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Abstract: The Fe*'/Fe?" redox electrolyte for use in polyaniline/tin oxide (PANI/SnO,) supercapacitors was reported. The influences
of redox electrolyte based on different Fe**/Fe®" ion pair concentrations in 1 mol/L H,SOy solution on the pseudocapacitive behaviors
of PANI/SnO, supercapacitor were investigated. The electrochemical properties of the supercapacitor were studied by cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD), and electrochemical impedance spectroscopy (EIS) techniques. It is
found that the performance of the supercapacitor is the best when the Fe*'/Fe®" concentration is 0.4 mol/L and its initial specific
capacitance is 1172 F/g at an applied current density of 1 A/g. The long-term cycling experiment shows good stability with the
retention of initial capacitance values of 88% after 2000 galvanostatic cycles. The experimental results testify that using Fe**/Fe*

redox electrolyte has a good prospect for improving the performances of energy-storage devices.
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1 Introduction

Electrochemical capacitors (ECs) are currently
widely investigated due to their interesting
characteristics in terms of high power and energy
densities [1-3]. Nowadays, pseudocapacitance materials
such as metal oxides and conducting polymers are
the most practical materials for supercapacitor
electrode [4—6]. Conducting polymer, such as polyaniline
(PANI), is one of the most common polymeric materials
due to the advantages of easy synthesis, low cost and
good conductivity [7,8]. However, the poor stability
during the charge/discharge process restricts its practical
applications in supercapacitor. To overcome the
drawback of PANI, its composites formed with metal
oxides, such as SnO,, have been widely studied [9,10].
For example, it has been demonstrated that the
supercapacitor electrodes based on PANI/SnO, have
high capacitance and good stability due to the
combination of the excellent conducting and mechanical
properties of SnO,, with high pseudocapacitance of
PANL

Recently, a new and simple redox strategy has been
reported. Introducing redox mediators into conventional
electrolytes brought enormous capacitive contributions
for supercapacitor systems through the reversible Faradic
reactions of the redox mediators. ROLDAN et al [11]
reported that the capacitive performance of the
supercapacitor in the electrolyte doped by hydroquinone
(HQ) can be improved. It was also reported that the
specific capacitance of polyaniline/SnO, supercapacitor
was 839 F/gat 1 A/g in 1 mol/L H,SOy, electrolyte doped
by HQ [12]. However, the high toxicity, low solubility
and poor electrochemical cyclability of HQ limited its
applications. So researching environmental friendly and
high-efficient redox mediator is needed which not only
keeps the superb properties of PANI/SnO,, but also
improves the electrochemical performance of
supercapacitors based on PANI/SnO, materials.

In this study, a redox electrolyte based on different
Fe*'/Fe*" concentrations in H,SO, solution for use in
PANI/SnO, supercapacitors is  reported.  The
incorporation of Fe’'/Fe*" ion pair into the H,SO,
electrolyte leads to great increase of capacitance of
PANI/SnO, supercapacitors.
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2 Experimental

2.1 Electrode material

SnO, and PANI/SnO, composites were synthesized
as previously described [12]. SnO, was synthesized
based on the hydrothermal route. In a typical synthesis,
2 mmol oxalic acid and 2 mmol -cetyltrimethyl
ammonium bromide were dissolved in 50 mL deionized
water, then, 2 mmol SnCl,-2H,0 was added to this
solution under constant stirring to get a milky solution.
The pH value of the resulting solution was adjusted to 9
using dilute NH;-H,O solution. Then, the mixed solution
was stirred for 2 h at room temperature. Finally, the
obtained milky solution was transferred into an 80 mL
Teflon-lined stainless steel autoclave. The autoclave was
maintained at 150 °C for 10 h and then cooled to room
temperature. The final product was collected and washed
with distilled water and absolute ethanol for several
times, and then was dried in vacuum at 60 °C for 12 h.

