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Abstract

Hydrous ruthenium oxides (RuO,-xH,O) with different contents of water (x) were prepared by annealing commercial RuO,-2.6H,O
powders at different temperatures. The morphologies and crystalline structures of RuO,-xH,O were investigated using transmission electron
microscope (TEM) and selected area electron diffraction (SAED) techniques. From the TEM images, it was observed that the particle size of
RuO,-xH,O0 increased with increasing annealing temperature. From the SAED patterns, it was observed that RuO,-xH,O powders became an
amorphous phase at annealing temperatures <116 °C and became a crystalline phase at annealing temperatures above 116 °C. Amorphous
RuO,-xH,0 prepared at 116 °C reached its maximum specific capacitance as a result of proton insertion into the bulk of RuO, but with smaller
Ru-Ru distance in the local structure. The more disordered structure induced by proton insertion was obtained by SAED pattern from a
sample annealed at 116 °C. The possible connection between the microstructure and specific capacitance of RuO,-xH,O is discussed.
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1. Introduction

Hydrous ruthenium oxides (RuO,-xH,O) were found to be
able to store more proton than anhydrous ruthenium oxides
[1,2]. The proton density in RuO,-xH,O was strongly
dependent on the structure of the hydrous ruthenium oxide
and the annealing temperature during the sample prepara-
tion. The specific capacitance [3] of 900 F/g and interfacial
capacitance [4] of over 4 F/cm? were obtained from powder
and thin film of amorphous ruthenium oxides, respectively.
The specific capacitance was found to be insensitive to the
specific surface area but sensitive to the crystalline structure
[2]. Tt was found that RuO,-xH,O with the maximum
specific capacitance was always obtained at the temperature
near the phase transition from amorphous to crystalline
[2,5,6]. From previous studies, it is believed that the superior
specific capacitance in amorphous RuO,-xH,O has an unex-
pectedly high degree of proton insertion into the bulk
materials. By contrast, for crystalline RuO,, bulk materials
typically are limited to surface interaction with proton [7,8],
resulting in a lower specific capacitance. However, there is
still a lack of direct evidence to support this theory. Several
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non-electrochemical techniques were also involved in study-
ing the charge storage mechanisms in RuO,-xH,0, including
X-ray fine structure analysis (EXAFS) [3] and nuclear
magnetic resonance [11]. In this paper, we report recent
studies on RuO,-xH,O microstructures and structural
changes after proton insertion in samples prepared at dif-
ferent annealing temperatures by means of transmission
electron microscopy (TEM).

2. Experimental

Experimental samples of RuO,-xH,O were prepared by
annealing commercial RuO,-2.76H,0 powders (Alfa) in an
air circulation oven for about 24 h. Samples with different
water contents (x) and crystalline structures were obtained
after annealing at different temperatures. Values of x were
calculated from the weight change of annealed samples.

The specific capacitance reported in this paper was
measured by cyclic voltrammogram (CV). To prepare a
RuO,-xH>0O electrode, Teflon emulsion (60% solid) as a
binder was first mixed with the RuO,-xH,O powder. The
mixture was then rolled into a film 100-200 pm thick, from
which a square of about 0.4cm x 0.4 cm was cut. The
platinum grid was then pressed into the square from both
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sides for mechanical support and current collection. Three-
electrode cells were used for CV experiments. The working
electrode was formed from Teflon bound RuO,-xH,O pow-
ders. The counter electrode was made of a Pt grid of a size
much larger than that of the working electrode. A standard
saturated calomel electrode (SCE) (+0.2412 V versus the
standard hydrogen electrode) was used as the reference
electrode. Aqueous solutions of 0.5 M H,SO, were used
for the electrolyte. The electrolyte was bubbled with nitro-
gen gas for at least 30 min before any electrochemical
measurement was made.

