J Solid State Electrochem (2011) 15:1109-1113
DOI 10.1007/s10008-010-1167-9

ORIGINAL PAPER

Dependence of RuQO,-capacitive properties

on preparation conditions

Leonardo A. Pocrifka - Renato G. Freitas -
Adriane V. Rosario - Ernesto C. Pereira

Received: 8 March 2010 /Revised: 4 August 2010 /Accepted: 4 August 2010 /Published online: 24 August 2010

© Springer-Verlag 2010

Abstract The effect of a small change in the preparation
conditions and the consequences thereof on the capacitive
properties of RuO, thin films are described. The oxide films
are prepared using the Pechini method and the only
alteration made in the procedure is to change the order of
addition of reagents. The solution color changes as a
consequence and also the capacitance values, from 54.8 to
33.6 F g !, for the oxides obtained after calcination. These
results could be related to the calcination kinetics, which
affects the lattice stress in the oxide as calculated using X-ray
diffraction patterns and Rietveld analysis.

Keywords Electrochemical capacitors - Ruthenium oxide -
Sol-gel route - Pechini method - Electrochemical properties -
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Introduction

The search for alternative sources of energy with low
environmental impact is a global concern. In recent years,
research into electrochemical capacitors has increased
significantly due to their potential use as auxiliary power
sources in hybrid systems that require pulses of energy [1].
Electrochemical capacitors are also attractive power sources
for such varying applications as camera flashes, lasers, and
electronic equipment [2, 3]. These devices are separated
into two different categories: (1) double-layer capacitors,
which are generally based on carbon with high specific area
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and involve charge storage in the double layer at the
electrode/electrolyte interface [4, 5]; and (2) redox capaci-
tors, which are based on the pseudocapacitance of materials
in which redox reactions occur at the electrode surface.
According to the literature, different materials, such as
hydrogen—metal systems [6], conducting polymers [7-9],
and transition metal oxides (IrO, [10], MnO, [11], SnO,
[12], NiO, [13], and RuO, [14-16]), can be used to build
these devices.

Ruthenium oxide is recognized as the most promising
material for high energy and power density devices due to
its capacitive behavior and its stability through a wide
potential range with high reversibility, in addition to long
cycle life and high conductivity [17]. Although ruthenium
compounds are expensive, the improved performance of
RuO, capacitors justifies their use. This oxide has been
prepared using various methods and it has been demon-
strated that capacitance is highly dependent on the
preparation method. Specific capacitances around of
720 F g ' have been obtained using electrodes of hydrous
ruthenium oxide (RuO,nH,0) [18, 19]. Using a different
preparation method, cathodic electrodeposition of the oxide
on titanium substrate [20], a specific capacitance of
788 F g*1 was observed. Finally, materials synthesized
under hydrothermal conditions have also been suggested to
prepare these devices [21, 22]. In order to decrease the
device cost, binary materials, such as RuO,—SnO, [23],
have also been proposed. This binary oxide presented
reversible behavior and high energy with specific capaci-
tance of 830 F g_1 for a RuOg¢Sng 4O,nH,O film. A
preparation route using a solid-state procedure led to the
synthesis of nanoscale RuO,nH,O [24]. This procedure
involves a simple mixture of the RuClz-xH,O with ethanol
at room temperature. In this case, a study of the thermal
treatment temperature effect was also carried out, and the
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results showed that the RuO,nH,0 powder synthesized at
150 °C was amorphous with a maximum capacitance of
655 F g '. At higher temperatures, the capacitance values
decreased drastically due to the increase of the crystalline
portion of the material. Using a single-step chemical
method, amorphous RuO, thin films were obtained on
different substrates [25] and a specific capacitance of
50 F g ! was observed.

Another preparation route is the polymeric precursor
method (PPM), which involves the polymerization of
organic monomers in the presence of metal ions, which
are homogeneously distributed between the polymeric
chains that are then thermal-treated to obtain an oxide film
or powder. In this method, citric acid (CA) and ethylene
glycol (EG) are used to prepare a polymeric precursor, and
the metal is complexed with the solution components
leading to a random distribution of the metal ions in the
polymeric network [26]. Different materials for electro-
chemical applications, such as dimensionally stable anodes
[27, 28], electrochromic materials [29], pH electrodes[30,
31], and electrochemical capacitors[32], have been prepared
using this procedure. The effect of the calcination temper-
ature on the capacitive properties of prepared RuO, thin
films [5] showed that the best material results, 70 F g ',
were obtained using a calcination temperature of 250 °C.
The main advantages of PPM are its low price, ease of
preparation, and the possibility to prepare low-level doped
materials. Moreover, as we will present in this study, many
experimental variables can be controlled, leading to
important modifications in the material properties.

