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bstract

The structure–property relationships of hydrous ruthenium oxides, fabricated by electro deposition on Ti foil, were investigated with different
nnealing conditions. The annealing temperature was found to play an important role in affecting the electrochemical performance of the annealed
ydrous ruthenium oxides. The results indicate that annealing hydrous ruthenium oxide at its crystallization threshold temperature, ∼200 ◦C, may

elp to create suitable nanostructure in the oxide that supports the establishment of interpenetrating percolation paths for balanced electron and
roton conduction, thereby improving the capacitive response of the oxide dramatically. This finding is useful for fabrication of electrodes with
nhanced electrochemical performance for application in microsupercapacitor.

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

Supercapacitors [1] are energy storage devices, which have
ttracted considerable interest over the past decade. Presently,
hey have been applied to MEMS, microrobots, and implantable

edical devices [2,3]. This is because in micropower devices
pplication, the thin-film battery is insufficient to provide ade-
uate power density required for ignition, and therefore unable
o sustain an acceptable working power for a long period of time.

icrosupercapacitor with enhanced pulse current and extended
ifetime would be the most promising alternative.

Ruthenium oxide has been used as electrode material for
upercapacitors because of its enormous capacitive behavior
4–6]. This type of capacitor is usually constructed in the form

f bulk and its pseudo-capacitive property is attributed to the
ydrogen ion induced electrochemical reaction. Therefore,
ydrogen ions diffusion problem in the inner bulk of the oxide
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t high scan rates has resulted in the decayed capacitive perfor-
ance [5]. Ruthenium oxide is usually hydrous and conduction
echanisms in the oxide involve both the electron and proton

onductivities [7]. The electron conductivity improves with
rystallinity of the oxide. On the contrary, the proton conduc-
ivity dominates when the crystallinity of the oxide degraded.
o far, studies related to this issue have not been investigated

n detail. In this work, the effects of annealing treatment on the
tructural and electrochemical properties of ruthenium oxide
ere investigated. This study may offer a practical way to

mprove the electrochemical behavior of ruthenium oxide with
etter capacitive performance for application in microsuper-
apacitor.

. Experimental

Hydrous ruthenium oxide thin films (RuO2·xH2O) were

lectrodeposited on polished Ti foils from an aqueous solution
ontaining 0.05 M RuCl3, 0.01 M HCl, and 0.1 M KCl. The
epositions were carried out in a potential window of −1 to 1 V
or 30 scan cycles at 20 mV s−1. Good adhesion was achieved by

mailto:jihhuang@mx.nthu.edu.tw
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ig. 1. XRD patterns of RuO2·xH2O either (a) as-prepared, or annealed in air
or 2 h at (b) 100 ◦C, (c) 200 ◦C, and (d) 400 ◦C.

eeping the deposition bath temperature at 50 ◦C. After deposi-
ion, the films were annealed in air at 100, 200, and 400 ◦C for 2 h.
he morphologies and structures of ruthenium oxides were ana-
yzed with scanning electron microscopy (SEM), X-ray diffrac-
ion (XRD), X-ray photoelectron spectroscopy (XPS), and
aman spectroscopy. Electrochemical analysis and electrodepo-

ition were carried out in a �Autolab Potentiostat/Galvanostat

s
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Fig. 2. SEM images of RuO2·xH2O either (a) as-prepared, or anne
ources 160 (2006) 1506–1510 1507

ype III station. An aqueous solution of 1 M H2SO4 was used
s the electrolyte. Cyclic voltammetry responses were acquired
fter 10 cycles at a scan rate of 20 mV s−1.

. Results and discussion

Information on the crystalline nature of the annealed
uO2·xH2O obtained from XRD is shown in Fig. 1. The diffrac-

ions of the oxides annealed in air at temperatures ≤100 ◦C
how characteristic peaks associated with the Ti foil located at
7◦, 40◦ and 53◦. The absence of diffraction peaks correspond-
ng to RuO2 implies that the RuO2·xH2O is amorphous. After
00 ◦C annealing treatment, a diffuse scattering peak appeared
t 36◦, suggesting the instigation of an amorphous to crys-
alline phase transformation. When the annealing temperature is
aised to 400 ◦C, three sharp peaks located at 28◦, 36◦, and 54◦
orresponding to anhydrous RuO2 (1 1 0), (1 0 1) and (2 1 1) ori-
ntations are clearly observed, indicating long-range crystalline
rder.

The SEM morphologies of pristine and annealed RuO2·xH2O
re shown in Fig. 2. In Fig. 2(a), the pristine RuO2·xH2O pos-

esses non-uniformly distributed aggregates giving rise to a high
urface roughness. After 100 ◦C annealing treatment, the degree
f uniformity is enhanced, implying that heat treatment pro-
otes the surface diffusion of the constituents. After 200 ◦C

aled in air for 2 h at (b) 100 ◦C, (c) 200 ◦C, and (d) 400 ◦C.
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ig. 3. Raman spectra of RuO2·xH2O either (a) as-prepared, or annealed in air
or 2 h at (b) 100 ◦C, (c) 200 ◦C, and (d) 400 ◦C.

nnealing treatment, the morphology of the oxide exhibits some
racking suggesting the occurrence of a dehydration process.

hen the annealing temperature is raised to 400 ◦C, the oxide
urface is smooth with uniform distribution.