In order to characterize the RuO,-xH,O materials before
and after proton insertion on a microscopic scale, two groups
of TEM samples were studied. The first group of samples
was prepared by pressing the thin carbon film coated TEM
Cu mesh grid into the dry RuO,-xH,O powders, by which the
sample powder particles are attached to the carbon film. The
second group of samples was prepared by mixing powders in
methanol to form a suspension, and then the TEM sample
was made by dipping the TEM carbon grid into the suspen-
sion, and letting it dry in air. Samples were investigated by a
JEOL-2010 TEM system, operated at 200 kV, with a resolu-
tion of 0.23 nm. In order to prevent electron irradiation
damage (i.e. sample heating) and contamination, a weak
illumination condition and cold trap were used. The selected
area electron diffraction (SAED) pattern was employed to
analyze the crystallinity.

3. Results and discussion

Table 1 listed annealing conditions and some properties of
experimental samples used in this study. The water content
(x) in the structure of RuO,-xH,O decreased with increasing
annealing temperature due to the simple thermal dehydra-
tion; however, the specific capacitance increased initially,
and reached a peak value at 116 °C, then decreased when the
annealing temperature further increased. The capacitance
was measured by the CV method at a voltage scan rate of
2 mV/s. The maximum specific capacitance of 617 F/g was
obtained at 116 °C. The dependence of the specific capaci-
tance on annealing temperature is similar to previous obser-
vations that were obtained from the RuO,-xH,O samples
prepared by a sol-gel method [4]. However, the maximum
value of the specific capacitance is less than previously [2,3].

It was found that the maximum value of the specific capa-
citance was sensitive to the preparation conditions such as
impurity concentration [2,6], pH value during the sol-gel
process [2] and structural water content. Even for commer-
cial RuO,-xH,O powders, different maximum values of
specific capacitance would be obtained from separately
purchased batches. But regardless of the absolute value of
specific capacitance, the peak value was always obtained
from the samples that were annealed near the temperature at
which the phase transition from amorphous to crystalline
occurred.

The open circuit potential (VOC) of each sample was
measured and listed in Table 1. VOC,; and VOC, were
measured for samples that were prepared from dry powder
and methanol suspensions, respectively. A large potential
shift in the negative direction was obtained for samples
prepared from a methanol suspension. The potential shift
was believed to be due to the chemical reaction between
RuO,-xH,O powders and methanol solvent when they were
mixed. It is believed that the chemical reaction is similar to
the methanol oxidation reaction that occurs on the anode
catalyst of direct methanol fuel cells [12,13]. During the
oxidation process, protons were inserted into the bulk of
amorphous RuO,-xH,O or adsorbed at the surface of crystal-
line RuO,-xH,O. This process is called protonation. Based
on the assumption that the Ru valence state changes from
Ru”(OH)z at about O V to Ru4+02 at about 1.4 V versus
the standard hydrogen electrode [9,10] and the proton-
ruthenium reaction rate occurs uniformly in the potential
range, then the average proton content in the electrode after
protonation reaction can be estimated according to the VOC,
values. Samples of RuOy g97(OH); 93-2.65H,0, RuOg 941-
(OH)1.059'0.76H20, and RUO1.054(OH)0_946'0.06H20 were
prepared without thermal treatment, and were annealed at
150 and 300 °C. It can be seen from Table 1 that average
values of Ru valence state for protonated samples were about
Ru’". It must be pointed out that the sample preparation
process must be very carefully controlled. It was found that
the chemical reaction could cause ignition if the reaction
rate was not controlled. The reaction was an exothermic
one. If the heat energy is released quickly, then the tem-
perature of the methanol would be raised to the flammable
point. Therefore, in this experiment, RuO,-xH,O powders
were very slowly added methanol in order to control the
temperature rise due to the reaction.

