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a b s t r a c t

The spark plasma sintering (SPS) technique was successfully used to mold a hydrous amorphous
RuO2electrode without any additives and binders. At the cyclic voltammetry (CV) scan rate of 1 mV s−1,
the electrochemical capacitances of the RuO2 electrodes are 600–700 F g−1 for the entire electrode. An
increase in the SPS current during the compaction led to the crystallization and dehydration of RuO2,
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which in turn, resulted in a significant decrease in its capacitance. There is room to improve the rate
properties as we observed a steep drop in the capacitance when the CV scan rate was raised.

© 2009 Elsevier B.V. All rights reserved.
morphous
ater content

. Introduction

In 1971, Trasatti et al. discovered that a RuO2 film exhibited
featureless rectangular cyclic voltammogram, namely, a pseu-

ocapacitive behavior [1]. Two decades later, Zheng et al. found
hat hydrous amorphous ruthenium oxide, RuO2 · xH2O, possessed
capacitance of more than 700 F g−1[2,3]. Since then, conductive
etal oxide pseudocapacitors [4–6] have been competing with

lectrochemical double-layer capacitors to meet the ever growing
emand for high power density devices.

In many studies, the electrochemical capacitance is reported in
erms of per mass of electrochemically active materials; that is, the

ass of the non-capacitive additives is not included in calculating
he gravimetric capacitance, and the ‘net’ capacitance is reported.
n reality, not only for the ruthenium oxide, but also for other
owdery materials in general, 5–10 wt% of a polymer binder (e.g.,
olyvinylidenedifluoride-N-methyl-2-pyrrolidone (PVdF-NMP)) is
dded to fix the powder in order to form an electrode. For the
ess electron-conductive powders, another 5–20 wt% of electron-

onductive additives, e.g., acetylene black, is also mixed at the
xpense of the ‘gross’ gravimetric capacitance in which the total
ass of electrode is taken into account. An interesting attempt to

mprove the gross capacitance of the RuO2 electrode is to mix a
ore capacitive, but less conductive amorphous RuO2 with a more

∗ Corresponding author. Tel.: +81 72 7519651; fax: +81 72 7519629.
E-mail address: kiyobayashi-t@aist.go.jp (T. Kiyobayashi).
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conductive, but less capacitive crystalline RuO2 whereby the net
capacitance reaches 982 F g−1[7]. Even in this case, however, a cer-
tain technique is required to fix the powder. On the one hand,
reporting the net capacitance is significant to scientifically evaluate
the intrinsic properties of the active materials under considera-
tion. On the other hand, from the viewpoint of application, it is
desirable to reduce the amount of the electrochemically inert addi-
tives in order to increase the gross capacitance and, probably, to
reduce the production cost. One may think of a sintering method
as an alternative to solidify a metal oxide powder without a binder.
The problem of high temperature sintering is that, due to dehydra-
tion and crystallization, it is difficult to retain the amorphous and
hydrous state (RuO2 · xH2O) which is a requisite for the high capac-
itance [2]. (Hereafter, for simplicity, we denote ruthenium oxide as
RuO2 unless otherwise stated.)

The spark plasma sintering (SPS) technique [8,9] is effective for
circumventing the crystallization and dehydration of RuO2 because
the intense, but short pulse of electric current passing through
the powder under high pressure can compact the powder without
affecting the bulk properties of the material. In this short communi-
cation, we report our preliminary results to prove the applicability
of the SPS technique to fabricate a hydrous and amorphous RuO2
electrode for use in an electrochemical capacitor.
2. Experimental

The RuO2 powder was precipitated by the hydrolysis of
RuCl3·nH2O (aq, 0.1 mol dm−3, 100 ml) by dropwise adding NaOH
(aq, 0.3 mol dm−3, 100 ml). The obtained powder was washed with

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:kiyobayashi-t@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2009.02.047
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electrodes prepared at the SPS currents of 50–380 A are almost
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ig. 1. Schematic drawing of the SPS apparatus: (A) sample powder, (B) WC punch,
C) Al2O3 die, (D) electrode piston, and (E) closed chamber filled with N2.

istilled water, heated at 423 K for 17 h in air and sieved into a
75 �m fraction.
SPS was performed using an SPS-515S (SPS Syntex). Fig. 1 shows

schematic illustration of the SPS apparatus. The RuO2 powder (A)
s loaded in conductive tungsten carbide punches (B) and an alu-

ina insulator die (C) (10 mm �), so that the electric current (SPS
urrent) flows only through the RuO2 powder. A uniaxial pressure
nd electric current are applied by the electrode pistons (D). The
ir in the chamber (E) is replaced by nitrogen before processing. In
he present study, we varied the SPS current from 0 to 1 kA, fixing
he mass of the RuO2 powder to 250 mg, the compacting pressure
o 50 MPa and the electrifying period to 1 s.

