.05 0 0 1.3 1 39.63 -5.87
0.05 0 0 0.8 10 18.13  -12.98
C-3 0.05 0 0 1.4 1 81.46  -12.58
0.05 0 0 0.8 10 42.88  -32.80
D 0.05 0 0 0.8 40 1.08 -0.87
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Samples R R, w Yere D,
2 2 2 2 2, -1
(Qem) (Qem) (Qem) (mFem™) (em™s™)
Pt 9.06 1.48 2.51 0.29 2.28x10°
B-1 10.54 7.83 260.24  0.01 1.55x10”
B-2 10.08 2.51 31.89 0.62 1.46x10°
B-3 9.69 2.16 2.12 1.75 4.76x10°
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J

v

Samples sc oc FF n
(mA-cm?) V) (%)

Pt 13.58 £ 0.05 0.75 £ 0.05 0.63 +£0.04 6.39 £ 0.05
B-1 7.02 +£0.02 0.46 =£0.03 0.32+0.02 1.04 £ 0.02
B-2 12.75 £ 0.04 0.71 £ 0.04 0.55+0.03 5.01 £ 0.04
B-3 14.70 £+ 0.04 0.72 £ 0.04 0.59+0.03 6.21 +0.04
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