SCIENCE CHINA
Chemistry

* ARTICLES -

July 2012 Vol.55 No.7: 1319-1324
doi: 10.1007/511426-012-4673-z

Application of a novel redox-active electrolyte in
MnO,-based supercapacitors

YU HaiJun, WU JiHuai*, FAN LeQing, LIN YouZhen, CHEN ShuHong, CHEN Yuan,
WANG JiangLi, HUANG MiaoLiang, LIN JianMing, LAN Zhang & HUANG YunFang

Engineering Research Center of Environment-Friendly Functional Materials, Ministry of Education; Institute of Materials Physical
Chemistry, Huagiao University, Quanzhou 362021, China

Received July 14, 2011; accepted November 21, 2011; published online June 20, 2012

This paper reports a novel strategy for preparing redox-active electrolyte through introducing a redox-mediator
(p-phenylenediamine, PPD) into KOH electrolyte for the application of ball-milled MnO,-based supercapacitors. The mor-
phology and compositions of ball-milled MnO, were characterized using scanning electron microscopy (SEM) and X-ray dif-
fraction (XRD). The electrochemical properties of the supercapacitor were evaluated by cyclic voltammetry (CV), galvanos-
tatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) techniques. The introduction of
p-phenylenediamine significantly improves the performance of the supercapacitor. The electrode specific capacitance of the
supercapacitor is 325.24 F g”', increased by 6.25 folds compared with that of the unmodified system (44.87 F g™') at the same
current density, and the energy density has nearly a 10-fold increase, reaching 10.12 Wh Kg™'. In addition, the supercapacitor

exhibits good cycle-life stability.

supercapacitor, redox-active electrolyte, manganese dioxide, p-phenylenediamine, pseudocapacitance

1 Introduction

The development of high-performance energy storage de-
vices is an effective measure to face the increasing require-
ments of modern electronic products. Supercapacitors [1],
also called electrochemical capacitors, double electric layer
capacitors or ultracapacitors, have aroused wide research
interest due to their high power capability and long durabil-
ity (>10° cycles). However, the low energy density limits
their application in many important fields [2]. Recently, the
researches for improving the performances of supercapaci-
tors mainly focus on the electrode materials and electro-
lytes.

Much work has been done to fabricate high-performance
supercapacitors based on Faradic pseudocapacitive mecha-
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nism, such as RuO; [3], MnO, [4-6], Fe;0,4[7] and NiO, [8].
MnO, was regarded as the most potential pseudocapacitive
electrode material, due to its low price, stable and environ-
ment-friendly features. There are some methods for prepar-
ing MnQO, electrode materials [9, 10], however the current
methods are complicated and rigorous conditions [5, 6].
Therefore, it is significant to explore a simple and facile
route for preparing a high-efficiency and stable MnO,-based
supercapacitor.

Recently, an innovative redox-active electrolyte has been
reported, which efficiently enhances the capacitive perfor-
mance of supercapacitors. Zhang et al. [11] added hexacy-
anoferrate (II) and (IIT) jointly into KOH aqueous solution
as electrolyte for the supercapacitor. Because the Fe(CN)>/
Fe(CN)s" ion pair acts as an electron relay in the system,
the capacitive property of the supercapacitor was improved,
but the supercapacitor showed a poor cyclic stability. Li e?
al. [12] reported a Cu(Il)-ionic liquid electrolyte for car-

chem.scichina.com  www.springerlink.com



1320 Yu HJ, et al.

bon-based supercapacitor. The redox process of Cu**/Cu’ in
an electrolyte obviously improved the properties of ionic
liquid electrolyte and the corresponding carbon-based su-
percapacitor. Besides, Santamair et al. [13] reported an
acidic redox-active electrolyte. The reversible redox reac-
tion of hydroquinone in the acid system apparently increas-
es the specific capacitances of all carbon-based supercapac-
itors. Moreover, Zhou et al. [14,15] added Nal/l, into
ploymer gel electrolyte and activated carbon composite, the
performances of the supercapacitor increased. Nevertheless,
the comprehensive performances of supercapacitors still
need to be improved.