The crystallinity and morphology were examined using a pow-
er X-ray diffractometer (XRD, Rigaku RINT2000, Cu K�) and
scanning electron microscope (SEM, Hitachi S-5000). Thermal

ravimetry and differential thermal analysis (TG–DTA, Rigaku Ther-
oplus TG 8120) were used to investigate the water content and the

raction of the amorphous component in the sample. The nitrogen
dsorption and desorption isotherms at 77 K were measured using a
icromeritics ASAP 2010 to evaluate the surface area and porosity.

or the material characterization mentioned above, the compacted

uO2 sample by SPS was pulverized again into a powder in an agate
ortar.
The cyclic voltammogram (CV) was measured in H2SO4 (aq,

.5 mol dm−3) using an ALS CHI 608B electrochemical analyzer with

ig. 2. Cyclic voltammograms of the RuO2 electrodes compacted by the spark plasma si
gure legend are the SPS currents in A.
Sources 191 (2009) 684–687 685

the three-electrode setup in which a platinum mesh counter elec-
trode and the standard calomel reference electorde (SCE) were
used. The working electrode was prepared by wrapping the com-
pacted RuO2 disc with a gold mesh as the current collector (‘SPS
RuO2’ hereafter). For comparison, we prepared two RuO2 electrodes
using the conventional method by mixing 90 or 95 wt% RuO2 pow-
der and 10 or 5 wt% PVdF-NMP as the binder (RuO2/10% PVdF and
RuO2/5% PVdF, respectively). In both cases, the obtained slurry mix-
ture was spread onto a Ti foil followed by drying at 383 K under
vacuum to form the working electrode.

3. Results and discussion

Under a pressure of 50 MPa, the SPS current of more than 50 A
was necessary to form a rigid disc with a 10-mm diameter and ∼ 1-
mm thickness from 250 mg of RuO2. The RuO2 powder compacted
without the SPS current was very fragile and started to collapse soon
after being immersed in H2SO4 (aq) for the electrochemical mea-
surement, thus requiring the electric current to solidify the RuO2
powder. With an SPS current greater than 600 A, liquid seeped out
of the disc, implying dehydration of the hydrous RuO2 (see below
about the water content).

The cyclic voltammograms of the SPS RuO2 electrodes are shown
in Fig. 2 by using the differential capacitance as the ordinate:

dQ

dE
= I(E)/m

|dE/dt|
where Q is the electric charge, E is the potential, I is the voltammetric
current, m is the mass of the SPS RuO2 electrode and dE/dt is the CV
scan rate. At the CV scan rate of 1 mV s−1, with the increasing SPS
current, the magnitude of the differential capacitance decreased,
and the asymmetry between the anodic and cathodic chargings
diminished. At the CV scan rate of 20 mV s−1, for the RuO2 electrodes
prepared with the lower SPS currents, a resistive characteristic
dominates the CV, whereas the electrodes prepared at the 1 kA SPS
current retain their rectangular CV shape.

Fig. 3(a) shows the SPS current dependence of the total (inte-
grated) capacitance C at the CV scan rate of 1 mV s−1 defined as the
average of the anodic and cathodic capacitances, i.e.,

C = 1

2m
{

E(tb) − E(ta)
}

∫ tb

ta

|I(t)|dt

where ta and tb are the time when the polarization was inverted;
i.e., I = 0 at t = ta and t = tb. The gross capacitances of the SPS RuO2
invariable at around 650 F g−1 with the maximum of 708 F g−1 at
the SPS current of 380 A. This value coincides with the net capac-
itance of the electrode prepared by the conventional method in
the present study (RuO2/10% PVdF 631 F g−1 and RuO2/5% PVdF

ntering technique. The scan rates are (a) 1 mV s−1 and (b) 20 mV s−1. Values in the
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ig. 3. (a) Specific capacitance at 1 mV s−1CV scan rate, (b) water content (filled
ircles: total water, open circles: water desorbs at > 570 K), (c) DTA peak area of
rystallization and (d) crystallite size as a function of the SPS current.

