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bstract

A designed asymmetric hybrid electrochemical capacitor was presented where NiO and Ru0.35V0.65O2 as the positive and negative electrode,
espectively, both stored charge through reversible faradic pseudocapacitive reactions of the anions (OH−) with electroactive materials. And the two
lectrodes had been individually tested in 1 M KOH aqueous electrolyte to define the adequate balance of the active materials in the hybrid system
s well as the working voltage of the capacitor based on them. The electrochemical tests demonstrated that the maximum specific capacitance and
nergy density of the asymmetric hybrid electrochemical capacitor were 102.6 F g−1 and 41.2 Wh kg−1, respectively, delivered at a current density

f 7.5 A cm−2. And the specific energy density decreased to 23.0 Wh kg−1 when the specific power density increased up to 1416.7 W kg−1. The
ybrid electrochemical capacitor also exhibited a good electrochemical stability with 83.5% of the initial capacitance over consecutive 1500 cycle
umbers.

2007 Elsevier B.V. All rights reserved.

s
m
f
t
n
s
a
e

h
m
c
E
p
g
o

eywords: Ru0.35V0.65O2; NiO; Hybrid electrochemical capacitor

. Introduction

Electrochemical capacitors (ECs) have been recently attract-
ng considerable attention due to their large specific capacitance
SC) and potential applications in hybrid vehicles and memory
ack-up systems [1]. Even though ECs can meet the power goal
ithout difficulty, the lower energy density of ECs, in com-
arison with secondary battery, is the greatest drawback for
ome specific devices, such as electric vehicle (EV) applica-
ions, etc. [1]. In view of practical applications, attempts should
e addressed to the improvement of energy density for ECs. And
oreover, it is well established [2] that the promising routes to

et around the problem of energy density of an EC are to max-
mize its capacitance by adopting the electrode materials with
arge SC, and to widen electrochemical window through the
hoice of a certain hybrid system based on different electrode

aterials.
Due to the low utilization of the carbon-based material [3]

nd degradation of the conducting polymer material [4,5], sub-

∗ Corresponding author. Tel.: +86 25 52112902; fax: +86 25 52112626.
E-mail address: azhangxg@163.com (X.-G. Zhang).
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tantial researches have been targeted to the excellent electrode
aterial, Ruthenium oxide [6] with remarkable large SC ranging

rom 720 to 760 F g−1. However, the high cost has necessitated
he need to reduce the amount of Ru species and to utilize ruthe-
ium oxide efficiently by the addition of the second metal oxide,
uch as TiO2, VOx, MoO3, etc., [7–9], or to identify low cost
nd benign alternative transition metal oxides such as NiO [10],
tc.

Recently, the hybrid EC, regarded as a new trend in ECs,
as been reported greatly [11–17]. The new type hybrid asym-
etric ECs are distinguished from either electrical double-layer

apacitors (EDLCs) or the conventional batteries. Such hybrid
Cs are always assembled with positive electrode with the large
ositive cutoff potential and negative electrode with high hydro-
en overpotential, which results in a significant increase of the
verall cell operating voltage and energy density of ECs. So it is
ossible to obtain the desired large electrochemical window and
pecific energy density of an EC by means of choosing some
roper electroactive materials as positive and negative elec-

rodes, respectively. Additionally, the case studied commonly
s that one electrode is storing charge through a reversible non-
aradic process of ionic movement on the surface of an activated
arbon or the hole of nano-pore carbon materials, and the other

mailto:azhangxg@163.com
dx.doi.org/10.1016/j.jpowsour.2007.04.034
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s to utilize reversible faradic redox reactions of metal oxides
11–16]. It is rarely studied that both of the positive and negative
lectrodes of an asymmetric EC are based on metal oxides [17],
n which different faradic redox processes take place reversibly.