In this study, p-phenylenediamine (PPD), a redox medi-
ator which is extensively researched in the field of biomedi-
cine and electroanalysis, was directly introduced into con-
ventional KOH aqueous solution to form a redox-active
electrolyte for MnO,-based supercapacitors. Due to the in-
troduction of PPD, the electrochemical properties of the
MnO,-based supercapacitor were improved efficiently.

2 Experimental
2.1 Reagents and instruments

Manganese bioxide (MnQO,), potassium hydrate (KOH),
graphite, p-phenylenediamine (PPD) and N-methyl-2-
pyrrolidone (NMP) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Polytetrafluoroethylene (PTFE)
and nickel foam were purchased commercially from
Guangzhou Xingshengjie Science Technology Co., Ltd. and
Changsha Lyrun New Material Co., Ltd., respectively. All
materials were analytical reagents and used without further
treatments.

The instruments included a planet balling mill (ND6-2L,
Nanjing Nanda Tianzun electronic Co., Ltd.), scanning
electron microscopy (SEM, Hitachi S-4800, Hitachi Science
System Ltd., Japan), X-ray diffraction spectro-meter (XRD,
D8 Advance, Bruke Inc., Germany), and an electrochemical
workstation system (CHI660C, Shanghai Chen Hua Co.,
Ltd.).

2.2 The preparation of redox-active electrolytes

PPD with different mass (0.010, 0.025, 0.050, 0.075, 0.100
g) was added into 10 ml KOH electrolyte (1.78 mol L™
with agitation. After complete dissolution, the redox-active
electrolytes (El, E2, E3, E4, and E5) were obtained. For
comparison, the KOH electrolyte (EQ) with the same molar
concentration was also adopted.

2.3 The preparation of MnQ, electrode

7 g of MnQO,, 3 g of graphite and 100 g of stainless steel
balls were put into the planet balling mill. After ball milling
for 10 h, a nanoscale mixture of MnO,/graphite was ob-
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tained.

The MnO,/graphite mixture and PTFE were mixed with
a mass ratio of 95: 5 and dispersed in NMP. The resultant
mixture was ground and the NMP was removed by ultra-
sonic vibrating and heating to get uniform slurry. The slurry
was pressed by Decal method to form a thin sheet. Under
pressure of 10 MPa, the thin sheet was painted on nickel foil.
After drying at 100 °C for 24 h in a vacuum oven, a MnO,
electrode was thus obtained.

2.4 Fabrication of supercapacitor

The supercapacitors (S1, S2, S3, S4, and S5) were fabricat-
ed by using two same MnO, electrodes and different re-
dox-active electrolytes. At the same time, the same
MnO,-based supercapacitor with EO electrolyte was also
assembled.

2.5 Measurements and characterizations

The morphology and structure of MnO, were observed and
photographed by SEM and XRD, respectively. The electro-
chemical performances of supercapacitors were character-
ized by cyclic voltammetry (CV), electrochemical imped-
ance spectroscopy (EIS), and galvanostatic charge-
discharge (GCD) measurements. All tests were performed
on CHI 660C at room temperature.

The specific capacitance of the supercapacitor (C, F g ™),
power density (P, W kg™"), and energy density (E, Wh kg™)
were calculated according to the following equations:

C:ﬂ (1)
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where I (ampere) is the working current, m,. (grams) is the
weight of the active material (including the binder and the
graphite), At (seconds) is the charge-discharge time, i (A) is
peak current, and v (mV/s) is the sweep rate of CV test. AV
(volts) is the actual voltage after eliminating the iRy
(volts), which is defined as the electrical potential differ-
ence between the two ends of a conducting phase during
charging-discharging. The specific capacitances of the elec-
trode (C;) were obtained by multiplying C by four.