Table 1

Summary of some properties of RuO,-xH,O samples as a function of annealing temperature

Annealing temperature Without thermal treatment 116 °C 300 °C

As annealed Ru0,-2.76H,0 Ru0,:0.60H,O Ru0,-0.06H,O
VOC, 0.873 V vs. SCE 0.977 V vs. SCE 0.884 V vs. SCE
Structure Amorphous Amorphous Crystalline
Specific capacitance 207 Flg 617 Flg 182 F/g

VOC, 0.481 V vs. SCE 0.459 V vs. SCE 0.564 V vs. SCE

After protonation RuOy 97(OH), ¢3-2.65H,0

RuO 1 O(OH) 1.0° 0. 76H20 RuO 1.15 (OH)O.SS 006H20
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(a)

20 nm

HV=200kV
TEM Mag = 500000x

Fig. 1. (a) TEM image, and (b) SAED pattern from the sample of
RU02276H20

The first TEM measurement was conducted on samples
without protonation. Fig. 1(a and b) show the TEM image
and SAED pattern from RuO,-2.76H,0, respectively. It can
be seen from Fig. 1(a) that the RuO,-2.76H,0 was formed in
particles mostly with a size of about 50 nm, which is about
two times larger than reported previously [2], in which a
diameter of a spherical particle is used to estimate the size of
the particle based on the measurement of the specific surface
area. The difference can be explained by the fact that the
surface of the particles is quite rough as can be seen from the
TEM image, which resulted in an actual specific surface area

Fig. 2. The SAED pattern measured from the sample of RuO,-0.60H,O
prepared at 116 °C.

larger than that based on a smooth sphere particle model.
From Fig. 1(b), the characteristic feature of the diffraction
pattern that has one broad-ring and a diffuse background
indicated that RuO,-2.76H,0 is an amorphous phase mate-
rial. The position of the maximum of the ring corresponded
to real space distance of 0.25 nm. However, further quanti-
tative analysis of the diffraction data through Fourier trans-
form is needed to obtain the nearest neighbor correlation
distances and coordination numbers.

Fig. 2 shows the SAED pattern from RuO,-0.60H,O
annealed at 116 °C. The real space distance was 0.22 nm
from the position of the maximum of the ring. From Fig. 2, it
can be concluded that the Ru0,-0.60H,O was still an
amorphous phase. The larger diameter of the first ring
compared to the sample without thermal annealing indicate
the shorter distance of the nearest neighbors of Ru—Ru atoms
in the clusters. It became progressively more ordered in local
structure than without thermal annealing. Fig. 3(a and b)
were obtained from RuO,-0.06H,O prepared at 300 °C.
From Fig. 3(a), it can also be seen that in each cluster a
large number of crystalline RuO, with size <5 nm were
formed. The orientations of the nano-sized crystals were
random; however, the size of the crystals increased with
increasing annealing temperature. In Fig. 3(b), there are
three rings present, and they corresponded to (1 1 0), (10 1)
and (12 1) of the rutile RuO, structure. At 500 °C, larger
crystalline RuO, particles were formed (Fig. 4).

Similar measurements were also performed on protona-
ted samples after the chemical reaction with methanol.
For samples prepared at 25 and 300 °C, no difference was
observed for both TEM image and SAED pattern from the
samples with and without a protonation process. However, a
different SAED pattern was obtained for the protonated
sample annealed at 116 °C as shown in Fig. 5. By comparing
SAED patterns in Figs. 2 and 5, it can be seen that the
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20 nm

HV=200kV
TEM Mag = 500000x

Fig. 3. (a) TEM image, and (b) SAED pattern from the crystalline
Ru0,-0.06H,0 prepared at 300 °C.

diffraction ring from a protonated sample was more diffuse
and broader than that from non-protonated samples. The
changes of SAED patterns from samples with and without
pontonation processes can be explained as follows:

1. For the sample of RuO,-2.76H,0, the structure of
ruthenium oxide was filled with larger member of H,O
molecules. The broadring in the SAED pattern indicated
that the sample was highly disordered. The EXAFS
study [3] also proved that no three-dimensional (3D)
networks of linked RuOg octahedral chains existed in
RuO,-xH,O with a high structural water content. The
same SAED pattern observed on the RuO,-2.76H,0

100 nm

HV=200kV
TEM Mag = 250000x

Fig. 4. TEM image of RuO, sample annealed at 500 °C.