36 F g−1) and that reported by Zheng and Jow (720 F g−1) [2]. By
aking into account the mass of the binder in these electrodes, their
ross capacitances were calculated to be 571, 598 and 684 F g−1,
espectively. That is, the SPS technique has the potential to improve
he gravimetric capacitance of the RuO2electrode by reducing the
mount of binder without impairing the intrinsic capacitance of the
aterial.
A further increase in the SPS current to greater than 400 A

esulted in a gradual drop in the capacitance to 100 F g−1 at 1 kA. It is
ell known that the decrease in the capacitance of the RuO2 results
rom the loss of the hydrous amorphous state caused by annealing
he ruthenium precursor at an elevated temperature [2,3,10–13].
ig. 3(a) apparently suggests that the SPS current influences the
aterial properties in a manner similar to the annealing tempera-

ure.

Fig. 4. SEM images of RuO2molded at the SPS current of
Fig. 5. TG–DTA analysis of RuO2compacted at the SPS current of 380 A. The baseline
is subtracted from the DTA signal.

The XRD measurement revealed that, while the materials elec-
trified with less than 430 A retain their amorphous structure, the
crystalline component starts to grow with the SPS current of more
than 590 A as indicated in Fig. 3(d) which shows the crystallite size
calculated from the width of the diffraction peak at 2� = 28◦ ([1 1 0]
plane) based on Scherrer’s equation.

Regardless of the SPS current from 0 to 1 kA, the BET surface area
of the SPS RuO2ranges between 50 and 60 m2 g−1, showing no shift
from the surface area of the starting RuO2 powder dried at 423 K.
Similarly, we observed by SEM no distinctive SPS current depen-
dence of the particle morphology. Fig. 4 shows the SEM images of
the SPS RuO2 compacted at 380 A as a representative sample. The
SPS RuO2 is an aggregate of 1–10 �m particles, of which the sur-
face has 10–20 nm of mesopores suggested by the N2 adsorption
isotherm. The growth in the crystallite size observed by XRD must
be taking place within the particles as they do not coalesce with
each other within 1 s during the SPS electrification. This feature
differentiates the effect of the SPS current from that of the long-
period annealing which enlarges the particles as indicated by the
decrease in the surface area of the RuO2 to less than half when the
annealing temperature was raised from 423 to 673 K [3].

Fig. 5 shows the TG and DTA signals of the sample compacted
at the SPS current of 380 A. The total water content (filled circles
in Fig. 3(b)) was calculated from the total weight loss by heating
the sample to 773 K based on the assumption that the total weight
loss is due to the loss of H2O only. Following the endothermic effect

of dehydration at around 340 K, the exothermic effect of crystal-
lization was observed around 620 K in the DTA signal. The open
circles in Fig. 3(b) indicate the amount of water desorbing at higher
than 570 K, which is approximately the on-set temperature of the

380 A. Scale bars indicate (a) 1 �m and (b) 100 nm.
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[11] W. Dmowski, T. Egami, K.E. Swider-Lyons, C.T. Love, D.R. Rolison, J. Phys. Chem.
Fig. 6. Net capacitance C as a function of the CV scan rate v.

rystallization shown in the DTA. This trend in the water con-
ent roughly agrees with that reported in Ref. [13] in which the
mount of tightly bound water was determined by X-ray photo-
lectron spectroscopy with respect to the annealing temperature
f RuO2. Although the quantitativeness of the heat flow is not guar-
nteed for the DTA in principle, it is reasonable in the present case
o assume that the DTA peak area of the crystallization is roughly
roportional to the fraction of the amorphous component remain-

ng in the sample as long as we compare the peak area of the
xed mass (20 mg) of the same substance (RuO2) at the same tem-
erature (620 K). Concomitant to the decrease in the capacitance
nd water content, the amorphous component in the SPS RuO2

lectrode decreases with the increasing SPS current. These results
uggest that the SPS current has an effect on the material prop-
rties in a manner similar to the annealing temperature, except
hat a short SPS current can solidify the powders before they grow.
nder the present experimental conditions, the SPS current of 400 A

[

[
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corresponds to the annealing temperature of 470 K at which the
abrupt dehydration and crystallization take place in the hydrous
amorphous RuO2[3,13].

The rate performance of the SPS RuO2electrode compacted at
a 380 A SPS current is compared with the RuO2 electrodes pre-
pared with the binder (RuO2/5% PVdF and RuO2/10% PVdF) in Fig. 6.
Although at the CV scan rate of 1 mV s−1, the SPS RuO2electrode has
a greater capacitance than RuO2/PVdF, it is soon surpassed at the
higher CV scan rate.

Based on the results described above, certain trials to improve
the performance of the SPS RuO2 electrode are currently under-
way, such as adding a conductive agent to enhance the electron
conductivity, though at the cost of the gravimetric capacitance,
investigating the particle adhesion by varying the particle size,
preparing thinner electrodes, etc.
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