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bstract

This communication demonstrates the success in the anodic deposition of hydrous ruthenium oxide (denoted as RuO2·xH2O) from RuCl3·xH2O
n aqueous media with/without adding acetate ions (CH3COO−, AcO−) as the complex agent. The benefits of as-deposited RuO2·xH2O include the
ow electron-hopping resistance and the low contact resistance at the Ti-RuO2·xH2O interface which are clarified in electrochemical impedance
pectroscopic (EIS) studies. The cycling stability, specific capacitance, and power performance of as-deposited RuO2·xH2O are further improved

◦
y annealing in air at 150 C for 2 h. The morphologies of as-deposited and annealed RuO2·xH2O films, examined by scanning electron microscopy
SEM), are very similar to that of thermally decomposed RuO2. The high onset frequencies of 660 and 1650 Hz obtained from EIS spectra for the
s-deposited and annealed RuO2·xH2O films, respectively, definitely illustrate the high-power merits of both oxide films prepared by means of the
nodic deposition without considering the advantages of its simplicity, one-step, reliability, low cost, and versatility for electrode preparation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemical supercapacitors, with high-/pulse-power
haracteristics and longer cycle life time than rechargeable bat-
eries, are an important energy storage device in the modern
ociety. The integration of supercapacitors and batteries/fuel
ells is believed to construct the energy storage systems of
ext generation, especially in the development of emission-free
lectrical vehicles (EVs). Based on the mechanisms of charge
torage/delivery, supercapacitors can be divided into the electric
ouble-layer capacitors (EDLCs) and pseudocapacitors [1,2].
ince the charge stored within the electric double layers is
irectly proportional to the electrolyte-accessible surface area
f electrodes, materials with high specific area and inert to elec-
rolytes are expected to be an ideal electrode material for EDLCs
3,4]. On the other hand, due to the extremely high reversibility
f the superficial redox couples of certain electroactive materi-

ls, pseudocapacitors show a similar charge storage mechanism
f rechargeable batteries but capacitive-like behavior. Moreover,
everal transition metal oxides [5–9] and conducting polymers
10,11] have been shown to exhibit pseudocapacitive behavior
or this application.

∗ Corresponding author. Tel.: +886 5 2720411x33411; fax: +886 5 2721206.
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Supercapacitors

Among the electroactive materials, RuO2 in both amorphous
nd crystalline forms have been recognized as the most promis-
ng material due to the highly electrochemical reversibility,
igh specific capacitance, and excellent cycle life in H2SO4
1,5,12]. Although the theoretic specific capacitance of hydrous
uthenium oxide (RuO2·xH2O) is estimated to range from ca.
300 to 2200 F g−1 with various mean electron transfer num-
ers [13], a high specific capacitance value of 720 F g−1 was
btained by the success in synthesizing RuO2·xH2O through
sol–gel method and a careful control of the annealing pro-

ess in 1995 [5]. After this breakthrough, RuO2·xH2O was
ynthesized via various methods, including potentiodynamic
eposition [14], electrostatic spray deposition [15], chemical
recipitation of RuO2·xH2O colloids [16], solid-state reaction
f K2CO3 and RuO2 [17], oxidative synthesis [18], hydrother-
al synthesis [19], and incipient wetness method [20]. All

he above studies tried to gain a further understanding on
he charge storage/delivery mechanism of RuO2·xH2O, a bet-
er utilization of RuO2·xH2O, or to develop simple, effec-
ive methods for synthesizing amorphous/crystalline RuO2
or this application. Based on these studies, the key factors

etermining the capacitive performances (e.g., specific capac-
tance, cycle stability, power characteristics, etc.) of RuO2-
ased supercapacitors have been discussed comprehensively
1,21,22].

mailto:chmhcc@ccu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2006.09.060
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trate the negative shift in the onset potential for the anodic
deposition of RuO2·xH2O by adding the acetate ions into the
deposition solution (see Fig. 1). Note that pH of all deposition
solutions was adjusted to 2.5 before the LSV measurement. The
C.-C. Hu et al. / Journal of Pow

