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An asymmetric supercapacitor using RuO2/TiO2 nanotube composite
and activated carbon electrodes
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Abstract

We reported an asymmetric supercapacitor technology where RuO2/TiO2 nanotube composite was used as positive electrode and the
activated carbon as negative electrode in 1 mol/L KOH electrolyte solution. The electrochemical capacitance performance of the asymmetric
supercapacitor was tested by cyclic voltammetry, electrochemical impedance spectroscopy and galvanostatic charge-discharge tests. The
results show that the asymmetric supercapacitor has electrochemical capacitance performance within potential range 0–1.4 V. A power density
1207 W/kg was obtained with an energy density of 5.7 W h/kg at a charge–discharge current density of 120 mA/cm2. The supercapacitor also
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xhibits a good cycling performance and keep 90% of initial capacity over 1000 cycles.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

In recent years, supercapacitors are attracting great atten-
ion due to their high capacitance and potential applications in
lectronic devices. They can be coupled with batteries to pro-
ide pulses of peak power during acceleration and on uphill
radients. The hybrid system is stimulating the development
f high performance electronic devices[1–3]. On the basis of
lectrode materials used and the charge storage mechanisms,
lectrochemical supercapacitors are classified as: (a) elec-

rochemical double-layer capacitors (EDLCs) which employ
arbon or other similar materials as blocking electrodes[4,5],
nd (b) redox supercapacitors in which electroactive materi-
ls such as insertion type compounds (e.g. RuO2, NiO, etc.)
r conducting polymers are employed as electrodes[6–9].
mong these materials, hydrous ruthenium oxide has been

ecognized as one of the most promising candidates for its
ood electrochemical capacitance performance and high spe-
ific capacitance. However, hydrous ruthenium oxide is very
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expensive, many efforts are thereby made to replace r
nium oxide with other transition metal oxides as electro
in electrochemical capacitors or reduce the amount of ru
nium in the fabrication of supercapacitor.

Recently, the asymmetric supercapacitor that was
garded as the new trend in electrochemical supercapa
has been reported greatly. The new type hybrid asymm
supercapacitor are different from either the EDLCs or
conventional batteries. For such type capacitors, one
trode stores charge through a reversible nonfaradaic pr
of ionic movement on the surface of an activated carbon o
hole of a nano-pore carbon material, and another elec
is to utilize a reversible faradic reaction of redox reac
of metal oxides.[10–14]. It is possible to obtain the hig
working voltage of the supercapacitors by choosing a pr
electrode material. Both increase of the working voltage
high energy density of the metal oxide electrode result
significant increase of the overall energy density of the ca
itors. Very recently, one author of this paper has reported
the three-dimensional nanotubes network of TiO2 nanotube
can increase greatly the utilization of RuO2 or NiO [15,16],
E-mail address:yyxia@fudan.edu.cn (Y.-Y. Xia). and the capacitance profile of the symmetric capacitors using
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of RuO2/TiO2 nanotubes as both positive and negative elec-
trodes were investigated. In this study, we presented an hybrid
asymmetric supercapacitor based on RuO2/TiO2 nanotube
positive electrode combined with an activated carbon (AC)
negative electrode in 1 mol/L KOH electrolyte solution. The
electrochemical capacitance performance of the asymmetric
supercapacitor was investigated by cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and galvano-
static charge–discharge tests.

2. Experimental

2.1. Preparation of electrode materials

TiO2 nanotubes was synthesized according to the refer-
ence[15–17] (TiO2 used in our experiment is Anatase and

purchased from Aldrich). RuO2/TiO2 nanotube composites
were prepared by loading of RuO2·xH2O on TiO2 nanotubes
in an alkaline medium. The TiO2 nanotubes were immersed in
an aqueous bath containing RuCl3·nH2O (Aldrich) and alco-
hol (99.8%, ZhengXin Chemical Factory, Shanghai, China),
and then 0.1 mol/L KOH was dropped into the bath with stir-
ring until the pH of the aqueous reached to 7. The black
product of the reaction was filtered and washed repeat-
edly with distilled water. The resulting product was dried
at 105◦C. The composite with 10 wt.% RuO2·xH2O loaded
on TiO2 nanotubes were obtained. The morphologies of
resulting composites were characterized by scanning elec-
tron microscopy (SEM) in a Philips XL-60 scanning mi-
croscope and Japan Electron tunneling electron microscopy
(TEM, Jeol JEM-2010). Activated carbon with a specific
area of 1500 cm2/g was used as received without further
treatment.

