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Studies of the electrochemical behavior of Kgy,7Mn0O,-0.6H,0 in K;SO4 show the reversible inter-
calation/deintercalation of K*-ions in the lattice. An asymmetric supercapacitor activated carbon
(AC)/0.5mol 1! K3S04/Kp27Mn0;-0.6H,0 was assembled and tested successfully. It shows an energy
density of 25.3Whkg~! at a power density of 140 Wkg~'; at the same time it keeps a very good rate
behavior with an energy density of 17.6 Whkg~! at a power density of 2 kW kg~! based on the total mass
of the active electrode materials, which is higher than that of AC/0.5 mol 1~ LiSO4/LiMn,04. In addition,

?ﬁﬁ?rir:’;;citor this asymmetric supercapacitor shows excellent cycling behavior without the need to remove oxygen
Ko27MnO, from the electrolyte solution. This can be ascribed in part to the stability of the lamellar structure of
K Ko27Mn0,-0.6H,0. This asymmetric aqueous capacitor has great promise for practical applications due

Electrochemical behavior
Aqueous electrolyte

to high energy density at high power density.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Supercapacitors or electrochemical double layer capacitors
(EDLCs) have promising applications as backup or auxiliary power
sources in electric vehicles or other electronic devices for the pur-
pose of power enhancement since their power density is very high
(2-5kWkg~1). However, the substitution of supercapacitors for
current batteries remains to be a challenge owing to their very low
energy density (<10Whkg=1).

Recently, hybrid systems were explored by utilizing the high
energy density of batteries, especially lithium ion batteries, in com-
bination with high power density of supercapacitors [1-11]. A
case in point is the hybrid system activated carbon (AC)//LiMn;04,
which utilizes the lithium ion intercalation compound LiMn;04
as cathode, activated carbon as anode and 1moll-! Li,SO4 as
electrolyte [3]. However, owing to the three-dimensional tunnel
structure of spinel-type LiMn;0y4, the ionic diffusion during the
charge-discharge is more restricted than in the two-dimensional
lamellar structure. In addition, the hydrated radius of Li* is larger
and thus its conductivity is lower than those of Na* and K*. As a
result, the energy density of AC//LiMn,0g4 is low at high power,
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which limits its practical application. Moreover, the theoretical
capacity of spinel LiMn, Q4 is not sufficiently high since the inter-
calation amounts of Li* ions into spinel LixMn,0,4 are limited to
the range of 0 <x <1, i.e., the maximum value of Li/Mn ratio is 0.5.
Therefore, LiMnO, with a two-dimensional lamellar structure and
a Li/Mn ratio of 1.0 is expected to exhibit better rate capability
and higher theoretical capacity than its spinel form. However, the
lamellar structure of LiMnO- has been demonstrated to be unstable
during cycling and it transforms into the spinel form easily since
the lamellar compound has a cubic-close-packed arrangement of
oxide ions which is identical to that of a spinel [12-14].
Introduction of large alkali ions and H,0 molecules into the
interlayer space of manganese oxide could stabilize the lamellar
structure [15,16]. For example, lamellar KyMnO,, with the large
K* ions as pillars, shows better cycling performance than LiyMnO,
during the Li* intercalation/deintercalation in organic electrolytes.
This can be ascribed to the expansion of the interlayer space. At
the same time, large K* ions make manganese cations diffusion
into the interlayer region to form spinel structure less favorable
[14]. Introduction of H,0 into the interlayer space of MnO, also
plays an important role in the stability of lamellar MnO, [17].
When KxMnO,-yH,O0 is used as electrode material in an aqueous
capacitor, the existence of these interlayer H,O molecules is not
supposed to influence the performance of the capacitor, unlike
commercial lithium-ion batteries using organic electrolytes, which
require anhydrous environment for the assembly of battery. In
addition, lamellar KyMnO,-yH,O lattice possesses a large inter-


http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wuyp@fudan.edu.cn
mailto:rudolf.holze@chemie.tu-chemnitz.de
dx.doi.org/10.1016/j.jpowsour.2009.10.108

2790
60+ @ (091

500

400 -

300

200

Intensity / a.u.