The PANI/SnO, composites were prepared as
follows (the aniline was distilled under reduced pressure
before use). 5 mmol oxalic acid was dissolved in 50 mL
deionized water. Then, 0.5 mmol SnO, and 5 mmol
aniline were dispersed in above solution and stirred for
30 min to facilitate aniline to adsorb on the SnO,. Upon
stirring, 5 mmol ammonium persulfate was separately
dissolved in 50 mL deionized water and finally added to
the above mixture, and the obtained mixture was cooled
to 0—5 °C and then kept in a polymerization for 8 h. The
resulting powders were filtered and washed successively
with water until the filtrate was colourless, and then
dried at 50 °C overnight under vacuum.

2.2 Electrolytes

All of the solutions were prepared using analytical
grade reagents and used immediately after their
preparation. Four different Fe’'/Fe’* ion pair
concentration redox electrolytes in H,SO, solution,
including n mol/L [Fe*'/Fe*'] + 1 mol/L H,SO, (n=0.1,
0.3, 0.4, 0.5) were used, the molar ratio of Fe*'and Fe*"
was 1:1. For comparison, 1 mol/L solution of H,SO,4 was
also studied. The different valence states of iron ion were
obtained from FeSO, and Fe,(SO,);.
2.3 Electrode preparation and electrochemical

characterization

The electrode was prepared as following steps.
Firstly, 80% (mass fraction) PANI/SnO, powder with
10% (mass fraction) acetylene black conductor and 10%
(mass fraction) polyvinylidene fluoride emulsion were
mixed to form slurry. Then, the slurry was filled into a
piece of stainless steel net with a geometric diameter of
10 mm, yielding electrodes with the thickness of 0.2 mm

and the active mass of 3—5 mg. All the electrodes were
dried in a vacuum oven at 110 °C overnight before each
experiment. Sandwich-type capacitors were constructed
with two symmetrical carbon electrodes separated by a
nylon septum. The electrochemical testing for
supercapacitor was performed on a CHI 660A
electrochemical workstation system (CHI Inc., USA)
under ambient conditions using two-electrode system.
Cyclic voltammetry (CV), galvanostatic charge—discharge
(GCD), electrochemical impedance spectroscopy
techniques (EIS) and cycle life test were carried out to
assess the electrochemical properties of the devices. The
CV experiments were performed at varying scan rates.
The GCD was conducted with different current densities.
The EIS measurements were carried out by applying an
AC voltage of 5 mV amplitude in the frequency range of
100 kHz to 10 mHz. The cycling performance was
charged and discharged at a constant current density of 1
A/g on a Neware BTS cell test apparatus.

3 Results and discussion

To explore the improvement in capacitive behavior
of PANI/SnO, supercapacitor induced by Fe*'/Fe*" ion
pair in H,SOy solution, CV was employed to compare the
1 mol/L H,SO; electrolyte with the n mol/L [Fe*'/Fe* ]+
1 mol/L H,SO,4(n=0.1, 0.3, 0.4, 0.5) electrolyte at a scan
rate of 2 mV/s. The effect of adding Fe’*/Fe*" ion pair
into the H,SO, electrolyte to the capatitive behavior is
clearly observed in Fig. 1. The CV curves obtained in n
mol/L [Fe*'/Fe**] + 1 mol/L H,SO, electrolyte display a
couple of relatively broad current peaks with good
symmetry that are pseudocapacitive in nature. The CV
curve obtained in H,SO, electrolyte shows a quasi-
rectangle shape without obvious redox peak. However,
the PANI/SnO, samples show two pairs of significant
redox peaks due to pseudocapacitive behavior of PANI in
1 mol/L H,SO, electrolyte [12]. So the big bumps of CV
curves in n mol/L [Fe'/Fe’'] + 1 mol/L H,SO,
electrolyte are associated with the synergistic effects of
PANI and Fe’'/Fe*’. From Fig. 1, it can be seen that
when n increases from 0.1 to 0.4 mol/L, the redox peak
currents increase, while n increases from 0.4 to 0.5
mol/L, the redox peak currents decrease. The result
clearly indicates that the high concentration of Fe’"/Fe**
is favorable for improving the capacitances of the
PANI/SnO, supercapacitor, but if the Fe''/Fe*"
concentration is too high, the ion activity may be reduced
due to the less water hydration, resulting in the decrease
of ion mobility. The CV area of supercapacitor in
0.4 mol/L [Fe*'/Fe*'] + 1 mol/L H,SOy,electrolytes is the
largest, implying the largest specific capacitance value.