Fig. 3 presents the Raman spectra of RuO2·xH2O annealed at
arious temperatures. The films exhibit distinct vibrational peaks
ocated at 240, 435, and 615 cm−1 even though the three major
aman bands, namely Eg, A1g, and B2g modes of RuO2 were

ound to locate at ∼528, 646, and 716 cm−1, respectively [8]. It
as been well known that vibrational frequencies of Raman spec-
rum can be significantly influenced by physical and/or chemical
rocesses [9]. Although the observed peak positions are signif-
cantly different from those of RuO2 characteristic bands, they
onsistently appeared under different temperature treatments.
t implies that RuO2·xH2O has been successfully deposited on
i foils. The most striking change in the Raman spectra is the
hifting of the band at 240 cm−1 towards a lower wavenumber
t annealing temperature of 200 ◦C.

Typical XPS core level spectra of O 1s and Ru 3p for pris-
ine and annealed RuO2·xH2O are shown in Fig. 4. The O 1s
ore level peak is located at 536 eV for pristine and 100 ◦C-
nnealed hydrous RuO2. However, the O 1s peak position shifts
own to 529 eV and shifts up to 534 eV after 200 and 400 ◦C
nnealing treatments, respectively. The Ru 3p core level peak
s located at 490 eV for pristine and 100 ◦C-annealed hydrous
uO2. Likewise, the Ru 3p peak position shifts to a lower energy
f 484 eV at 200 ◦C and shifts to a higher energy of 488 eV at
00 ◦C. This result demonstrates the occurrence of phase trans-
ormations in RuO2·xH2O as the molecular water component is
ecreased. The shift of the Ru 3p and O 1s peaks towards lower
nergy at 200 ◦C is consistent with the work of Chang and Hu
10]. According to [10], the energy spectrum of O 1s is posi-
ioned between 525 and 537 eV and that of Ru 3p is between
56 and 472 eV. In the present work, the energy spectrum of O
s is placed between 533 and 539 eV and that of Ru 3p between

86 and 493 eV. Obviously, the positioning of the energy lev-
ls in the present work is towards higher binding energies and
he similar shifting phenomenon is also encountered in the
aman spectra. It is probably related to the intrinsic difference

t
a
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ig. 4. XPS spectra of RuO2·xH2O either (a) as-prepared, or annealed in air for
h at (b) 100 ◦C, (c) 200 ◦C, and (d) 400 ◦C.

f electrodes fabricated by various physical and/or chemical
rocesses.

Typical specific capacitance versus voltage plots of
uO2·xH2O electrodes annealed at various temperatures are

hown in Fig. 5. Here, the specific capacitance is defined as
he ratio of the average capacitance to the geometry area, while
he average capacitance was obtained by integrating the cyclic
oltammetry response from 0.1 to 0.9 V. As depicted in Fig. 5,
he response of pristine RuO2·xH2O is not stable but improved
y annealing at 100 ◦C. After 200 ◦C annealing treatment, the
apacitive behavior of the oxide is further enhanced as evidenced
y the square-like shape of the plot, which according to Con-
ay [1] is a result of a nearly ideal capacitor. Nevertheless, a

ignificant decrease in specific capacitance is observed when
he annealing temperature is raised to 400 ◦C.

The above results demonstrate that the capacitive perfor-
ance of RuO2·xH2O electrodes is optimized at an annealing

emperature of 200 ◦C. At this critical temperature, Tcr, the elec-

ron and proton transports are balanced and there is a high
ccess of both electrons and protons throughout the structure.

schematic mechanism of the carrier transport in the oxide
s presented in the capacitance vs. annealing temperature plot,
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Fig. 5. Cyclic voltammograms (CVs) of RuO2·xH2O either (a) as-pre

ig. 6. It is well known that anhydrous RuO2 is composed of
uO6 octahedra [11,12]. Below the critical annealing tempera-

ure, hydrous RuO2 exhibits a short-range disordering of RuO6
ctahedra. Once the annealing temperature exceeds the critical
oint, the structure converts to an ordered one with either short-
r long-range ordering. The molecular water component of the
xide is decreased and insufficient water cannot efficiently trans-
er protons to contribute to the capacitive reaction, thereby giving

ise to a poor capacitive response. On the contrary, this situation
avors the electron conductivity, which is enhanced by the rutile
tructure of RuO2. At low annealing temperatures (<200 ◦C),

ig. 6. Schematic illustration of the mechanism of carrier transports in hydrous
uthenium oxides in a capacitance vs. annealing temperature plot.
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, or annealed in air for 2 h at (b) 100 ◦C, (c) 200 ◦C, and (d) 400 ◦C.

roton conductivity is promoted because of sufficient hydrogen
ons available in the oxide, whereas electronic conductivity is
uppressed due to isolation of the RuO2 by the hydrous matrix.
nly at the critical temperature, there is adequate connectivity
n the ruthenium oxide and hydrous matrix that can provide
ong-range electron and proton conduction, respectively [13].

. Conclusion

In summary, the effect of annealing temperature on the struc-
ure and electrochemical behavior of RuO2·xH2O electroplated
n Ti substrate has been investigated. By annealing the sample
t 200 ◦C, which is the threshold temperature for crystalliza-
ion of ruthenium oxide, the capacitive response was optimized.
RD, XPS and Raman spectra revealed the occurrence of phase

ransformations at the critical temperature. The high capaci-
ance observed at 200 ◦C implies that the nanostructure in the
xide supports the establishment of interpenetrating percolation
aths for balanced electronic and proton conduction. This study
rovides a solution to the essential issue of how to obtain an
lectrode with enhanced electrochemical performance for appli-
ation in microsupercapacitor.
cknowledgement
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