Considering what has been mentioned above, in this
study, the polymeric precursor method was used to prepare
ruthenium oxide thin films with identical composition while
only the order of addition of reagents was altered. As will
be shown, the prepared oxides have completely different
electrochemical properties.

Current / Ag”

T T
0.2 0.4 0.6 0.8 1.0
Potential / V (vs SCE)

Fig. 1 Cyclic voltammograms of the RuO, electrodes in 1.0 mol L™
H,SOy: (broken line) Ti/RuOyy and (solid line) Ti/RuOyg), v=
50 mV s~' at 25 °C
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Table 1 Mass and capacitance values of the electrodes

Parameters Brown electrode Green electrode
Procedure A B

Mass/mg 0.7 1.0
Capacitance/F g ' 54.8 33.6
Experimental

Two precursor solutions were prepared, each with a compo-
sition equal to 1:3:12 (Ru/CA/EG) molar ratio. The only
difference between the procedures was the order of addition of
reagents. In procedure A, the precursor solution was prepared
by the addition of citric acid (Synth) to ethylene glycol
(Mallinckrodt), stirring at 60 °C. Following this, the metal
precursor, RuCl;nH,O (Aldrich), was added to the solution.
Both stirring and temperature were maintained at constant
levels until the complete dissolution of the metal ions. In
procedure B, the solution was prepared by the addition of
RuCl;nH,0 to ethylene glycol, stirring at 60 °C. After this,
citric acid was added. The two procedures led to solutions
with different colors. The first procedure resulted in a brown
solution, while the second procedure led to a green solution.
The films obtained with these solutions were called RuO, g,
and RuO,G), respectively. It is important to emphasize that,
after thermal treatment, both materials had a dark brown
color. Titanium plates with exposed areas of 1.0 cm?® (99.7%,
Ti-Brazil) were used as substrates to prepare the electrodes.
The substrates were treated by sandblasting, followed by a
chemical treatment in hot 5% (w/v) oxalic acid solution for
10 min, washed with Milli-Q water, and dried at 150 °C. The
precursor solutions were painted over the substrate and then
thermally treated at 110 °C for 30 min to promote
polymerization, at 250 °C for 20 min to improve oxide
adhesion to the substrate, and finally at 400 °C for 10 min.
This deposition/calcination procedure was repeated five

----- Brown resin
—— Green resin

Absorbance / a.u.

T T T T
300 400 500 600 700 800
Wavelength / nm

Fig. 2 Visible absorption spectra of the brown and the green
precursor solutions
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Fig. 3 SEM micrographs for a
Ti/ Rqu(G) and b Ti/Rqu(B)
films

times in order to increase the oxide layer mass which was
measured as 1.0 and 0.7 mg for RuO,, and RuO,m,,
respectively. All samples were prepared in triplicate.

Electrochemical measurements were carried out using an
Autolab potentiostat/galvanostat model PGSTAT20 in a
single compartment cell using two platinum sheets as
counter electrodes and a saturated calomel electrode as
reference. The experiments were conducted in a 1.0-mol-L "
H,S0O, solution. Prior to electrochemical measurements, the
solution was bubbled with N, for 20 min.

Transmittance spectra of the solutions prepared using
procedures A and B were measured using a UV-Vis—NIR
spectrophotometer Cary model 5G. Sample morphologies
were measured using a scanning electron microscope
(SEM) Zeiss model 940A. The X-ray diffraction (XRD)
patterns of the electrodes were obtained using a SIEMENS
diffractometer model D-5000 with CuK o radiation and A=
1.5406 A. The range used was 20=20-130° with 0.02
increment steps. To analyze the XRD data, we used
Rietveld refinement with the General Structure Analysis
System program [33, 34].

101
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Fig. 4 XRD patterns of the RuO,: a Ti/RuO,g, electrode and b Ti/
RuO, g, electrode

Results and discussion

The electrodes were characterized by cyclic voltammetry
measurements in an acid medium as shown in Fig. 1. The
voltammetric profile observed for both electrodes indicated
typical capacitive behavior of ruthenium oxide electrodes
[35, 36]. Broad peaks appeared in the anodic and cathodic
scans. RuO, pseudocapacitance was attributed to redox
transitions, including Ru(II)/Ru(Ill), Ru(IIl)/Ru(IV), and
Ru(IV)/Ru(VI) [37-40]. In this figure, it is shown that the
oxide prepared with the brown solution led to a higher
current density normalized by the deposited mass. Table 1
presents the specific capacitance, Cs, calculated by:

0
= AExm M

where Q in the voltammetric charge, AE is the potential
window, and m is the RuO, mass. It was observed that the
electrode prepared with the brown solution led to a
capacitance 1.5 times higher than the electrode prepared
with the green solution. It is important to point out that the
electrodes were prepared from solutions with the same
composition and using the same calcination process. The
only difference between procedures A and B, as has been
described in the “Experimental” section above, was the
order of addition of reagents.

