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High energy density electroch=mical capacitors were built with a newly di
densities as high as 96 J/g (26 Wh/kg) were obtained based on the RuQ, - xH,0 e}
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ial alone. } . the power density of the

capacitor is low. By mixing RuQ, - xH,O powders with about 20% weight of carbon black, power densities greater than 10 kW/kg could be
achieved at a delivered energy density of about 72 J/g (20 Wh/kg). Capacitance as a function of cycle life was studied for up to 60 000

cycles. The of
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1. Introduction

Power sources that can provide power densities over 1kW/
kg, energy densities over 5 Wh/kg (18 J/g) or 11 Wh/l
(39.6 J/cm?®) and unusual cycleability (> 10° eycics) are
urgenily needed for a number of technologically important
systems [1-3]. These sy tud leration power for
electric vehicles, electrical regenerative braking storage for
clectric drive systems, power assist to hybrid vekicles, start-
ing power for fuel cells, pulse power for mobile telecom-
munication and other electronic devices that require high
power to operate. State-of-the-an. dielectric capacitors [4]
can provide power densities many times over 1 kW/kg and
have very long cycle life (> 10%), but they have energy
densities less than 3 J/cm?. State-of-the-art rechargeable bat-
teries [5,6] can provide energy densities over 115 Wh/kg,
but have power densities less than 0.2 kW/kg and short cycle

nism is generally called double-fayer capacitance. The capac-
itance due to the latter mechanism is often called
pseudo-capacitance. Recently, it was found that for an amor-
phous RuQ, - xH,0 electrode the fast faradaic reaction could
occur not only at the surface of the electrode but also in the
bulk of the electrode [9,10], the reason is that the proton can
easily permeate through the bulk of the
RuO,-xH,0. Because the whole bulk of RuO,-xH,O was
utilized for energy storage, the energy storage density of
RuO,-xH,0 is higher than any other capacitor electrode
material in agueous electrolyte by at least a factor of two
[7,11,12).

2. Electrode material

Amorphous Ru0,-xH,0 powders were used as the active

1,

de material for capacitors. Preparation processes of

life (< 10%). Electrochemical (EC) capacitor ly

called double-layer capacitors, ultr. per-capac-
itors, or capatteries, provide the best opponumty tomeet both
the power and the energy requirements for the above systems.

In addition, when EC capacitors are coupled with batteries,
they can reduce the peak power requirement, prolong the
lifetime and reduce the energy requirement (or the size) of
the battery.

Energy storage mech for EC include the
separation of charge at the interface between a solid electrode
and an electrolyte, and/or fast faradaic reactions occurnng al
or near a solid electrode surface at the appropriate p

! de materials have been described previously [9].
Briefly, the electrode material could be prepared by the sol-
gel process. The RuO, xH,O powders were obtained by
annealing precipitate to a temperature above 100 °C. The
precipitate was produced by mixing aqueous solutions of
RuCl,-xH,0 and NaOH to a pH value of about 7.0. The
annealing temperature is a very important paramecter for
determining the charge storage density of the clectrode. It
was found ‘hat-at low temperatures, the RuQ,-xH,0 is an
amorphous material. When the annealing temperature was

[7.8]). The capacitance corresponding to the former mecha-
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d, both th of powders in the crystalline phase
and the crystallite size of these powders were increased. At
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temperature above 300 °C, anhydrous RuO, was formed. It
was also found that the maximum charge storage density
could be ob d from the ¢l de that was prepared at the
temperature which was just below the critical temperature to
form the crystalline phase. An average charge storage density
as high as 768 C/g was obtained in the potential range of 0
1.0 V versus a standard calomel electrode (SCE) form a
cyclic voitammogram of an amorphous RuQ,-xH,0 pre-
pared at 150 °C. Such high charge storage density is believed
to be due to proton permeation into the bulk of amorphous
RuQ, xH,0, and due to faradaic reactions occurring not only
at the surface but also inside the bulk [9,10].

The resistivity of RuQO, - xH;O peliets was measured. Pel-
lets were made by pressing Ru(,-xH,O powders under a
pressure of about 3600 kg/cm?. It was found that the resis-
tivity of RuO,-xH,0O anncaled at temperatures of 100-300
°C was on the order of 10~? Q2 cm. This value was two orders
of magnitude higher than that of a single crystal RuO, {13]
and was dominated by the contact resistance between parti-
cles. However, the resistivity of RuO, - xH,O pellets is about
50 times lower than that of pellets made by carbon black
[14]). The specific surface area of RuQ,-xH,O powders
decreased with increasing the annealing temperature and was
from about 90 m?/g at 25 °C to about 30 m?/g at 400 °C.