Electrochemical deposition, having been considered as a sim-
le, one-step, and cost-effective method, is much more advan-
ageous than the other methods. For instance, the structure,
urface morphology, and uniformity of oxides can be easily con-
rolled by adjusting the parameters of electrochemical deposition
uch as the deposition mode, applied potential, current den-
ity, bath temperature, concentration of precursors, and addition
f complex/additive agents [9,14,23,24]. Accordingly, electro-
hemical deposition of metal oxide films becomes an interesting
nd important research topic. In 1999, our group found that
uO2·xH2O can be directly deposited onto Ti substrates through
potential-cycling deposition method while the specific capaci-

ance of this CV-deposited oxide is not high, probably due to the
xistence of Ru metal [14]. Thus, anodic deposition is believed
o be an effective method to prepare RuO2·xH2O films without
u metal. Unfortunately, investigations on the anodic deposi-

ion of RuO2·xH2O are very few although anodic deposition of
ransition metal oxides or hydroxides has been widely studied
9,25,26]. There is only one article employing anodic deposition
or preparing RuO2·xH2O from an aqueous Ru(II) solution fab-
icated from an organo-metallic complex [Ru(�6-C6H6)Cl2]2
27]. In addition, it is not possible to directly deposit RuO2·xH2O
nto graphite or carbon fabrics due to the oxidative attacks of
u species in the higher oxidation state under an anodic, poten-

iostatic mode [28]. For a Ti substrate, a passive Ti oxide film
ill be formed at the interface between the Ti substrate and
uO2·xH2O under the anodic deposition process. This will sig-
ificantly increase the contact resistance of electrodes although
uO2·xH2O can be directly deposited onto bare Ti. Accord-

ngly, how to avoid the formation of this passive film at the
i-RuO2·xH2O interface upon anodizing is also a serious issue.
ased on the above viewpoints and facts, anodic deposition of
uO2·xH2O onto Ti from a simple RuCl3·xH2O aqueous solu-

ion is highly worthy being investigated. In addition, the ideal
apacitive performances of this RuO2·xH2O-coated Ti electrode
learly show the unique merits of this method.

. Experimental

Hydrous ruthenium oxide films were directly electrode-
osited onto Ti substrates in a potentiostatic mode. Prior to
he deposition process, commercial 99% titanium substrates
10 mm × 10 mm × 0.5 mm) were mechanically polished by
mery, which was blown by a high-pressure air compres-
or. These polished substrates were degreased with soap and
ater, and etched for 1.5 h in a 6 M HCl solution at ca. 90 ◦C.
fter the above cleaning steps, they were rinsed with water

gain and pickled for 10 min in a solution consisting of N,N-
imethylformamide (DMF, Wako E.P., Japan), water, and HF
Wako E.P.) in the volume ratio of 40:7.5:2.5. After the pick-
ing pretreatment, the substrates were rinsed with acetone and
ater. Before anodic deposition, these pretreated Ti substrates
ere dip-coated with a very thin layer of RuO2·xH2O prepared

y a hydrothermal synthesis method to prevent the formation
f TiO2 upon anodizing. These substrates were carefully coated
ith a thick film of PTFE with an exposed surface area of 1 cm2,

nd then, RuO2·xH2O films were electroplated at 1.0 V from a

F
R
5
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0 mM RuCl3·xH2O (Alfa Aesar) + 0.1 M NaAcO solution at
0 ◦C for various periods. After deposition, the PTFE film was
emoved and RuO2·xH2O deposits were repeatedly degreased
ith pure water and finally dried at room temperature under a

educed pressure. The weight of typical RuO2·xH2O films stud-
ed in this work is ca. 0.5–0.6 mg cm−2, which can be easily
ontrolled by varying the deposition time (and passed charge).
fter drying, these RuO2·xH2O/Ti electrodes were coated with
TFE films to have an exposed surface area of 1 cm2 for elec-

rochemical characterization. The morphologies of RuO2·xH2O
ere observed using a field emission scanning electron micro-

cope (Fe-SEM, Hitachi S4800 type I). The X-ray diffraction
atterns were obtained from an X-ray diffractometer (multipur-
ose X-ray thin-film diffractometer, Shimadzu) using a Cu target
Cu K� = 1.5418 Å) at 4◦ min−1 (2θ).

