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Amorphous a-V2O5'nH2O in mild KCl aqueous electrolyte
proves to be an excellent electrode for a faradaic electrochemical
capacitor. Cyclic voltammograms versus SCE give ideal capaci-
tor behavior between 0.0 and 10.8 V at pH 6.67 and between
20.2 and 10.8 V at pH 2.32 with, respectively, a constant
speci5c capacitance over 100 cycles of ca. 350 and 290 F/g,
respectively. On short-circuit, a-V2O5 'nH2O in 2 M KCl aque-
ous solution at pH 2.32 gave an initial current density of
0.28 A/cm2 and a total released charge of 4.5 C/cm2, which is to
be compared with 0.32 A/cm2 and 11.1 C/cm2 for RuOOH '
nH2O in 5.3 M H2SO4. Moreover, half the stored charge was
released 1.6 times faster from the a-V2O5 'nH2O electrode. These
results demonstrate that the K1 ion can be used as the working
ion in a faradaic capacitor, which frees the search for new
materials from the constraint of working in a strong acid aque-
ous medium. ( 1999 Academic Press

INTRODUCTION

The ability to deliver high power over limited time inter-
vals would enhance the versatility of a portable electric
power source that relies on a rechargeable battery. There-
fore, electrochemical capacitors have been investigated in-
tensively as auxiliary units in a hybrid battery-capacitor
power supply (1). An electrochemical double-layer capacitor
(EDLC) uses the physical separation between physisorbed
ions in the electrolyte and a surface charge on a metallic
electrode of large surface area (2); a faradaic capacitor
(supercapacitor) uses the separation between a reduced ca-
tion at the surface of an amorphous metallic-oxide electrode
and a cation chemisorbed to a shared oxide ion. Amorph-
ous, hydrated RuO

2
has attracted particular attention as

a supercapacitor since a-RuOOH ) nH
2
O can be reversibly

oxidized to a-RuO
2
) nH

2
O and reduced to a-Ru(OH

2
) )

nH
2
O over many cycles in a strong acid medium; this

surface reaction corresponds to nearly one proton per Ru
atom and yields a capacitance of over 700 F/g (3), which is
signi"cantly greater than has been achieved with an EDLC
(4). Unfortunately RuOOH ) nH

2
O is too expensive to be
8

commercially attractive, which has stimulated a search for
an alternative electrode material. The proton has the highest
mobility in an aqueous electrolyte, and its small size allows
it to chemisorb to a single oxide ion; therefore the electrolyte
of choice has been a strong acid aqueous solution. However,
a strong acid medium is environmentally harmful and the
number of oxides having appropriate redox energies that
are stable in a strong acid solution is extremely limited. Of
these, the phosphopolymolybdate H

3
PMo

12
O

40
) nH

2
O

appeared to be a promising candidate since it is stable in
acid and all of the Mo(VI) atoms are at the surface of
a Keggin polyanion (PMo

12
O

40
)3~, but this unit can only

be reduced by one proton per surface Mo
3
cluster within the

window of an aqueous electrolyte (5).
In order to avoid the problems associated with a strong-

acid electrolyte, we decided to explore the use of a mild
potassium-chloride (KCl) aqueous electrolyte in a faradaic
supercapacitor since the K` ion is known to have a relative-
ly high mobility in aqueous medium. Although the K` ion
is too large to chemisorb at a single surface oxide ion,
nevertheless we were able to show that unlike crystalline
K

x
MnO

2
) nH

2
O, amorphous a-MnO

2
) nH

2
O in neutral

KCl aqueous electrolyte behaves as an ideal capacitor with
a relatively large capacitance of ca. 200 F/g (6, 7). In this
paper, we report that amorphous a-V

2
O

5
) nH

2
O also shows

ideal capacitor behavior in KCl aqueous electrolyte with
a somewhat larger capacitance of ca. 350 F/g.

EXPERIMENTAL DETAILS

Amorphous vanadium oxide (a-V
2
O

5
) nH

2
O) was pre-

pared by quenching V
2
O

5
"ne powder heated at 9503C for

30 min into a bath of deionized water. The dark brown
precipitate was "ltered with a ceramic "lter, washed several
times with deionized water and ethanol, and then dried at
room temperature.

