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ABSTRACT: In this study, the aromatic sulfonate compound Tiron with high charge to mass ratio is used as an anionic dopant for
synthesis of polypyrrole (PPy). The fabricated PPy is investigated for electrochemical supercapacitor (ES) application. Testing results
show that Tiron allows reduced PPy agglomeration, smaller particle size and improved charge storage properties of PPy. High capaci-
tance and improved capacitive retention at high scan rates are achieved by the fabrication of PPy/multiwalled carbon nanotube
(MWCNT) composite electrode using safranin (SAF) as a co-dispersant. The Tiron-doped PPy electrode shows the highest capaci-
% with a mass of 27 mg cm ™% The Tiron-doped PPy/MWCNT composite electrode shows good capacitance reten-
tion with a capacitance of 1.0 F cm™ 2 at the scan rate of 100 mV s~ '. Symmetric supercapacitor cells are fabricated using PPy based

tance of 7.8 F cm™

active materials. An energy density of 0.36 mWh cm ™ ? is achieved. The energy/power density and capacitance retention of the Tiron-
doped PPy/MWCNT ES is significantly improved in comparison with PPy-based ES, prepared without Tiron or MWCNT. The Tiron-
doped PPy/MWCNT symmetric supercapacitor presents good cycling performance with 91.4% capacitance retention after 1000
charge—discharge cycles. The PPy/MWCNT composites, prepared using Tiron and SAF co-dispersant, are promising electrodes for ES.
© 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42376.
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the electrode using electrochemical synthesis.”® For practical
applications of ES, it is always desirable to increase the active
material loading and achieve high SC at high charge-discharge
rates.”'® Chemical polymerization of PPy offers advantages for
the fabrication of PPy-based ES with high mass loadings. The
use of anionic dopants for chemical synthesis of PPy could
improve its charge storage properties and cycle perform-
ance."" ™" It has been shown that with the variation of the dop-
ant anion, the conductivity of the PPy can differ by three
orders of magnitude."* Beside affecting conductivity, dopants
could also improve the thermal stability,'> surface morphol-
ogy'®"” and mechanical strength'® of PPy. Considering these
facts, it is of great interest to achieve high electrochemical activ-
ity of PPy for ES application using dopants. The interest in
application of Tiron as an anionic dopant is attributed to its
relatively high charge to mass ratio, compared to other aromatic
sulfonate dopants. It is in this regard that the investigation of

INTRODUCTION

The growing interest in the application of polypyrrole (PPy) for
electrodes of electrochemical supercapacitors (ES) is attributed
to the relatively high specific capacitance (SC), low cost, high
electrical conductivity, advanced chemical and mechanical prop-
erties of PPy."* Many investigations’> have been conducted
with the objective to utilize the high theoretical SC of PPy (620
F g ') in ES. The high SC of PPy results from redox reactions,
which allow charge storage in the bulk of the electrode material.
However, poor cycling stability of PPy limited its application in
ES. It is found that swelling and shrinking occurred during
anion exchange between PPy and electrolyte, which resulted in
the increased impedance, gradual adhesion loss and poor
cycling behavior of PPy electrode.® The increase of PPy mass
loading deteriorated the cyclic stability and decreased the elec-
trode SC.°

Electropolymerization and chemical polymerization are attrac-
tive methods for the preparation of PPy for ES application.
However, it is difficult to achieve high active material loading of
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electrochemically prepared PPy, containing aromatic sulfonate
dopants, showed that film conductivity increased with increas-
ing charge to mass ratio of the dopant molecules."®
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Recently, a great advancement has been achieved by using car-
bon nanotube (CNT) to improve the rate capability of PPy-
based electrode because of their superior electrical conductivity
and high specific surface area.”?°* However, both CNT and
PPy are prone to agglomeration in the fabrication process. As a
result, the pores in the electrodes are partially inaccessible to
the electrolyte. Therefore, the development of new processing
strategies, utilizing new dispersants, is scientifically attractive to
the fabrication of advanced PPy-based ES electrode.