3 Results and discussion
3.1 The structural analysis of MnQO,

The XRD patterns of graphite and raw MnO, before ball
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milling, and MnO,/graphite composite after ball milling are
shown in Figure 1, the close-up view of the left part in the
low degree. It is shown that the maximal diffraction peak of
graphite decreases after ball milling, which may be ascribed
to the destruction of the crystal structure. Due to the reduc-
tion of thickness and dimension of graphite, the composite
has a better conductivity [19]. The XRD patterns of
MnO,/graphite and MnO, (8-MnO,) indicate that all the
positions of maximal diffraction peaks for MnO, are not
changed except apparent strengthening at 37.33°, which
indicates that the crystalline structure of MnQ, is not de-
structed after ball milling [20].

3.2 Morphology observation of MnQO,

Figure 2 shows the typical SEM images of MnO, in differ-
ent magnification before and after ball milling treatment. It
is shown that the MnO, particle size are between 30 and 40
pm before ball milling (a). After ball milling, the size of
MnO, particles has apparently decreased, and reaching na-
noscale (50-200 nm), as shown in Figure 2(b).

3.3 GCD measurements

In order to get the optimum redox-active electrolyte, C of
supercapacitors based on various electrolytes (E1, E2, E3,
E4, and ES5) is counted by GCD test and the results are
shown in Table 1. It is observed that C; of supercapacitors
increases with the increases of PPD amount; when PPD
amount is 0. 050 g, C; reaches the largest value (325.24
F ¢). Beyond 0.050 g, C, decreases with the increases of
PPD concentration. The concentration of PPD is not high
enough to improve the capacitive performance, but higher
concentration of PPD will lead to the aggregation of free
ions and charges in the system, which decreases the perfor-
mances of supercapacitors. Therefore, the 0.050 g (E3) PPD
is suitable.
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Figure 1 XRD patterns of materials. (a) Graphite; (b) MnO, before ball
milling; (¢) MnO,/graphite mixture after ball milling.
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Table 1 The influence of PPD on C, of supercapacitors

PPD (g) C, of supercapacitors (F g™")
0.010 260
0.025 290.56
0.050 325.24
0.075 310.01
0.100 300.35

Figure 2 SEM photographs of materials. (a) The MnO, before ball mill-
ing; (b) the MnO,/graphite mixture after ball milling.
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Figure 3 GCD curves of SO and S3. Current density: 1 A g™'.

The GCD curves for SO and S3 are compared in Figure 3.
It is shown that the charge time (7;) and discharge time (Ty)
of the supercapacitors are almost equal, implying both of
them have good columbic efficiency (Figure 3) [21]. More-
over, it is interesting that the charge-discharge time of S3 is
much longer than that of SO, revealing a great improvement
of the performances of the supercapacitor. According to eq.
(1), under a charging-discharging current density of 1 A g™,
C, of SO and S3 is determined to be 44.87 and 325.24 F g‘l,
respectively. C; for the redox-active electrolyte is increased
by 6.25 folds compared with that of the current KOH sys-
tem. The quick and reversible redox reactions of PPD in the
electrolyte system may be the main reason for the long dis-
charge time for the S3.

In Figure 4, the C, for SO and S3 at different current den-
sities and scan rates are presented. For the GCD test, the C;
of the two supercapacitors increase with the increasing of
current density, when the current density is 5 A g”', C, of
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Figure 4 The specific capacitance of SO and S3 at different current
densities and scan rates.

S3 reaches 175.81 F g™' with a capacitive retention of
54.05%. Similarly, with the increasing of scan rate of C-V
test, C; of two supercapacitors also decline smoothly. From
these results, we conclude that S3 not only shows better
electrochemical properties, but also still keeps a relatively
high capacitive retention. Ragone of energy density and
power density of supercapacitors are shown in Figure 5.
According to egs. (2) and (3), the energy density of SO (Es)
and S3 (Es3) were counted to be 10.12and 1.29 Wh Kg"1 at
1 A g', respectively, which increases by nearly 10 folds.
The power density of SO (Pso) and S3 (Ps;) were 474 W kg‘l
and 455 W kg ™, respectively. It can be inferred that re-
dox-active mediator is an efficient method for improving
the performances of supercapacitors.

