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Hydrous ruthenium dioxide (RuO») has been highlighted as
an electrode material of electrochemical capacitors. The capa-
citive charging process of hydrous RuO; consists of two routes:
electrochemical double layer capacitance and pseudocapaci-
tance. In particular, the pseudocapacitance has been emphasized
due to a highly applicable capability ascribed to the following
reversible redox reaction:

RuO, + 8H" +8e <> RuO,.5(OH)s, where 0 <& < 2.

The performance of a hydrous RuO; capacitor has been pro-
posed to be determined by the proton-electronic conduction of
the material."* The hydrous regions of RuO; are responsible
for proton conduction, while the crystalline forms determine
electronic conduction between the particles. Because an anneal-
ing process to obtain a crystalline RuO, causes a loss of water,
a simultaneous achievement of proton conduction and electronic
conduction would be one of the key elements in its application
to electrochemical capacitor electrodes. In an effort to obtain
highly capacitive RuO,, various attempts have been tried: adjust-
ment of RuO; particle size,” optimization of RuO; layer thick-
ness” and employment of conductive supports such as carbon
materials.””""

This work presents the variation of electrochemical capaci-
tance of electrochemically oxidized RuO; as a function of par-
ticle size. Ru nanoparticles dispersed on platelet carbon nano-
fiber (PCNF), the size of which ranged from 5.9 to 1.6 nm,
were electrochemically oxidized and evaluated as a capacitor.
The main focus of this work is the utilization efficiency of Ru in
pseudocapacitive charging process along with Ru nanoparticle
size.

Figure 1 shows typical transmission electron micrographs of
Ru nanoparticles dispersed on PCNF. The sizes and shapes of
Ru nanoparticles depended clearly on the pH of ethylene glycol
reducing medium. In the synthesis of Ru nanoparticles, ethylene
glycol reduced the precursor Ru’* jons to nanoparticles, and the
glycolate (the product of the reduction reaction) determined the
nanoparticle size as a stabilizer. Adjustment of the reducing
medium pH determined the concentration of anionic glycol-
ates, thus the Ru nanoparticle size. Figure 1(e) demonstrates a
distribution of the Ru nanoparticle sizes prepared at pH 1.6,
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Figure 1. TEM micrographs of Ru nanoparticles synthesized in ethyl-
ene glycol reducing medium: (a) 5.9 nm, (b) 4.3 nm, (c) 3.5 nm, and
(d) 1.9 nm. (e) Typical size distribution of Ru nanoparticles synthe-
sized at pH 1.6. (f) The variation of Ru nanoparticle size as a function
of reducing medium pH.

and Figure 1(f) displays the variation of Ru nanoparticle sizes
as a function of reducing medium pH. As the pH increased from
0.6 to 6.9, the Ru nanoparticle size decreased from 5.9 to 1.6
nm. When the particle size was relatively large (pH <2), on the
other hand, the shapes of Ru nanoparticles were irregular as
shown in Figure 1(a). In the pH range of 2 - 5, two or at most
three nanoparticles aggregated (Figure 1(b)). When pH was
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Figure 2. Cyclic voltammograms of Ru nanoparticles (1.6 nm) on
PCNF electrochemically oxidized at 1.1 V for 30 min in 0.5 M H,SO4
solution: (a) before and (b) after the electrochemical oxidation. (c) and
(d) are the cyclic voltammograms of PCNF before and after the electro-
chemical oxidation, respectively. Scan rate: 10 mV/s.

higher than 5, however, the Ru nanoparticles appear spherical
and individual as demonstrated in Figure (c) and (d). In a re-
ducing medium whose pH was higher than 7, the reduction of
Ru precursor ions did not take place, so that Ru nanoparticles
whose size was less than 1 nm was not available. The loaded
amount of dispersed Ru nanoparticles on PCNF was 10 £ 0.5%
of the total weight of the electrode material, regardless of size.
The specific reason for the usage of PCNF simple in terms of
structure is to avoid possible complicate problems associated
with high surface area carbon materials such as Vulcan-72R.