In this study, PPy was chemically synthesized using Tiron as an
anionic dopant for the fabrication of electrodes for ES. The
obtained Tiron-doped PPy showed high electrochemical activity,
which allowed improved charge storage for ES application.
Additionally, a facile route for the fabrication of PPy nano-
composites with multiwalled carbon nanotube (MWCNT) has
been developed using safranin (SAF) as a co-dispersant for PPy
and MWCNT. The obtained Tiron-doped PPy/MWCNT com-
posite has shown improved capacitance retention at high scan
rates, compared to pure PPy. The results open new processing
method for the fabrication of advanced PPy/MWCNT compos-
ite electrode by colloidal nanotechnology.

EXPERIMENTAL

Materials

Pyrrole (Py), 4,5-dihydroxy-1,3-benzenedisulfonic acid disodium
salt (Tiron), ammonium persulfate (APS) and SAF were pur-
chased from Sigma-Aldrich. MWCNT was provided by Arkema.
Py was stored in a refrigerator at 4°C before use. All chemicals
were used as received without any further purification. Ni foam
current collector with a volumetric porosity of 95% was sup-
plied by Vale company.

Synthesis of Tiron-doped PPy

PPy was prepared by chemical polymerization reaction with
APS as the oxidant at 0°C. 4.98 g Tiron (15 mmol) was dis-
solved in 50 mL de-ionized water, followed by injecting
1.04 mL (15 mmol) pyrrole under a vigorous magnetic stirring
for 30 min in an ice bath. Then 50 mL of 0.3 mol L™' APS
solution was slowly added to the above solution. The resultant
mixture was subsequently allowed to react for 20 h. To study
the effect of Tiron, PPy polymer was also prepared using the
same concentration of Py and APS but without Tiron. The pre-
cipitated PPy solids were filtered and washed by 2 L de-ionized
water and 500 mL ethanol. The obtained powders were dried at
70°C for 12 h.

Tiron-Doped PPy/MWCNT Slurry Preparation

0.34 g of as-prepared Tiron-doped PPy was put into 400 mL
solution, containing 0.5 g L™' SAF, and sonicated in an ultra-
sonic bath for 20 min in order to form a homogeneous colloi-
dal solution. 0.06 g MWCNT was then added and further
ultrasonicated for 1 hr. A stable Tiron-doped PPy/MWCNT sus-
pension was obtained. A vacuum filtration process was applied
to fabricate homogeneous Tiron-doped PPy/MWCNT slurry.
Excess SAF in the mixture was removed by the filtration system
until the DI-water dropped from the funnel was colorless. The
filtration system consisted of four components, namely a set of
Buchner funnel with sand core (45 mm in diameter), a suction
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flask, a membrane filter (Nuclepore Whatman, 1 um pore size)
and a water circulation vacuum pump.

Characterization

The morphologies of prepared products were investigated using
a JEOL JSM-7000F scanning electron microscope (SEM). The
sedimentation tests were carried out using 1 g L™' MWCNT
and 1 g L™' Tiron-doped PPy with and without SAF (0.5 g
L™") dispersant. The obtained suspension was filtered for the
Fourier transform infrared spectroscopy (FTIR) analysis. FTIR
studies were performed on Bio-Rad FTS-40 instrument.

The working electrodes were fabricated using dispersed PPy
based active materials without any binder. A small amount of
de-ionized water was added into the mixture to produce a
homogeneous paste, which was impregnated in Ni foam sub-
strates with an area of 1 cm? to form electrodes with different
mass loadings. The impregnated Ni foam was roller pressed to
~20% of the initial thickness. Electrochemical studies were per-
formed using a potentiostat (PARSTAT 2273, Princeton Applied
Research). The counter electrode was a platinum gauze, and the
reference electrode was a standard calomel electrode (SCE).
Capacitive behavior and electrochemical impedance were inves-
tigated in 0.5M Na,SO, aqueous solutions. Cyclic voltammetry
(CV) studies were performed within a potential range of —0.5
to +0.4 V versus SCE at scan rates of 0.5-100 mV s~ '. The
total capacitance C= Q/AV was calculated using half the inte-
grated area of the CV curve to obtain the charge Q, and subse-
quently dividing the charge Q by the width of the potential
window AV. The mass-normalized specific capacitance C,, = C/
M (M-sample mass) and area-normalized specific capacitance
C;=CIS (S-sample area) were calculated from the CV data.
The alternating current (AC) measurements of complex imped-
ance Z* = Z — iZ" were conducted in the frequency range of 10
mHz to 100 kHz and the amplitude of the AC signal was 5 mV.
The impedance data were also analyzed using the method
described in Ref. 23. In this method, the complex capacitance
C*=C —iC" was calculated from the impedance data as
C =Z'lwlZ* and C" = Z/|wl 2%, where o = 2nf (f—frequency).