F
o

ig. 1. TEM images of TiO2 nanotubes and RuO2/TiO2 nanotube composite: (a
f RuO2/TiO2 nanotube composite. (�) Ru; (�) Ti.
) TiO2 nanotubes and (b) RuO2/TiO2 nanotube composite. (c) EDAX pattern
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2.2. Electrochemical tests

The electrode of RuO2/TiO2 nanotube composites was
prepared according to the following steps. The mixture
containing 80 wt.% RuO2/TiO2 nanotube composites and
15 wt.% acetylene black (AB) and 5 wt.% polytetrafluo-
roethylene (PTFE) was well mixed, and then was pressed
onto nickel grid (1.2× 107 Pa) that serves as a current col-
lector (area is 1 cm2). The AC electrode was prepared by
the same method as the positive electrode described above, it
consisted of 80 wt.% AC, 15 wt.% AB and 5 wt.% PTFE. The
typical mass load of positive electrode material (RuO2/TiO2
nanotube composites) is 40 mg and the mass load of negative
electrode material (AC) is 30 mg. The electrolyte was 1 M
KOH solution. Capacitor were usually cycled between the
voltage of 0 and 1.4 V; the charge and discharge rates were
15, 30, 60 and 120 mA/cm2, respectively.

The electrochemical behavior of the resulting compound
was also characterized by cyclic voltammetry (CV) and gal-
vanostatic charge–discharge test. The experiments were car-
ried out in a three-electrode glass cell. Platinum foil was used
as a counter electrode, and Hg/HgO as the reference elec-
trode. CV experiment measurement and EIS measurements
were performed using a Solartron Instrument Model 1287
electrochemical interface and 1255B frequency response an-
alyzer controlled by a computer. The frequency limits were
t
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Fig. 2. CV curves of RuO2/TiO2 nanotube composite and AC at a scan rate
of 5 mV/s: (a) RuO2/TiO2 nanotube composite and (b) AC.

itance of AC is based on the adsorbed charges on the surface
of the electrode surface. The absorbed charges on the elec-
trode surface increase linearly with increasing potential. For
this reason, the current intensity of AC shown in CV curve
is potential independent. In other words, the current intensity
of AC electrode is almost constant despite of the change of
potential. However, CV curve of RuO2 is different from that
of AC, which is due to a faradic reaction of RuO2, shown as
follows:

RuO2 + H2� RuOOH + OH− (1)

It is not suspiring that the RuO2/TiO2 nanotube composite
show a CV shape similar to that of RuO2, because the TiO2
nanotubes was just used as a support to increase the utilization
of RuO2. In other words, the capacitance of RuO2/TiO2 nan-
otube composite contributed lonely from the pseudocapacitve
nature of RuO2 loading on TiO2 support because TiO2 nan-
otobes have no pseudocapacitance, which has been reported
in my previous work[15].

The typical galvanostatic charge–discharge curves of
RuO2/TiO2 nanotube composite within a potential window
of −0.2 to 0.4 V (versus Hg/HgO) and AC within a potential
window of −1 to 0 V (versus Hg/HgO) are shown inFig. 3.
The charge–discharge curve of AC (curve b inFig. 3) shows
a linear variation of voltage, which is due to linear correlation
b and its
a ture
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ypically set between 105 and 10−2 Hz. The AC oscillation
as 10 mV. The data were analyzed by Zplot software.

. Results and discussion

.1. The characters of TiO2 and RuO2/TiO2 nanotube
omposite

The TEM image of TiO2 nanotubes are shown inFig. 1a.
s seen inFig. 1a, numerous fiber-like TiO2 nanotubes wer
rown, and the hollow nature of the nanotubes is clearly
le in the TEM image. These nanotubes have an outer d

er between 20 and 30 nm and inside diameter between 1
5 nm. It’s length is about 1�m. Fig. 1b is the TEM image
f RuO2/TiO2 nanotube composite, andFig. 1c is the energ
ispersive X-ray analysis (EDAX) pattern of RuO2/TiO2 nan-
tube composite. The peak around 2.50 kV shows the
nce of ruthenium, it suggests that some RuO2 was loaded
n TiO2 nanotubes.