Based on the above viewpoints, in this paper, we present a
ew concept of hybrid EC, in which Ru0.36V0.64O2 negative
lectrode with a high hydrogen evolution overpotential which
nables a large negative cutoff potential is in combination with
he NiO positive electrode, in 1 M KOH electrolyte solution. The
lectrochemical capacitance performance of the hybrid EC was
valuated by means of cyclic voltammetry (CV), galvanostatic
harge–discharge and electrochemical impedance spectroscopy
EIS) techniques. All the electrochemical tests demonstrated
hat the hybrid EC owned good electrochemical capacitance
erformance.

. Experimental

.1. Preparation of electrode materials

NiO was synthesized in the ethanol–water system (EWS) and
hen calcinated at 300 ◦C as follows. Firstly, a certain amount
f Ni(NO3)2·6H2O was dissolved in absolute ethanol to form a
reen homogeneous solution (0.018 M). Three hour later, the pH
f the solution was slowly adjusted to 9 by dropwise addition of
.025 M NaOH at room temperature. The resulting suspension
as stirred at the same temperature for 6 h. Thus, the mixture
as aged for another 6 h and then filtered, washed with copious

bsolute ethanol, dried at 40 ◦C in air for 24 h and then calcinated
t 300 ◦C for 1.5 h. Black NiO was obtained.

As for the synthesis of Ru0.36V0.64O2, the vanadium sol
hould be prepared in advance, and the method employed for
he synthesis of the vanadium sol was the same as described
n the reference [18], except where otherwise indicated. V2O5
owder (1 g) was dissolved completely in an ice-cooled 30%
2O2 (50 ml), to yield a bright reddish brown solution. A vig-

rous oxygen evolution generated by decomposition of excess
2O2 occurred in 20–25 min with stirring all the time. Mean-
hile, the solution turned to a dark brown sol with a considerable
iscosity. As-prepared sol was diluted with acetone and water

F
(

Fig. 1. The XRD patterns of (a) NiO and (b) Ru0.36V
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rderly at a volume fraction of 1:1:1. Then some certain amount
f RuCl3·xH2O was added into the sol according to Ru/V ratio
f 9:16 in atom and continually stirred for 48 h. The black prod-
ct of the reaction was washed with abundant distilled water and
bsolute ethanol, dried at 65 ◦C and then calcinated at 400 ◦C
or 4 h. Thus, Ru0.36V0.64O2 was synthesized.

The prepared samples were characterized by means of XRD
Max 18 XCE Japan), using a Cu Ka source and energy-
ispersive analysis by X-ray (EDAX, Link-200, Britain).

.2. Electrochemical tests

The NiO electrode was prepared as follows. The mixture con-
aining 75 wt.% as-prepared NiO and 20 wt.% acetyleneblack
AB) and 5 wt.% polytetrafluoroethylene (PTFE) was well
ixed and pressed (1.2 × 107 Pa) onto a nickel grid served as
current collector (surface area is 1 cm2). The Ru0.36V0.64O2

lectrode was prepared by the same method as that of the
ositive electrode described above and composed of 60 wt.%
u0.36V0.64O2, 35 wt.% AB and 5 wt.% PTFE. The typical mass

oadings of positive electrode material (NiO) and negative elec-
rode material (Ru0.36V0.64O2) were 10 and 5 mg, respectively.

A beaker-type electrochemical cell was used for the electro-
hemical measurement of NiO and Ru0.36V0.64O2 electrodes,
ndividually, in 1 M KOH electrolyte. The cell was equipped
ith a working electrode, a platinum plate counter electrode

nd a saturated calomel electrode (SCE) as reference electrode.
Cyclic voltammetry (CV) and EIS measurements were per-

ormed by using CHI 660 electrochemical workstation. The
alvanostatic charge/discharge performance of both two elec-
rodes and the hybrid EC was evaluated with an Arbin BT2042
attery workstation system in a certain range of potentials.