The coin cells were formed using coin cell cases (CR2032 type,
MTI Corporation). The symmetric cell contained two similar
electrodes, separated with a porous membrane. The cells were
sealed using a hydraulic crimping machine (MSK-110, MTI
Corporation). The capacitance of the supercapacitor cell (C,)
was calculated using the equation C.= IAt/m AV, where I is the
constant discharge current, At is the discharge time, m is the
total mass of active materials in both electrodes, and AV is the
voltage drop upon discharging.

RESULTS AND DISCUSSION

Figure 1(A,B) show the SEM images of PPy prepared without
Tiron. The morphology exhibits an agglomerated cauliflower-
like structure, consisting of many spherical particles. The mech-
anism of chemical polymerization of PPy in the presence of
dopants and oxidants was discussed in the literature.""** Upon
the addition of oxidant solution to the monomer solution, each
neutral pyrrole molecule is oxidized by APS and yields a free
cationic radical, which then combines with another radical to
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Figure 1. SEM images at different magnifications of (A, B) PPy prepared
without Tiron, arrows show agglomerates of particles; and (C, D) Tiron-
doped PPy.

form a dimer. The dimers are further combined with other free
cationic radicals to form trimers and so on, finally resulting in
chains of positively charged PPy units. The anionic dopants are
incorporated into the polymer matrix and compensate the posi-
tive charge of PPy.***® Figure 1(C,D) show that the Tiron-
doped PPy has a fine structure. They demonstrated that Tiron
could reduce the agglomeration of PPy particles.

The sedimentation test showed that as-prepared PPy was not
stable in the aqueous suspension. It is suggested that fine PPy
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particles in suspension formed agglomerates, which promoted
PPy precipitation. It is known that particle agglomeration
results in reduced surface area, which deteriorates the capaci-
tance behavior of active materials.”” In this study, we found that
Tiron-doped PPy and MWCNT can be well dispersed using
SAF as a co-dispersant. Figure 2(A) shows the molecular struc-
ture of cationic polyaromatic SAF, which includes two methyl
groups and two NH, groups. SAF offers advantages for disper-
sion, compared to long chain surfactants, which are widely used
for the dispersion of carbon nanotubes.”® In general, surfactants
have both polar (hydrophilic) and nonpolar (hydrophobic) moi-
eties.””*® The hydrophilic head of adsorbed surfactant is
directed toward the bulk water, and the hydrophobic tail pro-
vides adsorption on the carbon nanotube surface via hydropho-
bic interactions. The adsorbed long chain surfactants create
insulating layers on the carbon nanotube surface, which reduce
the efficiency of carbon nanotubes for application as conductive
additives in the composites. Due to the weak hydrophobic inter-
actions, relatively large concentrations
required for the carbon nanotube dispersion. It was found that
surfactants can provide dispersion at relatively low carbon
nanotube concentrations.”» ™ It is in this regard that the
smaller size of SAF molecules is beneficial for dispersion of
MWCNT. The adsorption of SAF on both PPy and MWCNT
involves the m—n interactions. The positive charge of adsorbed
SAF results in electrostatic repulsion of PPy and MWCNT and
improves dispersion of both materials. Figure 2(B) is the
scheme of Tiron-doped PPy/MWCNT suspension fabrication.
The pristine Tiron-doped PPy and MWCNT show a very quick