Q. Qu et al. / Journal of Power Sources 195 (2010) 2789-2794

—— Original MnQ,
----- K, ,,MnQ,= 0.6H,0

Fig. 1. (a) XRD patterns of original MnO, and as-prepared Ko ,7Mn0O;-0.6H,0 powder and TEM images of the as-prepared Kg>7Mn0,-0.6H,0, (b) at low magnification and

(c) at high magnification.

layer distance of about 0.7 nm that it could be intercalated by
large quaternary ammonium cations and other alkaline cations
[18-21].

In the case of an aqueous electrolyte, research has proven that
K,S04-based electrolytes show better rate behavior than Li;SO4-
based electrolyte owing to the smaller hydration ionic radius of K*,
weaker solvation interaction between K*-ions and H,O molecules
and higher ionic conductivity of K* than that of Li* [22-25]. In
this study, the electrochemical behavior of Kg57Mn0,-0.6H,0 in
aqueous K,S04 was investigated. Results show that K*-ions can
intercalate/deintercalate into/from the Kg,7MnO,-0.6H,0 lattice
reversibly during the electrochemical cycles. The assembled asym-
metric supercapacitor AC/[Kg27Mn0,-0.6H,0 with 0.5moll~!
K,SO4 as electrolyte exhibits excellent rate behavior and cycling
performance.

2. Experimental

KxMnO, precursor was prepared by ballmilling the mixture of
K,CO3 and MnO, in a molar ratio of 1:2 for 12 h, followed by
calcination at 550°C for 8 h. The precursor was further washed
several times with water to remove residual K,CO3 and dried at
60 °C over night. Elemental analysis by inductively coupled plasma
(ICP, Thermo E. IRIS Duo) and thermal gravimetric analysis (TGA,
PerkinElmer TGA 7) for the as-prepared powder indicate an approx-

imate composition of Kg37Mn0,-0.6H,0. The existence of H,0 is
caused by the water washing process during the preparation. For
comparison, a spinel LiMn,;04 was also prepared by calcination
of the mixtures of Li;CO3 and MnO, in a stoichiometric ratio at
500°C for 3h and then at 700°C for 8 h. The crystal structures of
the samples were characterized by X-ray diffraction (XRD) using
a Rigaku D/MAX-IIA X-ray diffractometer with Cu Ko radiation.
Transmission electronic microscopy (TEM) was performed using
a JEOL JEM-2010 transmission electron microscope.

For electrochemical tests the cathode was prepared by press-
ing a mushy mixture of Ky 7Mn0,-0.6H,0 (or LiMn;,04), acetylene
black and poly(tetrafluoroethylene) (PTFE) (in a weight ratio of
85:10:5) dispersed in ethanol onto Ni-grids. Activated carbon (AC)
with a specific surface area of about 2800m?2 g~! measured by
BET method was purchased from Ningde Xinseng Chemical and
Industrial Co., Ltd. and used as received without further treatment.
The AC electrode was prepared in the same way as the cathode.
Cyclic voltammetry, galvanostatic charge-discharge tests and elec-
trochemical impedance measurements of the individual electrode
were performed using a three-electrode cell, in which a Ni-grid
and saturated calomel electrode (SCE) were used as counter and
reference electrodes, respectively.

The charge-discharge test of the asymmetric supercapac-
itor AC/0.5moll-1 K,S04/Kg27Mn0,-0.6H,0 or AC/0.5moll~!
Li;SO4/LiMn, 04 was performed in a two-electrode glass cell sepa-
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Fig. 2. Cyclic voltamogramms of activated carbon and Ky 27Mn0O,-0.6H, 0 electrodes
in 0.5 mol1-! K,SO4 aqueous solution at a scan rate of 5mVs-1.

rated by non-woven cloth. Electrochemical performance was tested
without removal of the oxygen from the solution.

3. Results and discussion

XRD patterns of the as-prepared Kgy;7Mn0,-0.6H,0 and the
original material MnO, were shown in Fig. 1(a). The original MnO,
can be indexed as akhtenskite (e-MnO,, JCPDF No. 89-5171). The
final product Kg>7Mn0O;-0.6H,0 exhibits a lamellar d-type struc-
ture with preferred orientation peaks of (001) and (002) [26,27].
A TEM micrograph of the prepared K 57Mn0,-0.6H,0 at low mag-
nification (Fig. 1(b)) shows aggregated particles with sizes ranging
from 50 to 200nm; the TEM micrograph at high magnification
(Fig. 1(c)) shows that these particles exhibit an obviously lamellar
structure with thickness of less than 10 nm.