Electrochemical characteristics of RuO2·xH2O/Ti electrodes
ere examined mainly by means of an electrochemical ana-

yzer system, CHI 633A (CH Instruments, USA) in a three-
ompartment cell. The impedance spectrum analyzer, IM6
ZAHNER), with the Thales software was employed to mea-
ure and analyze the EIS data. The potential amplitude of ac is
qual to 10 mV meanwhile its frequency region is from 0.1 to
0 kHz. An Ag/AgCl electrode (Argenthal, 3 M KCl, 0.207 V
ersus SHE at 25 ◦C) was used as the reference and a piece of
latinum gauze was employed as the counter electrode. A Lug-
in capillary was used to minimize errors due to iR drop in the
lectrolytes. All solutions used in this work were prepared with
8 M� cm water produced by a reagent water system (Milli-Q
P, Japan).

. Results and discussion

Linear sweep voltammetry (LSV) was employed to illus-
ig. 1. Linear sweep voltammograms (LSV) measured at 10 mV s−1 in 10 mM
uCl3·xH2O (1) without and (2) with 0.1 M NaOAc solutions at pH 2.5 and
0 ◦C.
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xidation of chloride precursor and the anodic deposition of
uO2·xH2O commence at ca. 1.0 V in the pure RuCl3·xH2O

olution (curve 1). This reaction is under the diffusion control
hen the electrode potentials are behind 1.4 V. Surprisingly, the
nset potential of RuO2·xH2O deposition is negatively shifted
o 0.9 V when 0.1 M NaAcO has been added into the deposition
olution (curve 2), and a very sharp peak corresponding to the
eposition of RuO2·xH2O is located at about 1.1 V. This result
uggests the formation of Ru–Cl–AcO complexes promoting
he deposition rate of RuO2·xH2O. Since a more obvious neg-
tive shift in the onset potential for the anodic deposition of
nO2·xH2O with the presence of AcO− was also found in our

revious work [29] and since a sharp peak is found on curve 2
n Fig. 1, the presence of AcO− is believed to alter the anodic
eposition mechanism of RuO2·xH2O. As mentioned in Sec-
ion 1, RuO2·xH2O cannot be directly deposited onto carbon
ue to oxidative attack under the anodic, potentiostatic modes
28]. The above negative shift on the onset potential and the
nhanced deposition rate of RuO2·xH2O reduce the oxidative
ttack to carbon. Therefore, RuO2·xH2O can be easily electro-
lated onto active carbon, graphite or carbon nanotubes under
nodic deposition. It has to be emphasized here that the pres-
nce of AcO− in the precursor solutions does not always change
he deposition mechanism of transitional metal oxides from our
npublished data. For example, the onset potential for the anodic
eposition for Ni oxide was found to be independent of adding
cO− in various Ni2+ aqueous solutions. In addition, from the
ifferent effects of adding AcO− on the deposition behavior
f MnO2·xH2O and RuO2·xH2O, the influences of complex
gents on the deposition mechanism are believed to be very
omplicated.

The porous nature of as-deposited and annealed RuO2·xH2O
lms was examined by means of scanning electron microscopy
SEM, see Fig. 2b and c), which is very different from the HF-
tched, rough surface of a Ti substrate shown in Fig. 2a. The
s-deposited and annealed RuO2·xH2O show “mud-cracked”
orphologies while cracks on the RuO2·xH2O film become clear

nd large, and the surface of RuO2·xH2O grains becomes rela-
ively smooth after annealing. The presence of cracks suggests
he existence of inner stress in the deposit while the relatively
mooth surface is believed to result from the coalescence of
uO2·xH2O particulates in the film during the annealing pro-
ess. This coalescence of RuO2·xH2O particulates can be effec-
ively inhibited by the formation of RuO2·xH2O nanocrystallites
ynthesized through a hydrothermal method [30]. Note that the
urface morphologies of as-deposited and annealed RuO2·xH2O
lms are very similar to that of dimensionally stable anodes
DSA) prepared by thermal decomposition [31]. This porous,
racked nature was also proposed to be favorable for the pene-
ration of electrolytes [31,32], resulting in a better utilization of
ctive species (see below).