.2. Electrochemical tests

.2.1. The electrochemical characters of AC and
uO2/TiO2 nanotube composite
Fig. 2 shows typical CV curves of RuO2/TiO2 nanotube

omposite within a potential window of−0.4 to 0.4 V (ver
us Hg/HgO) and AC within a potential window of−1 to 0 V
versus Hg/HgO) at a scan rate of 5 mV/s. The CV curv
C has a rectangular shape. It is well-known that the ca
etween the absorbed charge on the electrode surface
pplied potential, indicating the potential independent na
f the non-faradaic process. However, a linear variatio
oltage was not observed for the RuO2/TiO2 nanotube com
osite, the slope of charge curve or discharge curve cha
learly when the redox reaction occurred (curve a inFig. 3).
his is attributed to the potential dependent nature of far
edox reaction. From the results ofFig. 3, the estimated capa
ty of AC is of 90 F/g in the potential window−0.2 to−1 V
ersus Hg/HgO, and 120 F/g of RuO2/TiO2 nanotube com
osite within the potential window−0.2 to 0.4 V. By com
aring the delivered capacity, the optimal positive/nega
ass ratio was set around 4:3.
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Fig. 3. Charge–discharge curves of RuO2/TiO2 nanotube composite and AC
at a current density of 15 mA/cm2: (a) RuO2/TiO2 nanotube composite and
(b) AC.

3.2.2. The electrochemical character of the asymmetric
supercapacitor

Fig. 4 is the cyclic voltammetry response of the asym-
metric supercapacitor at a scan rate of 5 mV/s in the potential
range from 0 to 1.4 V. As shown inFig. 4, the rectangle shape
of CV curve suggests that the asymmetric supercapacitor has
electrochemical capacitance performance within the poten-
tial range (0–1.4 V).

The electrochemical impedance measurements (at applied
potential of 0.2, 0.4, 0.8 and 1.2 V; the frequency range is 105

to 10−2 Hz) were carried out and typical plots are shown in
Fig. 5. Two distinct regions which are dependent on the fre-
quency range are shown inFig. 5a, b, c and d. From the
point intersecting with the real axis in the range of high fre-
quency, the internal resistancesRi of the supercapacitor is
about 1.5�. In the high frequency region, the semi-circle
was not observed and the slopes of these impedance plots are
low. In the low frequency region, the slopes of impedance of
the asymmetric supercapacitor at different applied potential
increase clearly, which indicates that the asymmetric superca-

F
n

Fig. 5. EIS plots of the asymmetric supercapacitor at different applied po-
tentials.

pacitor has electrochemical capacitance performance at these
applied potentials.

The specific capacitance of the asymmetric capacitor at
different applied potential can be evaluated from impedance
test according to the following equations respectively:

Cm = C

m
= 1

m × (jωZ′′)
(2)

whereCm is the specific capacitance of the asymmetric ca-
pacitor; j =−1; ω = 2πf; f is the frequency (10−2 Hz); Z′′ is
the imaginary part of the impedance test;m is the mass of ac-
tive materials in this capacitor (include positive and negative
electrode).

The data shown inTable 1indicate that the asymmetric
capacitor has electrochemical performance at potential 0.2,
0.4, 0.8 and 1.2 V. This result is consistent with the result of
CV test.

Fig. 6 shows the galvanostatic charge–discharge curves
of the asymmetric supercapacitor between 0 and 1.4 V at
different current densities. The specific capacitance of the
supercapacitor (Cm) was calculated as follows:

Cm = C

m
= I × 	td

	V × m
(3)

whereI is the current of charge–discharge,	td is the time
o
m citor
(

T
T pplied
p

C
1

t

4

ig. 4. CV curve of the asymmetric supercapacitor based on RuO2/TiO2

anotube composite and AC at a scan rate of 5 mV/s.
f discharge.	V is the potential range (1.4 V). Them is the
ass of active materials in the asymmetric supercapa

include positive and negative electrode).

able 1
he specific capacitances of the asymmetric capacitor at different a
otentials evaluated from EIS tests

apacitance at
.2 V (F/g)

Capacitance at
0.8 V (F/g)

Capacitance at
0.4 V (F/g)

Capacitance a
0.2 V (F/g)

6 41 40 36
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Fig. 6. Typical charge–discharge curves of the asymmetric supercapacitor
at different current densities: (a) 15; (b) 30; (c) 60 and (d) 120 mA/cm2.