. Results and discussion

.1. The characteristics of NiO and Ru0.36V0.64O2
The XRD pattern of the as-prepared NiO is presented in
ig. 1a, and the characteristic reflections at (1 1 1), (2 0 0), (2 2 0),
3 1 1) and (2 2 2) show that as-prepared NiO has a rhombohedral

0.64O2, and EDAX of Ru0.36V0.64O2 (inset).
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rystalline structure (Joint Committee on Powder Diffraction
tandards (JCPDS) Powder Diffraction File Card No. 44-1159).
he broadening of the X-ray diffraction lines is suggestive of the
ne size of the synthesized NiO. The crystallite size of NiO, in

he direction perpendicular to the major diffraction peak (2 0 0)
2θ = 43.26◦), can be estimated as ca. 5 nm from the XRD lines
sing the Scherer’s formula. Fig. 1b shows the X-ray diffraction
attern of Ru0.36V0.64O2. The characteristic peaks at 27.32◦,
6.88◦, 39.08◦, 41.12◦, 44.00◦, 54.86◦ and 56.28◦ 2θ are cor-
esponding to (1 1 0), (1 0 1), (2 0 0), (1 1 1), (2 1 0), (2 1 1) and
2 2 0) planes, respectively, which matches well with the report in
eference [19,20]. The energy dispersive X-ray analysis (EDAX)
attern of Ru0.36V0.64O2, shown in the inset picture in Fig. 1b,
eveals the presence of V species incorporated into the ruthe-
ium oxide and demonstrates that the EDAX determination of
atio of Ru/V in Ru0.36V0.64O2 binary oxide is basically in line
ith that added previously.

.2. Electrochemical behaviors of NiO and Ru0.36V0.64O2

lectrodes

CV was firstly applied to detect the electrochemical win-
ow and electrochemical reaction reversibility of Ru0.36V0.64O2
lectrode in 1 M KOH electrolyte solution. Fig. 2a shows typ-
cal E–i response of Ru0.36V0.64O2 electrode within a stability
otential window between −1.0 and 0.1 V (versus SCE) at a
can rate of 5 mV s−1. Such lower voltage limit without notice-
ble hydrogen evolution and good reversibility of Ru0.36V0.64O2
lectrode indicate that the material is very suitable for a nega-
ive electrode in a hybrid EC system. The shape of the CV of
u0.36V0.64O2 electrode is pseudorectangular, suggestive of fast
nd reversible faradic redox reactions of Ru0.36V0.64O2. It is well
nown that the vanadium oxides can react with KOH and subse-
uently dissolved in the alkaline electrolyte solution. However,
he Ru0.36V0.64O2 electrode can be cycled several hundred times
ithout significant noticeable modification of the CV within the

lectrochemical window of −1.0 to 0.1 V (versus SCE) in 1 M
OH, which indicates the formation of Ru–V solid solution [19]

nd the good stability of Ru0.36V0.64O2 electrode in the KOH
lectrolyte. Also, due to the addition of V into the ruthenium
xide, the electrochemical window of Ru0.36V0.64O2 electrode
urns much larger from much less than 1.0 V [11] to 1.1 V. There-

ig. 2. CV curves of (a) Ru0.36V0.64O2 and (b) NiO electrodes at 5 mV s−1.
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ig. 3. Charge–discharge curves of (a) Ru0.36V0.64O2 and (b) NiO electrodes at
mA cm−2.

ore, the introduction of V species is believed to not only increase
he utilization of Ru species but also enhance the electrochemical
tability although pseudocapacitance of Ru0.36V0.64O2 should
e mainly contributed by the electroactive oxyruthenium species
i.e., RuO2).

And the E–i response of NiO without noticeable oxygen evo-
ution, within an electrochemical window of 0.0–0.5 V (versus
CE) at 5 mV s−1, is also shown in Fig. 2b. The potential win-
ow of the NiO electrode is shift toward positive value compared
o the Ru0.36V0.64O2 electrode. The CV of the NiO electrode is
haracterized by a set of reduction and oxidation waves centered
t 0.17 and 0.37 V versus SCE, respectively, which is distin-
uished from that of the electric double-layer capacitance in
hich case it is normally close to an ideal rectangular shape,

ndicating that the capacity mainly results from the pseudo-
apacitance. The redox waves are associated with a reversible
edox interconversion between Ni(II) and Ni(III). Moreover, the
verlapping of their useful electrochemical windows of two CV
urves, in Fig. 2a and b, indicates the feasibility of designing a
ybrid capacitor just by correctly balancing the weight of active
aterials in both the electrodes.
The typical galvanostatic charge–discharge curves at