The capacitive behavior of the as-deposited RuO2·xH2O/Ti
lectrode, examined by cyclic voltammetry (CV) in 0.5 M

2SO4 at 25 mV s−1 (see Fig. 3a), exhibits the typical responses
f RuO2·xH2O with high water content, i.e., relatively low
apacitive currents are found in the less positive potential region
5,13,16,18]. A significant decay in the voltammetric currents

a
t
c
a

ig. 2. SEM surface morphologies of (a) a Ti substrate, (b) an as-deposited
uO2·xH2O/Ti electrode and (c) with annealing in air at 150 ◦C for 2 h.

s clearly found with the repeated applications of CV, indicating
hat the stability of as-deposited RuO2·xH2O are relatively poor
n the CV test. However, the cycling stability of as-deposited
uO2·xH2O film is significantly improved by the annealing

pplication at 150 ◦C in air for 2 h since the CV curves of
his annealed RuO2·xH2O/Ti electrode, shown in Fig. 3b, are
ompletely overlapped. In addition, the positive sweeps show
lmost mirror images of their corresponding negative sweeps
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ig. 3. (a and b) Cyclic voltammograms and (c) XRD patterns of (a, 1) as-
eposited and (b, 2) annealed RuO2·xH2O/Ti electrodes measured at 25 mV s−1

n 0.5 M H2SO4.

or this annealed RuO2·xH2O/Ti electrode and obvious pseu-
ocapacitive currents are found on both positive and negative
weeps from 0 to 0.5 V. Both results reveal the ideal capaci-
ive behavior of RuO2·xH2O annealed at 150 ◦C. Moreover, the

pecific capacitance of RuO2·xH2O (measured at 25 mV s−1) is
ncreased from 460 to 552 F g−1, indicating a better utilization
f active species. The above transformation in the i–E responses
nd the increase in the specific capacitance are attributable to the

f
p

f

ig. 4. Nyquist plots for (1) as-deposited and (2) annealed RuO2·xH2O/Ti elec-
rodes measured at 0.2 V in 0.5 M H2SO4. Inset: Data in the high-frequency
egion.

mprovement in the electronic conductivity of Ru oxide upon
nnealing [5,13,33].

As mentioned in Section 1, the specific capacitance of a CV-
eposited RuO2·xH2O film is not very high, probably due to
he existence of Ru metal [14] and the purpose of using anodic
eposition is to prepare RuO2·xH2O films without Ru metal.
his idea is strongly supported by the much higher specific
apacitance (460 F g−1) of RuO2·xH2O prepared by the anodic
eposition (in comparison with the CV-deposited RuO2·xH2O
ith ∼100 F g−1) as well as the absence of diffraction peaks cor-

esponding to Ru metal on the XRD patterns shown in Fig. 3c.
he absence of Ru metal is easily understood since the Ru pre-
ursor employed in this work is Ru(III) species which will be
xidized into a higher oxidation state, such as RuO2, in an anodic
rocess.

The EIS analysis, representing as the Nyquist plots (see
ig. 4), is used to clarify the unique capacitive characteristics
f RuO2·xH2O prepared by anodic deposition. From curve 1 in
ig. 4, the equivalent series resistance (ESR), estimated from

he diameter of the impedance arc in the high-frequency region,
or the as-deposited RuO2·xH2O/Ti electrode is much smaller
han that of single-crystalline RuO2 nanorods prepared CVD
34]. In the medium frequency region, the “onset” frequency for
he as-deposited electrode behaving as a capacitor is located
t ca. 660 Hz, which is much higher than that of hydrother-
al derived RuO2·xH2O nanoparticles [19] or single-crystalline
uO2 nanorods prepared by CVD [34]. In this work, the onset

requency is defined as the frequency where the lowest image
mpedance occurs or the frequency where the impedance starts
o be dominated by the image (capacitor) part in the medium
requency region. Hence, the electroactive materials are con-
idered to behave as a capacitor behind this frequency and the
igher the onset frequency of an electrode material is, the higher
ower density for this material can be achieved. The high onset

requency (660 Hz) of as-deposited RuO2·xH2O reveals its high-
ower characteristics.

From a comparison of EIS spectra shown in Fig. 4, three
eatures have to be mentioned. First, the impedance of the
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nnealed RuO2·xH2O/Ti electrode (i.e., curve 2) in the image
art measured at any specified frequency is smaller than that
f the as-deposited film (i.e., curve 1). This result indicates
he higher specific capacitance of the annealed RuO2·xH2O/Ti
lectrode, which is consistent with the CV results. Second, the
SR is also smaller for the annealed electrode, indicative of the
ignificant improvement in the electronic conductivity of the
nnealed oxide. Third, the onset frequency of the as-deposited
lectrode is obviously shifted from 660 to 1650 Hz upon anneal-
ng. All the above results reveal the significant improvement in
he capacitive performances of RuO2·xH2O through annealing,
hich was commonly found previously [5,6,13,21,22,33,35]. In

ddition, the high onset frequency of as-deposited RuO2·xH2O
ndicates the low ESR resulting from the simultaneous reduction
n “between-particle” and “in-particle” electron-hopping resis-
ances as well as the contact resistance at the Ti-RuO2·xH2O
nterface [21,22], which is the main benefit of this anodic depo-
ition process. Similar phenomena are also found for the EIS
pectra measured at 0.6 V (not shown here), which were also
ound previously [35]. This indicates that both as-prepared and
nnealed RuO2·xH2O show the excellent capacitive responses
n the whole potential region of investigation.