Cyclic voltammogramms (CVs) of Kg37Mn0,-0.6H,0 and AC
electrodes in 0.5moll~! K,S0O,4 aqueous solution at a scan rate of
5mVs~! are shown in Fig. 2. The current collector, Ni-mesh, is very
stable between 1.0 < Escg < 1.2 Vin K;SO4 aqueous solution owing to
the existence of overpotentials [23,25]. The CV of the AC electrode
exhibits an ideal rectangular shape without any noticeable redox
peak between Escg =0.1 and —0.8 V, which is characteristic of a pure
electrical double layer capacitance. On the contrary, in the potential
range of 0 <Escg < 1.0V, the Ky27Mn0,-0.6H,0 electrode exhibits a
large couple of distinct redox peaks situated at about Escg =0.35
and 0.60V, respectively, which can be ascribed to the interca-
lation/deintercalation of K* into/from Kg,7Mn0,-0.6H,0 lattice
accompanied by the electrochemical conversion between Mn3* and
Mn#* [21]. Further studies of this intercalation/deintercalation pro-
cess will be shown later in this report. The large separation between
the anodic and cathodic peak can be due to the large kinetic hin-
drance for the migration of K* in the lattice. In addition, this pair
of redox peaks is more obviously related to the pseudocapaci-
tance section (typical rectangular section) than that observed for
the lamellar KyMnO,-H,0 prepared from thermal decomposition
of KMnO,4 at the same temperature of 550°C [28]. This may be
due to the higher degree of crystallization of the products in our
experiments than that in the literature [28]. It can be seen that the
XRD patterns of the products synthesized from K,CO3 and MnO,
at 550°C closely resemble those obtained after thermal decom-
position of KMnO,4 at 800°C. As can be seen from the CV curves
of KxMnO,-H,0 prepared by thermal decomposition of KMnO,4 at
various temperatures [28], this pair of redox peaks becomes more
obvious with the increase of the degree of crystallization. Moreover,
the integrated area of the CV curves of Kj37Mn0,-0.6H,0 during
the negative scan is almost equal to that during the positive scan,
indicating a reversible Faradic reaction.
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Fig. 3. XRD patterns of the K27Mn0,-0.6H;0 electrodes (a) prior to cycling, (b) at
the end of the first charge and (c) at the end of the following discharge.

In order to further understand the dynamic processes of the
Ko27Mn0,-0.6H,0 electrode in K;SOg4, ex situ XRD patterns of
Ko.27Mn0,-0.6H, 0 electrode prior to cycling, at the end of the first
charge (1.0V vs. SCE) and at the end of the following discharge (0V
vs. SCE) are shown in Fig. 3. After the first charge, the interlayer
space shows a slight increase, as can be seen from the shift of the
(001)and (002) peaks towards lower values. This may result from
the decrease of concentration of K*-ions in the interlayer space,
which is similar to the behavior of LiCoO, upon lithium deinter-
calation [29]. Elemental analysis by ICP shows that the K/Mn ratio
at the end of the first charge is 0.11, much lower than the origi-
nal value of 0.27, suggesting the deintercalation of K* ions. When
K* ions are extracted from the interlayer space during the charge
process, the interlayer separation expands slightly as a result of the
weakening of the coordinative interactions between the interlayer
K*-ions and the oxygen ions in the MnO, layers. The extraction
of K*-ions may be accompanied by the insertion of H,O into the
interlayer space [21]. At the end of the following discharge, the
K/Mn ratio reverts to about 0.27, suggesting the intercalation of
K*-ions into the interlayer space again. As a result, the interactions
between K*-ions and oxygen ions increase, and correspondingly
the interlayer space decreases slightly, nearly to the original inter-
layer space prior to cycling. These results suggest the reversible
intercalation/deintercalation of K* ions in the solid lattice, which
are similar to that reported [21].