The electrode for the electrochemical study was made by
ball-milling for 25 min 70 wt.% a-V

2
O

5
) nH

2
O, 25 wt.%

acetylene black, and 5 wt.% PTFE as binder and then
rolling the mix into a thin sheet of uniform thickness. Pellets
1
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FIG. 2. Cyclic voltammogram taken at 5 mV/s in 2 M KCl aqueous
electrolyte: (a) between !0.6 and #1.0 V at pH 6.67, (b) between !0.2
and #0.8 V at pH 6.67, (c) between 0.0 and #0.8 V at pH 6.67, and (d)
between !0.2 and #0.8 V at pH 2.32.
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were cold-pressed onto a current collector that was made by
welding titanium (Ti) ex-met on tantalum (Ta) foil at
4 ton/cm2 for 10 s in a hand oil press.

A beaker-type electrochemical cell equipped with a work-
ing electrode, a platinum-guaze counter electrode, and
a standard calomel reference electrode (SCE) was used for
measuring the electrochemical properties of the working
electrode and its performance as a faradaic supercapacitor.
The geometric surface area of the working electrode was
0.25 cm2. Adjustment of the pH of the KCl electrolyte was
carried out by adding 1 M KHSO

4
solution. The electro-

chemical measurements included cyclic voltammetry (CV)
and DC-current charge}discharge cycling in a 2 M KCl
aqueous solution as electrolyte. The CV was recorded at
a 5 mV/s sweep rate with an M273 galvanostat/potentiostat
(EG&G PARC). The DC-current charge}discharge cycling
was carried out galvanostatially with an automated battery-
testing system (Arbin Co.).

Powder X-ray di!raction (XRD) was used to con"rm the
amorphous character of the a-V

2
O

5
) nH

2
O.

RESULTS AND DISCUSSION

Figure 1a shows the XRD pattern of the as-prepared a-
V
2
O

5
) nH

2
O powder. The lack of any discernable di!rac-

tion peaks indicates that amorphous a-V
2
O

5
) nH

2
O was

successfully prepared. The need for an amorphous product
was demonstrated for the case of a-MnO

2
) nH

2
O (7).

Figure 2 shows the CVs in 2 M KCl aqueous solution at
pH 6.67 of an electrode of 1.62 mg active a-V

2
O

5
) nH

2
O

taken over various potential ranges versus SCE at a sweep
rate of 5 mV/s. Figure 2a shows that on sweeping below
!0.24 V vs SCE, the electrode appears to exhibit a huge
FIG. 1. X-ray di!raction patterns of (a) as-prepared a-V
2
O

5
) nH

2
O

powder and (b) a composite electrode consisting of a-V
2
O

5
) nH

2
O, acety-

lene black, and Te#on after 100 cycles at 2 mA/cm2 between !0.2 and
#0.8 V in 2 M KCl electrolyte at pH 6.67.
overpotential against H
2

evolution. Even at applied volt-
ages of !0.6 V, no H

2
evolution was observed. The CV

curve of Fig. 2b is featureless, which shows that the
chemisorption of the electrolyte K` ions onto the a-
V
2
O

5
) nH

2
O occurs at a constant rate over the potential

range !0.2 to #0.8 V vs SCE. However, some current
tailing is observed at the end of the cathodic scan; the
electrolyte took on a yellow coloring after 100 cycles and the
electrode capacitance was reduced, but without any degra-
dation of the shape of the CV. Reducing the scanning
potential range to 0.0 to #0.8 V, Fig. 2c, eliminated the
current tailing as well as the loss of capacitance and the
yellowing of the electrolyte on repeated cycling; we therefore
conclude that the current tailing is due to a dissolution of
a-V

2
O

5
at more cathodic potentials rather than to a kinetic

irreversibility.
With pH 6.67, dissolution of a-V

2
O

5
begins at !0.1 V; it

extends to !0.6 V in Fig. 2a. The shape of the CV in Fig. 2c
shows a mirror image against the zero-current line, and the
rate of current change on reversal of the potential sweep
shows the mobility of the working K` ion is high enough to
make the system reversible kinetically (8). Figure 2d shows
the CV for the same electrode at an electrolyte pH 2.32. In
this electrolye, an ideal capacitor behavior without current
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tailing is found between !0.2 and #0.8 V, but the speci"c
capacitance is a little smaller than that of Fig. 2c. It appears
that an acidic condition helps to stabilize a-V

2
O

5
) nH

2
O at

a cathodic potential lower than !0.1 V vs SCE; but some
protons apparently chemisorb on the surface oxygen to
block the chemisorption of K` ions.