of surfactants are
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X
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Figure 2. (A) Chemical structure of SAF, (B) Scheme of Tiron-doped PPy/MWCNT suspension fabrication and (C) SEM image of Tiron-doped PPy/
MWCNT composite obtained from a mixed Tiron-doped PPy/MWCNT suspension. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 3. FTIR for (a) SAE, (b) pristine MWCNT, (c) SAF dispersed
MWCNT (d) Tiron-doped PPy, (e) SAF dispersed Tiron-doped PPy.
[Color figure can be viewed in the online issue, which is available at

1800

wileyonlinelibrary.com.]

precipitation after 1-2 h. After adding SAF into MWCNT and
Tiron-doped PPy, the suspensions showed no precipitation after
two weeks. Mixed Tiron-doped PPy and MWCNT suspensions
were homogenous and stable. SEM image [Figure 2(C)] showed
the Tiron-doped PPy/MWCNT composite fabricated by mixing
of the suspensions, followed by a vacuum filtration process. The
results indicated that MWCNTs were well dispersed in the PPy
matrix. Good dispersion of MWCNTs allowed the fabrication of
PPy electrode with improved capacitive performance.

The MWCNT and Tiron-doped PPy were analyzed by FTIR
[Figure 3(a—e)]. The FTIR spectrum of SAF [Figure 3(a)] was
in agreement with literature data.**> The C=C stretching of
the benzene rings contributed to the bands at 1531 and
1489 cm™'. The absorption at 1610 cm™' is attributed to the
NH,— asymmetric deformation. The C=N stretching appears at
the 1642 and 1334 cm™'. The FTIR spectrum of MWCNT [Fig-
ure 3(b)] showed the absorption at 1630-1635 cm ™', related to
the C=0 stretching of quinone groups of MWCNT. The bend-
ing vibration of the —OH group contributed to the band at
1384 cm™'.>® The peaks at 1558 and 1477 cm™ ' in Figure 3(d)
are assigned to C—N and C—C asymmetric and symmetric
ring-stretching of PPy, respectively. In addition, strong peak
near 1206 cm™ ' is attributed to symmetric and asymmetric
stretching vibration of SO;Na group of Tiron dopant.”” The IR
absorption is associated with changes in the conjugated struc-
ture of conductive polymer.*®**® Rodriguez et al*® suggested
that it is depended on the oxidation-state and charge carriers of
the PPy chains. In comparison with the spectra of pristine
MWCNT and Tiron-doped PPy, the spectra of dispersed materi-
als [Figure 3(c,e)] showed additional adsorptions at 1609, 1528,
1488, 1327 cm ' for dispersed MWCNT and at 1614 and
1334 cm™ ! for dispersed Tiron-doped PPy. Taking into account
that similar absorptions were observed in the spectrum of SAF,
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it was concluded that the dispersed MWCNT and Tiron-doped
PPy contained adsorbed SAF.

Figure 4(A) shows typical cyclic voltammograms for the differ-
ent electrodes. The incorporation of Tiron into the PPy
matrix resulted in improved capacitive behavior, as indicated
by the differences in current between undoped PPy [Figure
4A(a)] and Tiron-doped PPy [Figure 4A(b)]. The cyclic vol-
tammogram area for Tiron-doped PPy is significantly larger
than that for PPy without Tiron, indicating a higher capaci-
tance of the doped material. While the Tiron-doped sample
with a low mass loading showed a nearly box-shaped cyclic
voltammogram, deviation from the ideal box-shaped cyclic
voltammogram was observed when the mass loading was
increased to 27 mg cm 2 [Figure 4A(c)]. The CV curve of
SAF dispersed composite electrode with the same mass [Figure
4A(d)] has a nearly box shape, suggesting the capacitive per-
formance was improved by utilization of MWCNT and co-
dispersant.