Neither the precursor solution composition nor the
thermal treatment was modified. It is clear, therefore, that

G

Table 2 Diffraction parameters calculated using Rietveld method

Parameters Rqu(G) RUOZ(B)
Phase Rutile Rutile
Grain size/nm 8.7 9.3
Stress/% 4.6 2.9
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a different factor led to the changes observed in the final
material. The different order of addition of reagents must,
therefore, have produced an alteration in the structural and/
or morphological characteristics of the oxide. In principle,
the CA/EG ratio governs the polymerization and cross-
linking degree of the precursor polyester chains, whereas
the metal precursor concentration is responsible for the
oxide nuclei density and oxide particle growth [41].
However, it was observed for different oxide systems that
the CA/metal precursor ratio also plays a role during
polymeric network formation [42]. It is possible, therefore,
that the final oxide has its characteristics determined by the
kind and degree of metal complexation with the chelant: in
this case, citric acid. To investigate the effects producing
differences in the electrode capacitance values, we used
various techniques. UV-Vis absorption spectra are pre-
sented in Fig. 2 and two absorption band peaks at 320 and
350 nm can be observed. These bands are attributed to the
(p) ™ (p) 7* internal transition (IL) of the ligand that is
coordinated with ruthenium [43]. In addition to these
absorption peaks, there is a broad band between 550 and
800 nm in the spectrum of the green solution (procedure B).
The results indicate that during the preparation of the brown
solution (procedure A), in which citric acid was added first
to ethylene glycol and the esterification reaction occurred,
the metal ions were mixed with this precursor solution and
remained in the Ru®" state. The metal in this oxidation state
has an external shell structure > and does not present any
electronic metal-ligand charge transfer, MLCT, in the
visible region [44]. However, in procedure B, in which
the citric acid was added last, Ru*" was reduced to Ru*"
due to the strong reducing power of citric acid. This
hypothesis results from the appearance of the band in the
550-800-nm region. According to the literature, this band is
attributed to the Ru (d) m—(p) m* MLCT transition. This is,
therefore, a likely explanation for the solution color change.
Moreover, although the solution compositions are the same,
the initial state of metal ions and subsequently the metal
complex are different for procedures A and B as a
consequence. This change in the initial state of the
preparation process could, therefore, lead to differences in
the calcination process kinetics or mechanism, which could
explain the changes in the oxide capacitance values.
Figure 3 presents the micrographs of RuO,, and
RuO,). Both samples present a so-called mud crack
morphology, which is common in dimensionally stable
anodes. Comparing both figures, there are no significant
differences that could explain the electrochemical behavior.
In order to investigate the sample microstructures, X-ray
diffraction measurements were performed (Fig. 4). In this
figure, the most intense diffraction peaks are those related to
metallic Ti (JCPDS file # 44-1294), indicating that the RuO,
films are thin. Moreover, RuO, patterns are also observed at
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260=28.009° (110), 20=35.050° (101), and 26=54.245° (211)
in agreement with JCPDS file (PDF file # 40-1290). The
diffraction data were analyzed using the Rietveld method
and the data are presented in Table 2. As can be observed in
Table 2, crystallite sizes (CS) for RuO, ) and RuO, g (110)
were 8.7 and 9.3 nm, respectively. This difference is within
the experimental error of the Rietveld method and we can
conclude, therefore, that the CS for both samples are the
same and that the difference observed in the capacitance
cannot be attributed to this microstructural characteristic.
Furthermore, it is well known that changes such as crystal
imperfections lead to strain in the crystal lattice, S.
Analyzing the plane (110), the d-spacing changes from
3.207 to 3.178 A for RuOyy and RuO,,, respectively,
compared to 3.183 A JCPDS (PDF file # 40-1290),
indicating that the lattices are stressed. The S values were
then calculated using the Rietveld refinement and changes
from 4.6% to 2.8% to RuOy) and RuOyg), respectively,
were observed, which represents a highly significant micro-
structural difference. Therefore, considering the presented
results, we suggest that there is strong evidence for a
correlation between the stress in the lattice and the changes
in the capacitance values. The stress originates from the
initial state of metal ions in the precursor solution that leads
to change in the calcination kinetics and, as a consequence,
in grain nucleation and growth.

Conclusions

In conclusion, the results lead us to propose that the order
of addition of reagents leads to the existence of different
complex metallic ions in the polymeric precursor solution.
The obtained oxides have the same morphology, but X-ray
diffraction patterns show that the lattice is highly stressed
when comparing both of the obtained materials. The
observed stress is sufficiently high to explain the capaci-
tance change of both samples.
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