mA cm−2, of the NiO electrode within a potential window
f 0.0–0.5 V (versus SCE) and Ru0.36V0.64O2 electrode within
n electrochemical window of −1.0 to 0.0 V (versus SCE), are
hown in Fig. 3. Linear variation of the voltage is not observed
or both the positive and negative electrodes in Fig. 3a and b,
hich is attributed to the potential dependent nature of faradic

edox reactions and in well agreement with the CV curves anal-
sis. In addition, the SCs delivered by Ru0.36V0.64O2 and NiO
re about 342 and 310 F g−1, respectively, which are evaluated
rom the typical galvanostatic charge–discharge curves shown
n Fig. 3a and b.

.3. Electrochemical performance of the hybrid EC based
n NiO and Ru0.36V0.64O2 electrodes

Cyclic voltammmetry (CV) at various sweep rates was used

o determine the electrochemical characteristics of the hybrid
C in aqueous media with 1 M KOH as a supporting elec-

rolyte. The typical CV response of the asymmetric EC, in Fig. 4,
hows that the hybrid EC owns good electrochemical capacitive
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ig. 4. CV curves of the asymmetric EC based on Ru0.36V0.64O2 and NiO
lectrodes at various scan rates as indicated.

ehavior. And moreover, the current–potential response is poten-
ially dependent in contrast to the potential-independent current
esponse of an electrochemical capacitor based on non-faradic
rocess. And the SCs of the hybrid system can be calculated
rom the CV curves according to the following equation:

m = i

mv
(1)

here m is the total mass of active materials in both the two
lectrodes, v the potential sweep rate, and i is the even current

esponse defined by i =
(∫ Vc

Va
i(v)dv

)
/(Vc − Va), where Va and

c represent the lowest and highest voltage, respectively. i is
btained through integrating the area of the curves in Fig. 4.
he SCs are ca. 71, 73, 76 F g−1, respectively, with the scan

ates of 10, 5, 2 mV s−1, respectively.
Galvanostatic constant current charge/discharge measure-

ents at different current densities were applied to evaluate
he electrochemical properties and to quantify the SC of the
ybrid EC in 1 M KOH electrolyte. Fig. 5 shows the typi-
al galvanostatic charge–discharge curves of the hybrid EC
etween 0.0 and 1.7 V at different current densities. As seen

rom Fig. 5, the E–t responses behave as triangular shape during
he charge–discharge processes, suggestive of a good electro-
hemical performance of the hybrid EC. And it is worthy of
eing noted that the charge/discharge curves all display a slop

ig. 5. Typical charge–discharge curves of the hybrid EC at different cur-
ent densities: (a) 7.5 mA cm−2; (b) 12.5 mA cm−2; (c) 17.5 mA cm−2; (d)
5.0 mA cm−2.
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ariation of time dependence of the potential and are not per-
ectly linear as is the case of activated carbon-based capacitors
2], indicative a typical pseudocapacitance behavior resulting
rom the electrochemical adsorption/absorption or redox reac-
ions at interfaces between electrodes and electrolyte. Moreover,
he discharge profiles all contain two parts: a resistive component
rising from the sudden voltage drops (linear portion parallel to
-axis) representing the voltage change due to the internal resis-
ance and a capacitive component (curve portion) related to the
oltage change due to change in energy within the capacitance
n all curves in Fig. 5. In addition, the sudden potential drops,
beying the ohmic law, become less with the decrease of the
harge–discharge current density.

And the SC of the asymmetric hybrid EC could be calculated
s follows:

m = C

m
= It

�V (mp + mn)
(2)

here I, t, �V, respectively, indicate the constant current that is
pplied, the discharge time, the efficient electrochemical win-
ow, and the mp, mn represent the mass loadings of positive
nd negative electrode material, respectively. The typical SCs
f the hybrid system are shown in Table 1, from the results
ummarized in Table 1, it is clear that the SCs decrease gradu-
lly with increasing discharge current density. The reasons for
he loss in the SCs at higher charge/discharge current density
ould be mainly from two aspects: (a) the large IR drop at a
arge discharge current density that leads to the small SCs; (b)
ctivation polarization and concentration polarization at higher
harge/discharge current that results the low utilization of the
lectroactive materials.