Measurements of C,, and C, at different conditions are impor-
tant for understanding the electrochemical behavior of PPy elec-
trodes and optimizing their performance. As shown in Figure
4(B), the C,, calculated from the CV data for 14 mg cm 2
undoped PPy was only 174 F g~ ' at a scan rate of 0.5 mV s~ .
The Tiron-doped PPy, prepared from 15 mmol pyrrole solu-
tions in presence of 15 mmol Tiron and 15 mmol APS showed
a capacitance of 309 F g~'. For comparison, the electrodes of
the same mass, prepared from 15 mM pyrrole solutions in pres-
ence of 15 mmol KCI and 15 mmol APS showed a capacitance
of 217 F g '. The increase in the scan rate and mass loading
resulted in a decreasing C,,. Recent studies*' showed that high
C,, values of electrode materials do not necessarily indicate
good capacitive behavior due to the strong dependence of C,,
on the electrode mass. It was shown that reporting gravimetric
characteristics (such as C,,) alone cannot provide a realistic pic-
ture of material performance, especially at high material load-
ings. Therefore, C; data for the composite electrode were
presented in Figure 4(C). The Tiron-doped PPy showed an
increased C, of 4.4 F cm™? at a mass loading of 14 mg cm >
[Figure 4C(b)], compared with 2.8 F cm ™2 for the undoped
PPy [Figure 4C(a)]. With an increase of mass loading to 28 mg
cm™?, Tiron-doped PPy showed a C, of 6.5 F cm™ . However,
the C, was only 0.3 F cm™ 2 at a scan rate of 100 mV s~ ' [Fig-
ure 4C(c)]. The SAF dispersed composite electrode showed
improved capacitance retention at high scan rates. A C; of 1.1 F
cm ™ was obtained at a scan rate of 100 mV s ' [Figure
4C(d)]. It is known that MWCNT has relatively low SC(~ 20 F
g~ ")*** and Tiron-doped PPy showed SC of 309 F g~'. There-
fore, the contribution of CNT to the capacitance of the com-
posite relatively The impedance
measurements [Figure 4(D)] showed that the undoped PPy has
a large electrode resistance Z compared to the Tiron-doped
PPy. The increase in the mass loading enlarged the width of the
high frequency semicircle. Compared with pure PPy, the Z' was
reduced for Tiron-doped PPy/MWCNT composite.

electrode is small.

The mechanism of decrease of electrode resistance of PPy by
the dopant is proposed in Refs. 44,45. The charge introduced
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upon doping process of PPy stores in the form of polarons and
bipolarons. The formation of polarons and/or bipolarons indu-
ces the change in the phase of the double bonds and the crea-

A— Discharge { )
m Charge |\

A = Tiron and/or SO,

Figure 5. (A, B) Tiron doping of PPy: (A) in the same chain and (B) in
different polymer chains, (C) the charge—discharge mechanism of Tiron-
doped PPy.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42376 (5 of 9)

tion of a domain with a quinoid sequence of double bonds,
responsible for electrical conduction in the PPy chain.**

The sulfonic groups of Tiron can be involved in the doping of
one PPy molecule [Figure 5(A)] or two different polymer chains
[Figure 5(B)]. In the latter case the dopant can enhance the
interchain mobility of charge carriers and improve the electrical
conductivity of the PPy material.*® The charge and discharge
mechanism of Tiron-doped PPy electrode in Na,SO, as the
electrolyte is shown in Figure 5(C). During the discharge pro-
cess, the PPy is reduced (de-doped) to its neutral state by
unchaining the incorporated anions A™. For the undoped PPy,
the released ions A~ is SO,>". Tiron allows the improvement of
charge storage of PPy because the dopant anions can be released
during the reduction.””** The anions could migrate back to the
polymers during the charging process.