Since the impedance spectra of both as-deposited and
nnealed RuO2·xH2O are very analogous to the Nyquist plots
eported previously [35], the impedance data can be ana-
yzed by using the same circuit model through an assump-
ion that the impedance behavior is dominated by three major
rocesses occurring in the high, medium, and low frequency
egions, respectively [35]. Qualitatively, the high-frequency
mpedance arc is attributable to the processes occurring at the
omposite–electrolyte interface. When the frequency passes the
nset frequency, a curve with its slope gradually changing from
a. 45◦ to 90◦ represents the finite-length diffusion Warburg
ehavior which ascribes the impedance due to highly distributed
roton diffusion within RuO2·xH2O in the medium frequency
egion [35]. In the relatively low frequency region, a quasi-
ertical line, representing pseudocapacitive behavior, clearly
onfirms their excellent capacitive responses.

The specific power (SP) and specific energy (SE) of
uO2·xH2O can be deduced from the EIS spectra since the
ependence of specific capacitance of active materials on the
pplied ac frequency can be estimated from the EIS spectra
35]. When the applied frequency is equal to 1 Hz (i.e., 1 cycle
er second), the equivalent scan rate of CV should be equal to
0 mV s−1 because the amplitude of ac in this study is 10 mV.
hus, SE and SP of active materials can be evaluated on the basis
f the following equations:

E = �VQ

2w
= Cs(�V )2

2
(1)

P = �Vi

2w
= �VCsν

2
(2)
here �V = 1 V, Cs is estimated from EIS spectra and ν is
he scan rate of CV deduced from the ac frequency (e.g.,
00 Hz = 4000 mV s−1). Note the ultrahigh SP of annealed
uO2·xH2O (about 147 kW kg−1) since Cs deduced from curve

[

[
[
[

urces 163 (2007) 1126–1131

in Fig. 4 at 100 Hz is about 73.5 F g−1 [35]. In addition, the
verage SP and Cs of RuO2·xH2O obtained from a CV curve
easured at a compatible scan rate of 4000 mV s−1 are equal to

a. 224 kW kg−1 and 112 F g−1, respectively (170 kW kg−1 and
40 F g−1 at 1000 mV s−1) which are larger than that derived
rom EIS data. This effect has been found previously [1], indi-
ating that the behavior of RuO2·xH2O under ac modulation
xhibits a dispersion of capacitance, i.e., the accessible capaci-
ance of this RuO2·xH2O/Ti electrode is frequency-dependent.

. Conclusions

In this communication, a simple, one-step, cost-effective
ethod, i.e., anodic deposition of RuO2·xH2O onto Ti from
simple chloride precursor solution, is successfully demon-

trated. The presence of AcO− in the aqueous RuCl3·xH2O
olution obviously promotes the rate of RuO2·xH2O deposition
rom the negative shift in the onset potential and the presence of
sharp peak, which definitely reduce the oxidative attack to car-
on. The as-deposited RuO2·xH2O/Ti electrode shows the merit
f low ESR (i.e., high electronic conductivity and low contact
esistance at the interface between Ti and RuO2·xH2O) through
he EIS analysis. The cycling stability, specific capacitance
increasing from 460 to 552 F g−1), and power performance of
s-deposited RuO2·xH2O are significantly improved by anneal-
ng in air at 150 ◦C for 2 h. The significant reduction in the
SR through annealing extends the onset frequency from 660 to
650 Hz for RuO2·xH2O behaving as a capacitor, which is much
igher than that of hydrothermal-derived RuO2·xH2O nanocrys-
allites or single-crystalline RuO2 nanorods prepared by CVD,
llustrating its ultrahigh power characteristics (∼147 kW kg−1

t 100 Hz).
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