Figure 3 shows the variation of potential versus time for
charge}discharge cycles in potential regions !0.2 to 0.8
V at pH 2.32 and 0.0 to #0.8 V at pH 6.67 relative to SCE
at 2 mA/cm2 for two a-V

2
O

5
) nH

2
O electrodes in a 2 M KCl

aqueous solution. The weight of active material was 2.71
and 2.41 mg for Figs. 3a and 3b, respectively. The relation-
ship between potential and time is quite linear. Figure 3c
shows that the measured speci"c discharge capacitances of
these two unoptimized electrodes remained at 286.3 F/g for
Fig. 3a and 346.4 F/g for Fig. 3b. Even though the speci"c
FIG. 3. Electrode potential versus time in 2 M KCl electrolyte (a)
between !0.2 and #0.8 V at pH 2.32 and (b) between 0.0 and #0.8 V at
pH 6.67. (c) Speci"c discharge capacitance versus cycle number in various
experimental conditions: (L) between 0.0 and #0.8 V at pH 6.67, (d)
between !0.2 and #0.8 V at pH 2.32, (h) between !0.2 and #0.8 V at
pH 6.67.

FIG. 4. (a) Discharge current versus time for a-V
2
O

5
) nH

2
O in

2 M KCl aqueous electrolyte at pH 2.32 and a-RuOOH ) nH
2
O in 5.3

M H
2
SO

4
aqueous electrolyte after charging to #0.8 and #1.0 V, respec-

tively. (b) Comparison of times to release the stored charge from a-
V
2
O

5
) nH

2
O in 2 M KCl aqueous electrolyte at pH 2.32 and a-

RuOOH ) nH
2
O in 5.3 M H

2
SO

4
aqueous solution.
capacitance obtained between 0.0 and #0.8 V vs SCE at
pH 6.67 is larger, the larger potential range at pH 2.32 gives
a greater useful energy density. Increasing the potential
range to !0.2 to #0.8 V at pH 6.67 caused the capacitance
to fade; the electrolyte had a yellow coloring after 100 cycles.
Although the shape of the CV remained similar, the current
scale was reduced after 100 cycles. Figure 1b shows that the
XRD pattern was also unchanged. These results give a clear
indication that the capacitance fade was due to a loss of
active material from the electrode to the electrolyte at the
more cathodic potentials.

Figure 4a compares the short-circuit release of current for
a-V

2
O

5
) nH

2
O in a 2 M KCl solution at pH 2.32 with that of

an equal weight (4 mg) of active RuOOH ) nH
2
O in 5.3

M H
2
SO

4
aqueous solution after charging to #0.8 and

#1.0 V vs SCE, respectively. The a-V
2
O

5
) nH

2
O electrode

gave an initial current of 0.28 A/cm2 with a total charge
release of 4.5 C/cm2; the a-RuOOH ) nH

2
O electrode gave

0.32 A/cm2 of initial current with a total charge release of
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11.1 C/cm2. However, the a-V
2
O

5
) nH

2
O electrode released

its charge in a shorter time (Fig. 4b), taking only 62% as
long to release half the total charge stored. This result
indicates that the rate of discharge depends on the strength
of chemisorption of the working ion as well as on its mobil-
ity; the H` ion has the larger mobility in the electrolyte and
the stronger bonding to the surface oxygen. The bond-
breaking energy between oxygen and hydrogen is larger
than that between oxygen and potassium in the gaseous
phase.

CONCLUSIONS

In 2 M KCl aqueous solution, a-V
2
O

5
) nH

2
O is an elec-

trode material that exhibits ideal capacitor behavior be-
tween 0.0 and #0.8 V at pH 6.67 and between !0.2 and
#0.8 V at pH 2.32; the electrode had a constant discharge
capacitance over 100 cycles of 286.3 F/g at pH 6.67 and
346.4 F/g at pH 2.32. The capacitance approaches half that
of a-RuOOH ) nH

2
O in 5.3 M H

2
SO

4
electrolyte and re-

leases half its stored energy 1.6 times faster than does a-
RuOOH ) nH

2
O. The faster discharge time reveals that the

mobility of the working ion in the electrolyte is not the only
determinant of speed of discharge; the binding energy of the
chemisorbed ion to the surface also plays an important role.
At a material cost only 1/6 that of RuO

2
and in the absence

of the environmental costs associated with a strong-acid
electrolyte, supercapacitors based on a-V
2
O

5
) nH

2
O in a

mild 2 M KCl solution o!er a commercially attractive
auxilliary to the secondary-battery system that must occa-
sionally deliver short intervals of high power.
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