The analysis of capacitive behavior from EIS data showed higher
capacitance of Tiron-doped PPy compared with undoped PPy
[Figure 6(A,B)]. It was found that C, are 0.6 and 2.5 F cm 2 at
frequency of 0.01 Hz for undoped PPy and Tiron-doped PPy
with a mass of 14 mg cm 2, respectively [Figure 6(A)]. The
improved capacitance behavior might be mainly ascribed to the
smaller particle sizes and lower impedance of Tiron-doped PPy.
An increase in the mass loading resulted in a higher C/ at the
low frequency; however, the capacitance decreased sharply with
the increase of frequency. The corresponding C,” curves [Figure
6(B)] showed typical relaxation maxima. With an increasing
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Figure 6. (A) C/ and (B) C/ obtained from the impedance data versus
frequency for (a) undoped PPy with a mass of 14 mg c¢m” % (b) Tiron-
doped PPy with a mass of 14 mg cm ™% (c) Tiron-doped PPy with a mass
of 27 mg cm™ % and (d) Tiron-doped PPy/MWCNT composite with a
mass of 27 mg cm °. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

mass loading, the relaxation frequencies shifted to lower fre-
quencies. The relaxation times t = 1/f,,, related to the C; max-
ima, were found to be 32, 61, and 14 s for 14 mg cm™ > Tiron-
doped PPy, 27 mg cm™* Tiron-doped PPy and 27 mg cm™*
Tiron-doped PPy-MWCNT composite, respectively. The results
of C* analysis further confirmed that the Tiron-doped electro-
des exhibited improved capacitive behavior compared to the
undoped PPy. SAF dispersed PPy/MWCNT composite preserved
the capacitance behavior at higher frequencies. This phenom-
enon could be explained by the charge storage nature of the
bulk pseudo-capacitive material, which is controlled by both
diffusion process and charge transfer process.””>> Diffusion
limitations at high scan rates or high frequencies will result in
poor electrolyte access to the bulk of composite PPy electrode.
Furthermore, PPy has difficulty in transferring Faradaic charges
compared with the PPyy/MWCNT composite, because the pure
PPy has a higher resistance than the PPy/MWCNT composite,
as shown in Figure 4(D). The difficulty of PPy to transfer
charges causes its pseudo-capacitive properties to become negli-
gible at high scan rates.>® The decrease of differential capaci-
tance, derived from the impedance data, with the increasing
frequency correlates with the decrease in integral capacitance
with the increasing scan rate, as shown in Figure 4(B,C),
respectively.

The three-electrode cycling performance of Tiron-doped PPy
and SAF dispersed composite was shown in Figure 7. The
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capacitance slightly increased during the initial cycles. After 400
cycles, no obvious capacity fading was observed for any of the
electrodes. The capacitance retentions after 1000 cycles are 94%
and 112% for Tiron-doped PPy and PPy/MWCNT composite
electrode respectively. The CV of Tiron-doped PPy/MWCNT
remains a quasi-rectangular shape at a scan rate of 50 mV s '
after 1000 cycles (Figure 7, inset). Figure 8 shows the micro-
structures of the Tiron-doped PPy after 1000 cycles. The SEM
results indicate that cycling resulted in increasing porosity and
fibrous microstructure, which may result in the increase of
capacitance during the first 250 cycles.

100nm g

Figure 8. SEM images of Tiron-doped PPy after 1000 CV cycles at differ-
ent magnifications.
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(a) 1%, (b) 250", (c) 500", (d) 750" and (e) 1000 cycle, insets show low frequency range. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 10. Galvanostatic charge-discharge curves of ES fabricated from (A) PPy without Tiron, (B) Tiron-doped PPy, and (C) Tiron-doped PPy/
MWCNT composite at current densities: (a) 0.5, (b) 0.75, (¢) 1, (d) 2, (e) 3, (f) 4, and (g) 5 mA cm 2 (D) C, versus current density obtained from the
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composite (inset shows LED powered by a ES module). (F) Capacitance retention as a function of cycle number for Tiron-doped PPy/MWCNT compos-

ite ES, inset shows the charge/discharge curves at a constant current density of 5 mA cm ™2 for the initial cycles and after 1000™ cycle. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The capacitive performance of Tiron-doped PPy was studied
during cycles using the impedance data [Figure 9(A-D)]. The
real part of capacitance C' decreased at frequencies above 0.1
Hz [shown in Figure 9(A,C)]. The corresponding dependence
for the imaginary part C” indicated the time constant t of 36 s
and 25 s for PPy without [Figure 9(B)] and with [Figure 9(D)]
MWCNT, respectively. An increase of C* in the first 250 cycles
was observed for both samples. The maxima in the frequency
dependence of C” shifted to slightly lower frequencies during
cycling. These results confirmed good capacitive behavior and
cycling stability of Tiron-doped PPy electrode with a high mass
loading.