And the specific energy density (E) of the hybrid EC can be
alculated by means of the following Eq. (3) and the typical
esults are shown in Table 1.

= Cm

∫
V dv = 1

2
Cm(�V )2 (3)

It is well established that a hybrid supercapacitor can be con-
idered as two capacitors in series [17]. So the average SC of
he hybrid EC can be obtained from the following equation:

average = CNiOmNiOCRu0.36V0.64O2mRu0.36V0.64O2

mNiO + mRu0.36V0.64O2

(4)

here CNiO and CRu0.36V0.64O2 are the SCs of NiO and
u0.36V0.64O2, respectively; and mNiO and mRu0.36V0.64O2 are the
eights of NiO and Ru0.36V0.64O2, respectively. Subsequently,
he calculation leads to a value of ca. 111 F g−1 of the total active
aterial, which is basically in agreement with the values deter-
ined from the galvanostatic constant current charge/discharge

ests.

able 1
he SCs and specific energy density (E) of the hybrid EC based on the curves

n Fig. 5

urrent density (mA cm−2) 7.5 12.5 17.5 25.0

m (F g−1) 102.6 83.8 66.9 57.4
(Wh kg−1) 41.2 33.6 26.9 23.0
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plied potentials: (a) 0.0 V; (b) 0.6 V; (c) 1.0 V; (d) 1.7 V.

v
a
e
p
1
t

a
a
v
t
t
t
r
f
c
t
i
o
h
w
F

t
e

C

w
f

Table 2
The SCs of the hybrid EC at different applied potentials evaluated from EIS test

P
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hybrid EC based on NiO and Ru0.36V0.64O2 electrodes, the
Ragone plot relating power density to achievable energy density
of the asymmetric EC is also demonstrated in Fig. 7.
Fig. 6. Nyquist plots of the hybid EC at different ap

Electrochemical impedance spectroscopy (EIS) analysis is a
ery powerful tool to characterize the electrochemical process of
n EC. To better evaluate the performance of the hybrid EC, the
lectrochemical impedance measurements at different applied
otentials between 0.0 and 1.7 V (the frequency range set from
00 K to 0.01 Hz with 5 mV amplitude) were carried out, and
he typical complex plane plots were shown in Fig. 6.

Three distinct regions, dependent on the frequency range,
re shown in Fig. 6(a–d), From the points intersecting the real
xis in the range of high frequency, it can be seen that the
alues of the internal resistance (Ri) of the hybrid EC at all
he applied potentials are nearly the same and estimated as lit-
le as ca. 1.5 �. In the high-medium frequency region, from
he semi-circles observed for all the plots, the charge-transfer
esistances (Rct) related to charge-transfer process on the sur-
aces of the electroactive materials are estimated the same as
a. 0.3 � at various applied potentials. And it is clear that, in
he low frequency region, the slope of all the impedance plots
ncreases and almost tends to a vertical asymptote, indicative
f the good electrochemical capacitance performance of the
ybrid EC within the applied voltage range from 0.0 to 1.7 V,
hich is well consistent with the analysis of the CV tests in
ig. 4.

Also, the SCs of the hybrid EC at different applied poten-
ials can be evaluated from EIS test according to the following
quation:

1

m =

(mp + mn) × (jωZ′′)
(5)

here Cm is the SC of the hybrid EC; j = −1; ω = 2πf; f the
requency (0.01 Hz); Z′′ the imaginary part of the impedance

F
h

otential (V) 0.0 0.6 1.0 1.7

m (F g−1) 53.8 62.8 87.4 98.6

est, mp and mn are the mass of the active material in pos-
tive and negative electrodes, respectively. And the SCs of
he asymmetric hybrid EC at various applied potentials are
ummarized in Table 2 and the change trend of SC with the
otential basically is in agreement with the results of CV tests in
ig. 4.