To understand the electrochemical nature of
this electrode process, the CV tests of PANI/SnO,



Tian-tian LIU, et al/Trans. Nonferrous Met. Soc. China 25(2015) 26612665 2663

b
<
S
2
@
=
[
=]
5
g

Fet]+1 mal/lL H,S0,

&) “J+1 mal/L H:50,

= —o— 0.4 mol/L [Fe¥*/Fe']+1 mol/L HLSO,

—— 0.5 mol/L. [Fe**/Fe*'[+1 mol/L HiSO,

-5 — | mol/L H,30,
-0.5 -0.3 -0.1 0.1 0.3 0.5
Potential/V

Fig. 1 CV curves at scan rate of 2 mV/s for PANI/SnO,
supercapacitors

supercapacitors were recorded in 0.4 mol/L [Fe’"/Fe*']+
1 mol/L H,SO, electrolyte at various scan rates (2, 5, 10,
20, 50 mV/s) in the potential range of —0.5 to 0.5 V, as
shown in Fig. 2. It can be seen from Fig. 2 that the
supercapacitors exhibit similar curves as the scan rate
increases. A couple of distinct redox peaks are observed
and the reduction and oxidation potentials shift toward
high and low potential sides,
increasing the scan rate. This kind of shifting may stem
from the increased electrochemical polarization at an
increasing scan rate [13,14].
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Fig. 2 CV curves at different scan rates for PANI/SnO,
supercapacitors in 0.4 mol/L [Fe*'/Fe*'] + 1 mol/L H,SO,
electrolyte

GCD measurements were also used to test the
performance of capacitors. The GCD curves of
PANI/SnO, supercapacitors at a constant current density
of 1 A/g are shown in Fig. 3. The GCD curve of the
supercapacitors with 1 mol/L H,SOy, electrolyte is nearly
linear symmetry. But the supercapacitor with n mol/L
[Fe’*/Fe’] + 1 mol/L H,SO, electrolytes exhibit clear
deviation from the ideal triangular shape. Such plateaus
characteristics are known to be typical effects of
pseudocapacitive contributions [15].
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Fig. 3 GCD curves at 1 A/g for PANI/SnO, supercapacitors
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The specific capacitance (C) of the electrode is
evaluated from the GCD curves according to the
following equation:

) | x At
AV xm

C=

(1

where | is the discharge current (A), At is the discharge
time (s), AV represents the voltage change during the
corresponding discharge time (V), and m is the mass of
the active material (g).

According to Eq. (1), the specific capacitances in
four electrolytes change in the order of 1172 F/g
(0.4 mol/L [Fe*/Fe*"] + 1 mol/L H,SO,) > 1115 F/g
(0.3 mol/L [Fe’'/Fe*'] + 1 mol/L H,SO4) > 963 F/g
(0.5 mol/L [Fe’'/Fe*"] + 1 mol/L H,SO,) > 942 F/g
(0.1 mol/L [Fe’'/Fe’"] + 1 mol/L H,SO,) > 525 Flg
(1 mol/L H,SOy). Obviously, a significant improvement
in the capacitive performance of the PANI/SnO,
supercapacitor is achieved by using the [Fe’"/Fe*'] +
H,SO, electrolyte. The increase of capacitance is
attributed to  the additional  pseudocapacitive
contributions of reversible redox process of Fe*'/Fe*".

The initial specific capacitances of the PANI/SnO,
supercapacitors versus current densities in different
Fe*'/Fe*" concentrations (n) and in n mol/L [Fe*'/Fe*'] +
1 mol/L H,SOy at different current densities are shown in
Fig. 4. It further demonstrates that the specific
capacitance values depend on the current densities (from
0.5 to 2 A/g) and Fe’'/Fe*" concentrations for all the
supercapacitors. It can be noted that the specific
capacitance value of PANI/SnO, supercapacitor in
0.4 mol/L [Fe**/Fe*'1+1 mol/L H,SO, electrolyte is much
higher than those in other electrolytes, and the retention
rate is more than 90% when the current density increases
from 0.5 to 2 A/g. Consequently, the results obtained
from GCD show that the PANI/SnO, supercapacitor in
0.4 mol/L [Fe’'/Fe*'] + 1 mol/L H,SO, electrolyte
performs good electrochemical reversible behavior and
good rate capability.
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Fig. 4 Initial specific capacitances of PANI/SnO,

supercapacitors vs current densities in different Fe®'/Fe®*
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H,SO, at different current densities (b)