Conversion of Ru nanoparticles to Ru oxide nanoparticles
was performed by an electrochemical oxidation at 1.1 V for 30
min in 0.5 M H,SO4 solution. Figure 2(a) compares cyclic vol-
tammograms of Ru nanoparticles (1.6 nm) and PCNF before
and after the electrochemical oxidation. The cyclic voltammo-
gram of Ru nanoparticles on PCNF before the electrochemical
oxidation (Figure 2(a)) was rectangular, indicating that only an
electrochemical double layer capacitive charging process, not a
pseudocapacitive charging process, was operational. After the
electrochemical oxidation, the voltammogram changed to the
one (Figure 2(b)) with a broad redox couple at 0.32 V, denoting
that a pseudocapacitive charging process took place. Further-
more, the electrochemical double layer charging process en-
hanced also as revealed by an increase in the current at 0.7 V by
a factor of 1.3. Therefore, the electrochemical oxidation of Ru
nanoparticles to oxidized nanoparticles increased the electro-
chemical capacitance obviously.

The contribution of PCNF to the total capacitance of Ru oxide
on PCNF should be considered. Figure 2(c) and (d) compares
the cyclic voltammograms of PCNF before and after the electro-
chemical oxidation: the contribution of the as-received PCNF
to the total capacitance was roughly 20%. After the electro-
chemical oxidation, the modification of the PCNF support was
not significant as shown in Figure 2(d), even though small pseu-
docapacitive peaks were apparent at 0.3 V. Thus, it is conclu-
sive that the enhancement of the capacitance of the electro-
chemically oxidized Ru nanoparticles on PCNF came mainly
from the conversion of metallic Ru nanoparticles to oxidized
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Figure 3. XPS spectra of Ru nanoparticles (2.9 nm) on PCNF electro-
chemically oxidized at 1.1 V for 30 min in 0.5 M H,SOj4 solution: (a)
before and (b) after the electrochemical oxidation.

nanoparticles. The capacitance values reported hereafter are the
ones corrected by subtracting the contribution of PCNF from
the observed capacitances.

Figure 3 shows the typical XPS spectra of Ru nanoparticles
(2.9 nm) before and after the electrochemical oxidation. There
were two Ru 3ps2 and 3pi» peaks at 463 and 485 eV, respect-
ively. In the peak of Ru 3ps), three components of Ru were
identified to be metallic Ru at 461.9 eV, RuO at 463.6 eV, and
RuO; at 465.9 eV. Before the electrochemical oxidation, the
peak area ratio of Ru oxides to metallic Ru was 2.18 £0.07, indi-
cating that most of Ru within the sampling depth of XPS (~1 nm)
was Ru oxide species. After the electrochemical oxidation, the
peak area ratio increased to 2.82 + 0.06, regardless of Ru nano-
particle size, implying that the electrochemical oxidation to
oxidized Ru nanoparticles was effective.

Figure 4(a) shows the variation in the capacitance of electro-
chemically oxidized Ru nanoparticles of various sizes on PCNF
in 0.5 M H»SOg4 solution as a function of voltammetric scan rate.
The capacitance depended evidently on the particle size of oxi-
dized Ru nanoparticles and scan rate. The variations in the
capacitance values showed two distinctive features. When the
sweep rate was higher than 50 mV/s, the observed capacitance
remained fairly constant. In contrast, the scan rates lower than
50 mV/s resulted in a significant increase in capacitance. This
particular behavior is due to the independence of electroche-
mical double layer charging on voltammetric scan rate and the
slow kinetics of pseudocapacitive charging, i.e., irreversible
faradaic reaction.'” In the following discussion, the capacitance
measured at S mV/s will be used. In any circumstances, as the
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Figure 4. (a) The dependence of capacitance of electrochemically oxi-
dized Ru nanoparticles on voltammetric scan rate. (b) The dependence
of capacitance of electrochemically oxidized Ru nanoparticles on par-
ticle size. (c) The dependence of pseudocapacitive charge of electro-
chemically oxidized Ru nanoparticles on particle size. The theoretical
pseudocapacitance is an estimated value assuming the pseudocapaci-
tive process is RuO, + 2H" + 2e — Ru(OH),.