3. Capacitor design

The configuration of the itor is the same as that of an
Evans double-layer capacitor [15], five cells connected in
series sealed in a tantalum container. A small hole (about 1
mm in diameter) was opened on the top of the tantalum
container in order to allow gases to escape from the celi stack.

Fig. 1 shows the cross-sectional view of cach cell. The
electrode material was pre-wetted by back filling 39 wt.%
sulfuric acid solution in vacuum. Two identical electrodes
were separated by a porous membrane with a thickness of 25
pm. The porous b was gnated with a sulfuric
acid solution. The electrode has a diameter of 1.9 cmand a
thickness of 50-200 wm. Three capacitors made with differ-
ent electrodes were investigated, as shown in Table 1. Capac-
itor A was made with RuQ, xH,O electrodes. Capacitor B
was made with composite electrodes comprised of 90 wt.%
Ru0, - xH,0 and 10 wt.% carbon Black Pearls-2000. Capac-
itor C was made with composite electrodes comprised of 80
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Fig. 1. Cross section of a single cell capacitor.
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Fig. 2. D.c. charge/discharge curve for capacitor C at a constant current

density of 7.0 mA/cm®. The total weight of 0.22 g of RuO,- tzo and

carbon black was loaded in the
calculated from the discharge process.

The average was

wt.% RuQ,xH,0 and 20 wt.% carbon Black Pearls-2000.
The purpose of adding carbon black to the electrode was to
increase the porosity of the electrode and to decrease the ionic
of the capacitor. As a result of the added high
surface area of carbon black, the amount of elecirolyte
bsorbed by the el des was i d as shown in Table
1. For example, if the electrode was made with RuQ, - xH,0
powders only, the weight ratio between the solid electrode
material and the electrolyte absorbed by the electrode was
about 65:35. For the composite electrode used in capacitor
C, this ratio was reduced to 39:61. It was found that the
performance of the capacitor at high current densities was
strongly dependent on the porosity of the electrode.

4. Energy and power densities

Fig. 2 shows the dc charge/discharge characteristics of

pacitor C. The average cap was calculated by mul-
tiplying the current by the time duration of the discharge
process and, then dividing by the maximum applied voltage.
The total energy stored could be obtained by the following
equation [ 16}

Table 1

Some p of el hemical made with diferent electrodes

Devices Numberof celis ~ Maximumvoltage  RuQ,-xH,O:carbon ¢, *(F/g)  Electroderelectrolyte  Massdensity  Energy density
(§2) (g/cm™) (Wh/kg)

CapacitorA 3 30 100:0 768 65:35 217 26.7 (17.35)

CapacitorB 5 50 90:10 716 5743 24.7 (14.1)

CopacitorC 5 50 80:20 634 39:61 1.787 220(86)

* The cp and the energy density were
on the electrode material and the electroiyte.

based onthe

material only. The mass density and the energy density in brackets were calculated based
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E=1/2¢CVv? (n

where C and V are the capacitance and the maximum applied
voltage, respectively. Here, it is assumed thac the capacitance
is independent of the voltage. The energy density of capacitor
A was calculated to be 96 J/g bised on the RuO, - xH,0O
material only. This value is more than twice that for capacitors
made with RuO, thin film electrodes [7,11] and is at least
three times higher than that of carbon elecirodes with aqueons
electrolytes [12]. Energy densities of capacitors made with
different electrode materials are listed in Table 1. It can be
seen that the energy density decreased when the ratio of
carbon in the electrode was increased. From Fig. 2, the energy
deliverable efficiency can be easily estimated from the capac-
ity ratio between discharge and charge processes and is over
95%. The capacitance as a function of current density was
measured. Results are shown in Fig. 3 for three capacitors
made with different electrodes. It can be seen that the capac-
1lance reduced at high current densities. The relationship