3.4 C-V tests

C-V tests for the SO and S3 at a scan rate of 5 mV s are
shown in Figure 6. The C-V curves of S3 display shapes
with one pair of well-defined redox peak (P/P’) centered at
0 V and nearly same peak currents (5.11 and 5.03 mA),
which indicates the good reversibility of the redox mediator
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Figure 5 Ragone of energy density and power density.
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Figure 6 C-V curves for SO and S3 at a scan rate of 5 mV s™

in the electrolyte. The redox peak (P/P’) of S3 corresponds
to the redox transformation of p-phenylenediamine and
p-phenylenediimine on the MnO, electrodelelectrolyte in-
terface [13]. However, the C-V curves of SO display a quasi-
rectangle shape without apparent redox peak, implying an
ideal electric double layer capacitor [22]. Besides, the ca-
pacitances are proportional to the areas of C-V shapes [23],
and the appearance of bumps means that the capacitances
of S3 have been improved about 6 folds, which is at-
tributed to the pseudocapacitances produced by redox re-
actions of PPD. On the basis of C-V tests, the good per-
formance of S3 is due to the capacity-storage mechanism
of the electrical double layer capacitance and Faradic
pseudocapacitance produced by the redox reaction of
p-phenylenediamine/p-phenylenediimine on the MnO,
electrodelelectrolyte interface.

3.5 EIS technique

Figure 7 shows the Nyquist plots of SO and S3. Both super-
capacitors exhibit ideal electrochemical capacitance behav-
iors. In the high frequency region, S3 not only has lower
inner resistance (1.87 Q for S3 and 4.32 Q for SO, respec-
tively) calculated from the point of intersecting with the
x-axis, but also has smaller charge transfer resistance (2.87
Q for S3 and 4.68 Q for SO, respectively), which was
counted from the span of the single semi-circle along the
x-axis. It can be inferred that the introduction of PPD de-
creases the inner resistance and accelerates the transfer of
ions. Subsequently, the quick charge discharge ability of the
supercapacitor was improved. Furthermore, in the low fre-
quency region, the imaginary part of S3 is more perpendic-
ular to the real part. In brief, the introduction of PPD im-
proves the impedance performance of the supercapacitor.

3.6 Cycle-life testing

The long cyclic durability is a crucial problem for superca-
pacitors. The cycle stability of SO and S3 was also evaluated
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at a current density of 1 A g™ for 5000 cycles, as shown in
Figure 8. The C; of SO displays good cyclic ability with a
slight decrease after 5000 cycles, which implies the MnO,
electrode exhibits good electrochemical stability. The C; of
S3 declines quickly at the beginning of the 2000th cycle,
and then keeps a stable value about 75% of the initial value.
The decrease of capacitance in the long-term cycling may
be due to the incomplete redox reactions of PPD in the elec-
trolytic system.

4 Conclusion

We reported a novel strategy for preparing redox-active
electrolyte through introducing a redox mediator (PPD) into
KOH electrolyte for the application of nano-MnO,-based
supercapacitors. The supercapacitor exhibits excellent elec-
trochemical performances with a high electrode specific
capacitance of 325.24 F g”' and energy density of 10.12 Wh
Kg™'. In addition, the supercapacitor shows good cycle-life
stability. It is believed that the simple and high-efficient
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Figure 7 Nyquist plots of SO and S3, the close-up view of the left plot in
the high frequency region.
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Figure 8 Variation of the C, of SO and S3 during the long-term cycle.
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redox-mediated dope provides a potential measure for the
realization of high-energy-storage devices.
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