particle size decreased, both capacitances of electrochemical
double layer and pseudocapacitance certainly increased.
Figure 4(b) is a plot of particle size versus capacitance of
electrochemically oxidized Ru nanoparticles. The mass specific
capacitances (F/gry) increased as the particle size decreased.
Although the total capacitance of oxidized Ru nanoparticles in
the range of 5.9 - 3.5 nm remained in the range of 70 - 80 F/ggy,
the capacitance increased rapidly from ~100 F/gg, (3 nm) to
~140 F/gry (1.6 nm). The ratio of electrochemical double layer
capacitance to pseudocapacitance was always approximately
2, indicating that the contribution of pseudocapacitance to the
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total capacitance was about one-third. Although the surface area
of the oxidized Ru nanoparticles increased by a factor of 14 as
the size decreased from 5.9 to 1.6 nm, the capacitance increased
by a factor of 2. This particular observation supports that the
observed mass specific capacitance was not naively propor-
tional to the surface area of the oxidized Ru nanoparticles, and
denotes that only a simple geometrical factor did not operate in
the two capacitive charging processes as a function of particle
size. On the other hand, the surface area specific capacitances
(uF/ sz) decreased as the size decreased as shown in Figure 4(b).
The surface areas of oxidized nanoparticles were calculated
with the sizes measured using TEM. The value of the surface
area specific capacitance diminished from 138 pF/cm’ (5.9 nm)
to 57 wF/cm’ (1.6 nm) monotonically. To compare the results ob-
tained in this work with a value of 12 nm Ru oxide nanoparticle
(197 pF/cm2) reported by Sugimoto,13 an extrapolation to 12 nm
was performed using the line of surface area specific capacitance
versus particle size in Figure 4(b), and the extrapolated value
was ~200 pF/cm’, practically identical to the reported one.

Figure 4(c) shows the variation in pseudocapacitive charge
as a function of particle size. When the particle size was smaller
than 3 nm, the pseudocapacitive charge increased rapidly, in-
dicating that more Ru was involved in the pseudocapacitive
charging process. Assuming the pseudocapacitive process was
RuO; +2H" + 2e — Ru(OH),, the fraction of Ru involved in the
pseudocapacitive process was estimated. The fraction increased
approximately from 0.3 to 0.8, when the particle size increased
from 5.9 to 1.6 nm. Thus, as the particle size becomes smaller,
more Ru clearly participates in the pseudocapacitive charging
process.

In summary, the electrochemical oxidation of Ru nanoparti-
cles increased the capacitance, in particular pseudocapacitance
of Ru oxide species. As the particle size decreased from 5.9 nm
to 1.6 nm, the capacitance increased by a factor of 2. Such an
increase was due to the increase in the Ru fraction participating
in pseudocapacitive charging process and electrochemical dou-
ble layer capacitance related to surface area. In particular, when
the Ru nanoparticle size was 1.6 nm, approximately 80% of Ru
notably participated in pseudocapacitive charging process. Also,
a simple geometrical surface area was not only a factor deter-
mining the capacitance of oxidized Ru nanoparticles.

Experimental Section

Preparation of Ru oxide nanoparticles on PCNF was carried
out by the synthesis of Ru nanoparticles on the carbon support
using polyol method," followed by electrochemical oxidation
of the metal nanoparticles. Details of the synthetic route are as
follows: (1) 1.492 g of RuCl;-xH,0 (98.5%, Wako, Japan) was
dissolved in 100 mL of ethylene glycol (99.5%, Wako, Japan) by
heating, (2) after adding PCNF (supplied from Suntel, Korea)"
into the Ru precursor solution, the pH of the reducing medium
was adjusted to a proper pH (0.6 - 6.8) by adding 1 M NaOH
ethylene glycol solution, (3) the mixture was refluxed at 200 °C
for 3 hrs, and (4) the solid portion after reflux was filtered, wash-
ed with water until the pH of the washing water reached to 7,
dried in a vacuum oven for 24 hrs, and grinded.

The Ru nanoparticles supported on PCNF were characterized
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using a transmission electron microscope (TEM, JEM-2010F,
JEOL) and a thermal gravimeter (TA instrument, SDT 2960
Simultaneous DTA-TGA). The diameters of Ru nanoparticles
were measured from more than 300 nanoparticles in TEM
images. The total gravimetric amounts of Ru nanoparticles were
obtained by quantifying the residues (RuQ) after burning off
the carbon support.

In capacitance measurements, a conventional three electrode
system was employed. Specifically, the working electrode was
prepared by spreading a slurry of Ru nanoparticles on PCNF,
5% Nafion solution (Wako) and water on a Au disk electrode,
followed by drying under an IR lamp. '3 The counter electrode
was a Pt gauze and the reference electrode was a home-made
Ag/AgCl electrode in 1.0 M NaCl. The potential reported in
this work is against the reference electrode. The capacitance of
the Ru nanoparticle was measured using cyclic voltammetry
in 0.5 M H,SO; solution (95 ~ 97%, Merck, Germany).
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