In order to highlight the electrochemical performance of the
ig. 7. Ragone plot relating power density to achievable energy density of the
ybrid EC.
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Table 3
The capacitance and coulombic efficiency characters evaluated from the
charge/discharge tests between 0.0 and 1.7 V

Cycle number SC (F g−1) at 10 mA cm−2 Coulombic efficiency η (%)

First cycle 94.5 96.2
7
1

d
T
t
b

4

m
a
R
p
N
1
a
b
c
d
s
a
t

A

d
S

R

[
[
[
[

Fig. 8. Charge–discharge cycle of the hybrid EC at 10 mA cm−2.

The specific power density (P) of the hybrid EC can be cal-
ulated from the following equation:

= I�V

2(mp + mn)
(6)

here I is the constant charge–discharge current density, �V the
otential range of the hybrid EC, mp and mn are the mass of active
aterial in the positive and negative electrodes, respectively. It

s evident that the specific power density of 1416.7 W kg−1 and
pecific energy density of 23.0 Wh kg−1 are obtained at a current
ensity of 25.0 mA cm−2.

The cyclability of the hybrid EC was performed by
harge–discharge at a current density of 10 mA cm−2 within a
oltage range of 0.0 and 1.7 V in 1 M KOH electrolyte. Fig. 8
hows the variation of SC of the hybrid EC as a function of cycle
umber. As shown in Fig. 8, the capacitance of the hybrid EC
ecreases with the growth of the cycle number. After continuous
500 cycles, the capacitance value remains ca. 83.5% of that of
he first cycle. The attenuation of the capacitance just for 16.5%
uggests the good cyclic stability of the hybrid EC, which is sig-
ificant for the practical application. It is only when the range
f electroactivity and electrochemical stability of both the elec-
rodes is totally taken into account that the origin of the capacity
ade can be found. The overcharging and/or overdischarging of
he hybrid EC could result in a decrease in the active materials
vailable for further cycling and subsequently to a capacitance
oss. Also, it is out of question that the electrochemical reversibil-
ty of NiO and Ru0.36V0.64O2 electrodes should be responsible
or the capacitance fade. And specific reasons of the capaci-
ance fade of the hybrid EC will be detailed in our forthcoming
tudy. Moreover, the issue of gas evolution remains, and should
e paid more attention to and be carefully and further investi-
ated although there is no visible gas evolution happening during
ycling.

When the constant current is used for charging and discharg-
ng processes, an important parameter, coulombic efficiency (η),
an be evaluated from the following equation:
= tD

tC
× 100% (7)

here tD and tC are the time for galvanostatic discharging
nd charging, respectively. The data evaluated from the charge/

[
[

[

50th cycle 86.1 97.5
500th cycle 78.9 98.1

ischarge curves of the hybrid EC at different cycle is shown in
able 3. It is clear that the coulombic efficiency increases with

he growth of cycle number. After 1500 cycles without relaxation
etween cycles, the coulombic efficiency approaches 98.1%.

. Conclusions

In summary, negative material Ru0.36V0.64O2 and positive
aterial NiO have been synthesized and applied to assemble

n asymmetry hybrid EC. Electrochemical tests revealed that
u0.36V0.64O2 had good electrochemical performance in the
otential window from −1.0 to 0.1 V (versus SCE) and the
iO within electrochemical window of 0–0.5 V (versus SCE) in
M KOH electrolyte. The hybrid EC based on Ru0.36V0.64O2
nd NiO electrodes exhibited good electrochemical capacitance
ehavior within the potential range from 0.0 to 1.7 V. The spe-
ific energy density reached 41.2 Wh kg−1 at specific power
ensity of 425 W kg−1 and decreased to 23.0 Wh kg−1 when the
pecific power density was up to 1416.7 W kg−1. The hybrid EC
lso demonstrated a good cycling performance with an attenua-
ion of capacitance of ca. 16.5% over 1500 cycle numbers.
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