The specific capacitances of the supercapacitor at current
densities of 15, 30, 60 and 120 mA/cm2 were 46, 40, 32 and
21 F/g, respectively. In reference[15], we have reported that
the specific capacitance of symmetrical surpercapacitor based
on RuO2/TiO2 nanotube composite was 50 F/g within a po-
tential range of 0–0.8 V. In summary, there are no big capac-
itance difference between the asymmetrical surpercapacitor
and symmetrical supercapacitor, but the asymmetrical surper-
capacitor shows a higher working voltage.

The energy density (E) of the a supercapacitror can be
calculated by using the following equation:

E =
∫

Vdq

C = q

V

E = C

∫
Vdv = 1

2
C(	V )2

(4)

whereC is the capacitance of the capacitor,	V are the oper-
ating potential window(1.4 V). Them is the mount of active
materials in the supercapacitor (include positive and negative
electrode).

The specific power density (P) of the supercapacitor can
be calculated according to the following equation:

P = I	V
(5)
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Fig. 7. Ragone plot relating power density to achievable energy density
of the supercapacitor: (a) asymmetric supercapacitor based on RuO2/TiO2

nanotube composite and AC, (b) symmetrical supercapacitor based on
RuO2/TiO2 nanotube composite.

shown inFig. 7, the energy density of both supercapacitors
reduced clearly with the increase in the power density. How-
ever, the energy density and power density of the symmet-
ric supercapacitor based on RuO2/TiO2 nanotube composite
and AC was greater than that of symmetrical supercapacitor
based on RuO2/TiO2 nanotube composite. This can be ex-
plained by that the energy density and power density of the
supercapacitor are critically dependent on both the specific
energy of electrode and the working voltage as described in
the Eqs.(4) and(5) [18]. Moreover, combination of AC with
RuO2/TiO2 nanotube composite may reduce greatly the mass
loading of RuO2 compared with a symmetrical supercapaci-
tor using both electrode of RuO2/TiO2 nanotube composite,
but delivers a higher energy density and power density.

F itor at
a (b)
C

2m

hereI is the current of charge–discharge.	V is the poten
ial range of a supercapacitor. Them is the mass of activ
aterials in the asymmetric supercapacitor (include pos
nd negative electrode).

In order to emphasize the advantage of asymmetric s
apacitor based on RuO2/TiO2 nanotube composite and A
e compared the energy density and power density o
symmetric supercapacitor with that of symmetrical su
apacitor based on RuO2/TiO2 nanotube composite report

n my previous work, and the results are shown inFig. 7. As
ig. 8. Cycle charge–discharge test of the asymmetric supercapac
current density of 15 mA/cm2. (a) Capacitance vs. cycle number.

oulombic efficiency vs. cycle number.
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Fig. 8 is cycle charge–discharge test of the asymmetric
supercapacitor at a current density of 15 mA/cm2. The varia-
tion of the capacitance of the asymmetric supercapacitor was
illustrated inFig. 8a. As shown inFig. 8a, capacitance of the
supercapacitor reduced with the growth of cycle numbers.
The capacitance value of initial (first cycle) is 46 F/g. After
1000 cycles, this value decreases to 41.5 F/g. The attenua-
tion of the capacitance is about 10%.Fig. 8b suggests that
the coulombic efficiency increased with the growth of cycle
numbers.

4. Conclusion

In this study, RuO2/TiO2 nanotube composite was
prepared by loading RuO2 on TiO2 nanotubes. The elec-
trochemical test shows that the RuO2/TiO2 nanotube com-
posite have electrochemical performance in the potential
window from −0.4 to 0.4 V (versus Hg/HgO) and the AC
within potential window (−1 to 0 V versus Hg/HgO) in
KOH solution. An asymmetric supercapacitor based on
RuO2/TiO2 nanotube composite and AC exhibits good elec-
trochemical capacitance performance within potential range
from 0 to 1.4 V. It shows a higher working voltage than
a symmetrical surpercapacitor based on RuO2/TiO2 nan-
o rodes
( den-
s be-
t trical
s kg at
a de-
c up to
1 cling
p cy-
c
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