The potential-time curves of the individual electrode vs. SCE
reference electrode and the voltage-time profile of the asymmet-
ric AC/[Ky27Mn0,-0.6H,0 supercapacitor in K,SO4 solution at a
current rate of 2C are shown in Fig. 4. The AC anode presents
a typical linear relationship with time, characteristic of electric
double layer capacitance. In the case of the Ky 57Mn0,-0.6H, O cath-
ode, the voltage increases slowly during the charge process and
exhibits a short plateau at about Escg =0.6 V. Correspondingly, the
discharge curve decreases slowly and includes a short plateau at
Esce =0.4V, suggesting that the Faradic reaction is reversible. This
result agrees well with that obtained from CV. The specific capac-
itance of AC and Kg7Mn0O,-0.6H,0 at this current rate is 152.8
and 144.7F g1, respectively. Therefore, the mass (weight) ratio of
AC to K¢ 27Mn0,-0.6H;0 in the asymmetric supercapacitor is set at
1:1. The asymmetric supercapacitor shows a sloping voltage profile
from O to 1.8 V with excellent reversibility. The specific capacitance
and energy density of the AC//Kp27Mn0,-0.6H,0 supercapacitor
based on the total mass of the active electrode materials (including
AC and Kg7Mn0;-0.6H,0) at this current rate (about 50 Wkg~1)
is 57.7Fg~1 and 26.0 Whkg~1, respectively, which is much higher
than those of current symmetric capacitors.
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Fig. 4. Potential-time curves of the individual electrode vs. SCE reference electrode
and the voltage-time profile of the asymmetric AC//Ko27Mn0O;-0.6H,0 supercapac-
itor at a current rate of 2 C in 0.5 moll-! K,S04 aqueous solution.

The cycling behavior of the asymmetric AC//Ky27Mn0,-0.6H,0
supercapacitor is shown in Fig. 5. It presents excellent cycling
behavior, only a slight capacitance loss (<2%) after 10,000 cycles at
a current rate of 25 C between 0 and 1.8 V. The coulombic efficiency
of the capacitor remains at 100% except in the first several cycles,
suggesting that no gas evolution occurred in this voltage range. It is
well known that AC shows excellent cycling performance because
of its electrical double-layer capacitance. Here, Kg 27Mn0O,-0.6H,0
with the K* ions and H,O0 molecules as pillars also has a very sta-
ble lamellar structure during the deintercalation and intercalation
of K*-ions, which does not transform into other crystalline struc-
tures, as can be seen from the XRD patterns of Kg ,7Mn0O,-0.6H,0
electrode before and after 10,000 cycles (Fig. 6). The CV curves of
Ko.27Mn0,-0.6H, 0 electrode during the extended cycles also show
no obvious difference (Fig. 7), further suggesting the stability of the
lamellar structure of Ko >7MnO,-0.6H,0.

In addition, it can be seen that the separation between the anodic
and cathodic peak during the initial 50 cycles becomes slightly
smaller with growing cycle number, suggesting the decrease
of the electrode polarization. The electrochemical impedance of
Ko27Mn0,-0.6H,0 electrode after 50 cycles also shows a slight
decrease compared with that prior to cycling (Fig. 8). The slight
decrease of polarization and impedance may be due to an
activation process, which favors the electrochemical intercala-
tion/deintercalation of K* [23].

120 r120
o 100 WAt 100
o I R
-~ ~
4 L >
§ 80 80 g
] ]
5 =
S 604 60 =
=%
] 2
O 40 e e = - 40 ‘E
5 S
g 3
& 204 F20 3
O ¥ ¥ T T T 0
0 2000 4000 6000 8000 10000

Cycle number

Fig. 5. Cycling behavior of the asymmetric AC//Ko27Mn0,-0.6H,0 supercapacitor
at a current rate of 25C between 0 and 1.8V. The mass (weight) ratio of AC to
Ko27Mn0,-0.6H,0 is set at 1:1.
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Fig. 6. XRD patterns of Kg27Mn0,-0.6H,0 electrode (a) before and (b) after 10,000
cycles.
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Fig. 7. Cyclic voltamogramms of Ko 7MnO;-0.6H,0 electrode during the extended
cycles at scan rate of 5mVs-1.