e and density is strongly depend-
ent on the porosnty of the electrode. For capacitor A which
was made with ihe low porosity electrode of RuQ,-xH,0,
the capacitance at a current density of 350 mA/cm? is only
about 40% of that at low current densities. The deliverable
energy or energy density of the capacitor will also drop by
the same ratio since the energy stored is proportional to the
capacitance as shown in Eq. (1). For capacitor C which was
made with the highest porosity clectrode of three capacitors,
the power performance was improved significantly. It can be
seen from Fig. 3 that the reduction of the cap isless
than 10% at a cumrent density of 350 mA/cm?. The average
power density at this curtent density was calculated to be over
10 kW /kg based on the solid electrode materials only. By
introducing the high porous carbon black into the electrode,
the power density of the capacitor was enhanced significantly,
but the energy density was sacrificed a little. At low current
densities, the energy density of capacitor C was calculated to
be about 80 J/g (22 Wh/kg) which is about 83% of that
obtained from the itor A at low current densities, Fig. 9
shows discharge curves of capacitor C at different current
densities and demonstrates that the amorphous RuQ, -xH,0
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electrodes as a function of the discharge current density.

Teme {sec)
Fig. 4. Dischatge behavior for capscitor C &t various currcat densities.

material is capable of high power performance. A small volt-
age drop at the beginning for high current density cases was
due to the internal resistance of the capacitor.

5. A.c. impedance spectra

A.c. resistance and a.c. capacitance spectra were performed
on capacitor C. These specira were recorded in the range from
10 mHz to 10 kHz with a signal amplitude of 5 mV. Figs. 5
and 6 show the equivalent series resistance (ESR) and the
capacitance spectra at 0, 2.5 and 5.0 V bias. From Fig. §, it
can be seen that the ESR is strongly dependent on frequency.
From Fig. 6 it can be seen that the capacitance at 5.0 V bias
is lower than that at lower biases. This can be easily ex;"ained
by the result of cyclic voltammetric curves {9,10]. It was
found that for potential higher than 0.2 V versus SCE, the
current response is insensitive to the potential, but for poten-
tials lower than 0.2 V versus SCE, the curment response
decreases with the potential. The capacitance of cach elec-
trode is proportional to the current response and the capaci-
tance of the capacitor resuits from two electrodes in series as
shown in Fig. 1. At lower biases, the potentials for both
electrodes is about 0.5 V versus SCE. The capacitance should
be about 1/2 the value of capacitance of each elecirode.
However, at high biases, the potentials of the positive elec-
trode and the negative electrode were shifted to high and low
potentials, respectively. The potential difference should
always equals the bias voltage. When the negative electrode
has a potential lower than 0.2 V versus SCE, the capacitance
of the negative electrode is lower than that of the positive
electrode. Therefore, the capacitance is lower than at high
bias cases. On the other hand, the value of the capacitance
measured at 10 mHz is consistent with that calculaied from
the voltage drop during the d.c. discharge as shown in Fig. 2.

The leakage current could be calculated from the voltage
change as a function of time in a self-discharge curve (i=C
dV/dr), where C is the d.c. capacitance. The leakage current
density of the capacitor C was estimated to be about 30 uA/
cm? at about 4 V bias. The leakage current density is believed
to be mainly dependent on the impurity concentration in the
electrolyte and the thickness of the porous membrane. By
using thick membrane, the leakage current density can be
reduced; however, the ESR of the capacitor will be increased.
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The trade-off between leakage current density and ESR can
be decided based on different applications. For instance, for
high power applications the ESR should be low, therefore, a
thinner membrane should be used. On the other hand, for low
power applications, a thicker membrane should be used in
order to reduce the leakage current . ! *n in~raase the deliv-
erable energy efficiency.

6. Ambi Py Y a

P © ey

Many applications need capacitors which are able to per-
form over a wide temperature range. For EC capacitors, oper-
ational is usual li d by the stability of the
electrolyte. In this study, we chose 39 wt.% of a sulfuric acid
solution (5.26 M) as the electrolyte because of its wider
temperature range and lower resistivity at this concentration.
Fig. 7 shows d.c. capacitance and ESR at a frequency of |
kHz as a function of the temp for itor A. It can
be seen that within the temperature range from —52 to 73
°C, the variation of capacitance is less than 20%. It can also
be seen that the resistance increases with decreasing temper-
ature. The result of the resistance dependence is quite reason-
able because the rcsnsuvny of the sulfuric acid soluti
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Fig. 7 (@) Capacitance and (O) ESR vs. temperature for capacitor A. The

p was fromthe d.c. disch process and the resistance
was measured at 1 kHz,

cates that the porous membrane wetted by the electrolyte is
the main contributor of ESR at low temperatures.