Finally we constructed symmetric ES devices with 15 mg on
each electrode using different active materials. Galvanostatic
charge/discharge properties of undoped PPy at different cur-
rent densities are shown in Figure 10(A). Non-linear curves
were observed for the PPy without dopant electrode. It was
attributed to the limited contact area®® between the conduct-
ing polymer and electrolyte due to agglomeration of PPy par-
ticles. The curves of the Tiron-doped PPy [Figure 10(B)] had
nearly symmetrical triangular shape during the charge—dis-
charge process at various current densities, which means that
the Tiron-doped better
capacitance performance compared with undoped PPy. How-
ever, the IR drop increased significantly with an increase in
the current density. The Tiron-doped PPy/MWCNT composite
ES shows a lower IR drop and longer charge—discharge times
at the high current densities [Figure 10(C)]. C. values calcu-
lated from the galvanostatic discharge data were plotted in
Figure 10(D). The SC of Tiron-doped PPy symmetric superca-
pacitor is 54 F g~' at a current density of 0.5 mA cm?
while the undoped PPy is only 32 F g~'. However, as the
scan rate increases to 5 mA cm %, C. of Tiron-doped PPy
sharply decreases to only 10 F g~'. The PPy/MWCNT com-
posite shows a SC of 60 F g~ ' at a current density of 0.5 mA
cm > and remains 39 F g~' as the scan rate increases to 5
mA cm™ 2. These results further prove that Tiron increases the
SC of PPy and MWCNT and allows to improve the capaci-
tance retention. The specific energy and specific power of the
fabricated symmetric supercapacitor were estimated in the
Ragone plot as shown in Figure 10(E). The maximum energy
densities of undoped PPy and Tiron-doped PPy are 0.16 and
0.26 mWh cm™? respectively. Tiron-doped PPy without
MWCNT revealed a significant decrease in specific energy with
an increase of specific power. The specific energy values of
Tiron-doped PPy/MWCNT composite electrode remained in
the range of 0.20-0.34 mWh cm™?, while the power density
was in the range 0.52-3.68 mW cm > The inset in Figure
10(E) shows LED bulbs with a nominal current of 20 mA,
powered by the coin cells. Figure 10(F) shows cyclic behaviour
of the symmetric supercapacitor and corresponding charge—
discharge curves, which had similar triangular shape at the
beginning and at the end of the cycling. The capacitance
retention was found to be 91.4% after 1000 cycles. The
increase in capacitance at the first 250 cycles can be attributed
to the changes in the microstructure of the electrode material
during cycling (Figure 8).

electrode exhibits electrochemical
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CONCLUSION

PPy has been synthesized by chemical polymerization using
Tiron as dopant. SEM analysis indicated that Tiron reduced
agglomeration and the particle size of PPy. The electrochemical
tests demonstrated that at a scan rate of 0.5 mV s~ ', C,, of 180
F ¢! was obtained for undoped PPy electrode with a material
loading of 14 mg cm™ 2. Tiron allowed the improvement of
charge storage of PPy, showing C,, of 310 F g~ '. SAF enabled
the efficient dispersion of prepared PPy and MWCNT. FTIR
data proved the adsorption of SAF molecules on PPy and
MWCNT surface. The electron microscopy studies coupled with
impedance spectroscopy measurements during cycling provided
an insight into the cycle performance of Tiron-doped PPy and
microstructure changes during cycling. The ES, prepared using
PPy/MWCNT composite was able to deliver a maximum energy
density of 0.36 mWh cm ™2 and showed a good cycle stability
with 91.4% capacitance retention after 1000 cycles.
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