A Ragone plot of the asymmetric capacitor AC/0.5moll!
K5S04/Kp27Mn0,-0.6H,0 (Fig. 9) shows an energy density
25.3Whkg-! at a power density of 140 Wkg~1, much higher than
that of a symmetric AC/0.5moll~! K,SO4/AC capacitor. More-
over, it keeps a very good rate behavior with energy density of
17.6Whkg~! at power density of 2kWkg~!, much higher than
that of AC/0.5moll-! Li,SO4/LiMn;04. This good rate behavior
can be ascribed to the much smaller electrochemical impedance
of Kp7Mn0,-0.6H,0 electrode in 0.5moll~! K,SO4 than that
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Fig. 8. The Nyquist plots of Ko 27Mn0;-0.6H,0 electrode (a) before and (b) after 50
cycles.
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Fig. 9. Ragone plots of the asymmetric (a) AC/0.5 mol 1! K,S04/Kg27Mn0,-0.6H,0,
(b) AC/0.5moll~! Li;S04/LiMn;04 and (c) symmetric AC/0.5moll-! K;SO4/AC
capacitors. The data were calculated based on the total mass of the active electrode
materials.

of LiMn,04 electrode in 0.5moll-! Li,SO4 (Fig. 10). The small
impedance of Ky 27Mn0,-0.6H, 0 electrode in K, SO4 may be associ-
ated with the lamellar structure of Ky ,7Mn0,-0.6H,0 with a large
interlayer space for the ionic migration in contrast with the tun-
nel structure of LiMn,0,4. Moreover, the hydration radius of K*
(0.331nm) is smaller than that of Li* (0.382nm), and the ionic
conductivity of K* (73.5cm? (2mol)~!) is higher than that of Li*
(38.6cm?2 (2 mol)~1) [22-24]. All these factors contribute to the
excellent rate behavior of AC/K;S04/Kg27Mn0,-0.6H,0. In addi-
tion, in this asymmetric AC/K;SO04/Kg27Mn0O,-0.6H,0 capacitor,
the supporting electrolyte and the raw material for the preparation
Ko27Mn0,-0.6H, 0 are all based on K*-salts, which are cheaper and
more easily available than Li*-salts.

Moreover, in the symmetric AC//AC capacitor, the cations and
anions in the electrolyte are depleted during the charge process,
thus large amounts of electrolyte are needed to compensate the
consumption of electrolyte and ensure sufficient ionic conductivity.
However, in the asymmetric AC/K;S04/Kg27Mn0,-0.6H,0 system,
K* is the working ion and Kg»7Mn0,-0.6H,0 itself could provide
K* ions, thus the electrolyte concentration is constant during the
charge process without electrolyte consumption. Therefore, the
weight of electrolyte would be far less than that in the symmet-
ric capacitor. Typically, the electrode material provides about 50%
of the total weight of the practical battery, thus the practical spe-
cific energy of asymmetric capacitor AC/K;S04/Kg 27Mn0,-0.6H,0

195 (a) K,,,MnO,j= 0.6H,0
| (o) LiMnO,
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Fig. 10. Nyquist plots of (a) Ko27Mn0,-0.6H,0 and (b) LiMn,04 electrode at open
circuit potential in 0.5mol1-! K;SO4 and Li,SO4, respectively.

could be up to 13Wh kg1, which is much higher than that of com-
mercial EDLCs (about 3-5Wh kg~1) and also competitive with that
of lead-acid battery (about 15 Whkg~1). Moreover, the asymmet-
ric AC/K3S504/Kg27Mn0,-0.6H,0 capacitor possesses much higher
power density, longer cycling life, lower cost, and more environ-
mental friendliness than the current batteries. This asymmetric
aqueous AC//Kg27Mn0,-0.6H,0 capacitor is a promising candidate
for the power sources of electric vehicles or other large power
devices.

4. Conclusion

Studies of the electrochemical behavior of Ky27Mn0,-0.6H,0
electrode in K;SO4 solution show the reversible intercala-
tion/deintercalation of K* ions in the lattice. An asymmetric
supercapacitor with the Kgy7Mn0,-0.6H,0 and AC as cathode
and anode, and K,;SO4 aqueous solution as electrolyte was suc-
cessfully assembled. The asymmetric supercapacitor can charge
and discharge reversibly in the voltage region of 0-1.8V with-
out removal of oxygen in the electrolyte and deliver an energy
density of 25.3Whkg~! at power density of 140Wkg~! based
on the total mass of the active electrode materials. It also shows
excellent cycling behavior with no more than 2% capacitance
loss after 10,000 cycles at a current rate of 25C. This asym-
metric aqueous AC//Kg>7Mn0,-0.6H,0 capacitor shows promising
applications in electric vehicles and other large power devices own-
ing to its low price, good rate behavior and easy preparation of
[(027]\/[1]02-0.6]‘[20.
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