The long-term cycle stability of the PANI/SnO,
supercapacitor using 0.4 mol/L [Fe*"/Fe’'] + 1 mol/L
H,SO, electrolyte was evaluated by repeating the GCD
test at 1 A/g for 2000 cycles, as shown in Fig. 5. The
specific capacitance falls at the beginning 500 cycles,
after which the specific capacitance gradually increases
and then reaches a constant of 1032 F/g. The specific
capacitance increases with increasing the cycle number
may be because the Fe*'/Fe*" ions move from the bulk
solution to the available surface and accumulate closer to
the Helmholtz plane [16, 17]. These data further illustrate
that Fe''/Fe*" redox electrolyte can be considered as
promising electrolyte in the application of high-energy
supercapacitor.

Figure 6 shows the EIS of PANI/SnO,
supercapacitors measured in H,SO, electrolyte with
different Fe’"/Fe*" concentrations. The first intersection
point on the real axis of Nyquist spectrum in the high-
frequency region reflected the Ohmic resistance of the
electrolyte (R;). The semicircle in the medium-frequency
region is related with the interfacial charge transfer
resistance (R.). The straight line in the low-frequency
region is controlled by Warburg impedance [18]. As
shown in Fig. 6, the straight line in four electrolytes is
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Fig. 5 Electrochemical cyclic stability of PANI/SnO,
supercapacitors at 1 A/g

—o— 0.1 mol/L [Fe*"/Fe* ]+
1 mol/L. H.580,
]" == (.3 mol/L [Fe*/Fe*

1 mol/L H,80, /
4 == 0.4 mol/L [Fe*"/Fe']+
[ 1 mol/L H,80, /

—a— (.5 mol/L [Fe'*/FeX']+ }
1 mol/L. H.S0, /

3

\_

of.
7
4
d
P
+
&
VAQ?
gL '9., ,
' 8 10 12 14
Z'

Fig. 6 EIS of PANI/SnO, supercapacitors

nearly parallel. The R;, R, and capacitance values for
PANI/SnO, supercapacitors in n mol/L [Fe’"/Fe*']+
1 mol/L H,SO, are listed in Table 1. In diluted solution
(n=0.1), the diffusion process is limited by the
concentration of charged ions, which leads to low
conductivity and large R value. As the electrolyte
concentration increases, the amount of electrolyte ions
rises. Thus, the ion transport will be easy which
contributes to a high conductivity and low resistance of
the system. However, if the electrolyte concentration is
too high (n=0.5), the ion activity may be reduced due to
the continuous accumulation of the electrolyte ions on
the surface of the electrode. As shown in Table 1, the
capacitance change exhibits an opposite trend to the
changes of Ry and Ry, and varies dramatically with the
electrolyte concentration. These results are also well
consistent with the results of CVs and GCD.

Table 1 R, R and C for PANI/SnO, supercapacitors in
n mol/L [Fe**/Fe?*]+1 mol/L H,SO, electrolyte

n R/Q R/Q C/(E-gh)
0.1 3.28 3.36 942
0.3 1.54 0.55 1115
0.4 0.95 0.1 1172
0.5 2.28 1.58 963
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4 Conclusions

1) The PANI/SnO, supercapacitor fabricated using
0.4 mol/L [Fe*'/Fe**] + 1 mol/L H,SO, redox electrolyte
gives a maximum capacitance of 1172 F/g at 1 A/g,
which is higher than the corresponding values obtained
using the conventional H,SO, electrolyte and H,SO4
electrolyte doped by HQ.

2) The supercapacitor exhibits excellent long-term
cyclability, with the specific capacitance decrease by
12% after 2000 cycles.

3) It is believed that Fe*'/Fe*' redox electrolyte is an
environmental friendly and high-efficient redox mediator
compared with HQ redox electrolyte, and using Fe*'/Fe*
redox electrolyte has a good prospect for improving the
performances of energy-storage devices.
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