Fig. 5. SAED pattern measured from RuO, ((OH); o-0.60H,O that was
annealed at 116 °C and then reacted with methanol.

sample before and after protonation can be understood if
the proton insertion into RuO,-2.76H,0 did not cause
further disorder in an already highly disordered lattice,
and further disorder in the lattice could not be detected
within the resolution of SAED pattern.

. For the sample of Ru0,-0.60H,0, a local structure of

RuO, was formed. The EXAFS study also showed that
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no long-range order of RuO, structure was formed;
however, the local structure consist of rutile RuOg
octahedred interconnected in chains. From the OCV,
potential measurements of protonated samples, it was
found about 50% of Ru—O bonds were converted to Ru—
OH bonds after protons were inserted into the
RuO,-xH,O structure. The proton insertion process
caused an inhomogeneous lattice expansion and greater
degree of disordering, which was reflected by the
broadening of the diffraction ring in the SAED pattern.
Therefore, the broadening in the SAED pattern is direct
evidence of proton insertion into the bulk of amorphous
Rqu-xHQO.

3. For the sample of crystalline RuO,-0.06H,0, a 3D
network of RuQOg octahedral chains was formed. The
proton was not able to insert into the bulk of crystal but
only react with the Ru ion at the surface of the crystal.
Therefore, the protonation process did not affect the
crystalline structure of RuO,.

The microstructural changes with increasing annealing
temperature directly affect the specific capacitance of
RuO,-xH,0 samples. It is believed that the proton diffusion
can only occur in the amorphous phase of RuO,-xH,0 and is
dependent on the Ru—Ru distance. For RuO,-xH,O samples
prepared at low annealing temperatures, the Ru—Ru distance
was relatively large due to the high structural water content
(e.g.x = 2.76 at T yppeas = 25 °C), which isolated the Ru ions
from each other. SAED and EXAFS [3] results proved that
RuO,-xH>O prepared at 25 °C had no short-range order.
Therefore, to transport a proton from one Ru site to another
was rather difficult. For the RuO,-xH,0 sample annealed at
116 °C, the Ru—Ru distance decreased while the water
content was reduced to x = 0.6. The SAED results indicated
that the Ru—Ru distance is indeed shorter in the local
structure. The proton could be diffused easily into
Ru0O,-0.60H,0. Finally for the samples annealed at tem-
peratures above 116 °C, the crystalline structure was
formed. The lattice of crystalline RuO, was too rigid to
allow proton insertion, which prohibited proton diffusion.
Only the Ru ions at the crystal surface involved the proto-
nation process. Therefore, the RuO,-0.60H,O sample
annealed at 116 °C, which contained the lowest structural
water in the amorphous phase of RuO,-xH,0O, has the highest
specific capacitance. The recent study [14] on 'H nuclear
magnetic resonance spectroscopy at various temperatures
also showed a strong correlation between the activation
energy of protons and the specific capacitance of RuO,-xH,0.
A minimum value of activation energy was obtained from
the sample annealed at 116 °C, which indicated that the

potential barrier was low and protons could be easily diffused
into and out of the bulk of the RuO,-xH,0 sample.

4. Conclusion

The RuO,-xH,O samples with various water contents
were studied by TEM SAED, and electrochemical measure-
ments. For samples without thermal treatment, RuO,-xH,O
was amorphous. The structure contained larger amounts
of water and larger Ru—Ru distances. After annealed at a
temperature of 116 °C, the sample possesses the highest
specific capacitance. Smaller Ru—Ru distances in the local
structure formed; however, the structure became more
disordered by proton intercalation. At high temperatures,
crystalline RuO, was obtained, and the proton intercalation
was prevented.
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