7. Cycle life test

Unlike batteries, EC capacitors have very long cycle life.
Fig. 8 shows the result of the cycle lifctime test for capacitor
C. During the test, the current density was 70 mA/cm? in a
voltage range from 0 to 4 V Each cycle took less than 40 s,
Itcanbe seen that the cap about 15% within
the first 10 000 cycles. Within 10 000 to 50 000 cycles, the
capacitance decays at a much slow rate. After 50 000 cycles,
the capacitance decays rapidly again. It can also be seen that
the ESR increases with cycle number within the first 10 000
cycles, decreases slightly afterwards and then remains con-
stant up to about 50 000 cycles. After 50 000 cycles, the
resistance increases again. The decrease in capacitance with
cyclic number can have two causes. The first is that the volt-
age drops during the change of current directions. If a real
capacitor is equivalent to an ideal capacitor in series with a
resistor (ESR), this voltage drop is 2I( ESR) where 1 is the
charge and discharge current. It can be clearly seen from
Fig. 9 that the voltage drop during the current reversal and
the value of ESR increases with increasing the cyclic number.
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with d g temp This result also indi-

was cycled 1y at a current density of 70 mA/cm?
between 0—4.0 V. The resistance was measured at { kHz.
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Fig. 9. D.c. charge and discharge behavior at a constant current density of
70 mA/cm? for cycle number of 2411, 12360, 41528 and 57809. The ESR
at | kHz is 0.298, 0.608, 0.655 and 1.422 ), respectively.

The second is that the slope (dV/dr) during the charge or
discharge processes changes too. It can be seen from Fig. 9
that the slope of dV/dt decreased with increasing cyclic num-
ber. The capacntance at a different voltagc is defined as 1/
(av/dr), fore the ge cap d d with
increasing cyclic number.

For a 5-cell capacitor, it was found that if the maximum
voltage increased from 4 to 5 V, after several hundred cycles
at high current densities the ESR was increased by a factor of
100. This observation can be explained by the fact that at
high voltage the oxygen gas was generated by the positive
electrode of the capacitor. From the cyclic voltammetry meas-
urement, at a potential of 1.2 V versus SCE oxygen gas was
generated at the RuQ, - xH,O electrode. When the maximum
voltage increased, the positive electrode was shifted to a
potential close to the potential for oxygen gas evolution.
Therefore, oxygen gas was generated in the capacitor. If the
gas evolution rate was higher than the rate of gas escaping
from the capacitor, the gas would accumulate inside the
capacitor to form micro-bubbles. If these bubbles are sus-
pended in the el lyte or hed on the powder electrode,
the resi of the itor will be i d. It should be
pointed out that after the capacitor was cycled to a higher
voltage for many cycles, the ESR increased but the capacitor
was not damaged permanently and could be recovered after
several days. It should also be pointed that this resnlt does
not indicate that a S-cell capacitor can only operaicd at a
voltage less than 4 V. It was found that the capacitor can still
be operational at voltages as high as 5 V at low current
densities or even at high current densities as long as it was
not charged/discharged continuously for a long period of
time. For instance, a capacitor has been charged and dis-
charged for a full voltage range at a current density of
17.5 mA/cm? for over 4000 cycles without significant

hanges to the and the Fig. 4 also

demonstrates that a 5-cell capacitor can be operated at the
voltage of 5 'V and at high current densities.

8. Conclusions

The performance of EC capacitors made with amorphous
Ru0, - xH,0 electrodes and RuO, - xH,0/carbon black com-
posite electrodes was demonstrated. A capacitor made with
RuO;, - xH,0 electrodes and H,SO, electrolyte delivered an
energy density of 96 J/g (0r26.7 Wh/kg) based on the active
hydrous ruthenium oxide only, but the power density was
low. However, a capacitor made with composite electrodes
could deliver an energy density of over 72 J/g (or 20 Wh/
kg) at a power density of above 10 kW/kg based on the
weight of RuO,-xH,0O and carbon black. It has been dem-
onstrated that capacitors could be safely operated throughout
the —52 to 73 °C temperature rar; ze. About 60 000 charge/
discharge cycles were achieved from a capacitor.
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