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a b s t r a c t

Crystalline tungsten oxide mixtures, WO3–WO3·0.5H2O, prepared by microwave-assisted hydrother-
mal (MAH) synthesis at 180 ◦C for various periods, show capacitive-like behavior at 200 mV s−1 and
CS ≈ 290 F g−1 at 25 mV s−1 in 0.5 M H2SO4 between −0.6 and 0.2 V. Oxide rods can be obtained via the
MAH process even when the synthesis time is only 0.75 h while WO3·0.5H2O sheets with poor capacitive
performances are obtained by a normal hydrothermal synthesis process at the same temperature for
eywords:
ungsten oxide
icrowave-assisted hydrothermal

ynthesis
lectrochemical capacitor
symmetric type

24 h. The aspect ratio of tungsten oxide rods is found to increase with prolonging the MAH time while all
oxides consist of WO3 and WO3·0.5H2O. The oxide mixtures prepared by the MAH method with anneal-
ing in air at temperatures ≤400 ◦C show promising performances for electrochemical capacitors (ECs).
Due to the narrow working potential window of the oxide mixtures, an aqueous EC of the asymmetric
type, consisting of a WO3–WO3·0.5H2O anode and a RuO2·xH2O cathode, with a potential window of 1.6 V
is demonstrated in this work, which shows the device energy and power densities of 23.4 W kg−1 and
5.2 kW kg−1, respectively.
. Introduction

Electrochemical capacitors (ECs) have been proposed to bridge
he critical performance gap between the conventional capacitors
f high power densities and the batteries/fuel cells of high energy
ensities because their unique characteristics cover a broad region
n the power vs. energy density plane [1,2]. This type of power-
riented devices with high energy efficiencies and long cycle life
3–5] have been used as the assistant and buffering systems for sev-
ral primary power sources (e.g., electric vehicles, hybrid electric
ehicles, and many typical stop-and-go systems) and renewable
nergy generation systems (wind-power systems and solar cells).
ccordingly, ECs, offering transient but extremely high powers for

ime-dependent power needs of modern electronics and power
ystems, have been considered as one of the most important next
eneration energy storage devices [1–5].

Based on the charge storage mechanism, ECs can be generally
ivided into three categories. The electrode materials of electri-

al double-layer capacitors (EDLCs) are generally highly porous
aterials with high specific surface area, such as activated car-

ons, because electricity stored within the materials is proportional
o the electrolyte-accessible surface area [6]. On the other hand,
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pseudocapacitors generally show very high specific capacitance
because they employ the electrochemically active materials with
highly reversible, superficial redox reactions [7,8]. Transition metal
oxides, such as crystalline hydrous ruthenium dioxide (denoted as
RuO2·xH2O) [9,10], are such a class of materials that have drawn
extensive and intensive research attention in recent years. The third
type is the so-called hybrid-type asymmetric ECs usually consist-
ing of an EDLC electrode and a pseudocapacitive one [11,12], while
asymmetric ECs with two pseudocapacitive electrodes have also
been proposed [13–15].

Tungsten oxides in both crystalline and amorphous forms are
widely studied as an electrode material for sensors and elec-
trochromic devices [16,17]. Unfortunately, the electrochemical
properties of both amorphous and crystalline WO3 are not suit-
able for the application of ECs because of the limited potential
window as well as the relatively poor reversibility of proton and Li-
ion intercalation/de-intercalation [18,19]. However, Takasu et al. in
1999 proposed a oxide composite consisting of Ti, V, and W oxides
for the application of ECs [20] meanwhile Jeong and Manthiram
reported that RuO2 coated with WO3 showed good capacitive per-
formances in both acidic and alkaline media in 2001 [21]. Recently,

amorphous tungsten oxide with microwave radiation was reported
to be a promising electrode material for ECs [22]. Accordingly,
tungsten oxides of certain microstructures should be of pseudo-
capacitive behavior. Since the potential window for the reversible
intercalation/de-intercalation of protons within tungsten oxides
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s in the UPD (underpotential deposition) and OPD (overpotential
eposition) hydrogen regions [23] meanwhile concentrated acidic
olutions are suitable electrolytes for the redox transitions of tung-
ten oxides [23,24], a tungsten oxide anode and a RuO2 cathode
s proposed to construct an asymmetric EC with a wide working
oltage to advance the energy density of ECs in this work.

Many chemical routes, such as hydrothermal synthesis [25], pre-
ipitation method [26], and electrochemical deposition [27] were
eveloped to prepare tungsten oxides. However, tungsten oxides in
oth crystalline and amorphous forms prepared by these methods
enerally show unacceptable performances for the EC application.
ccordingly, microwave irradiation is considered as a promising
ethod [22]. Here, a novel method, microwave-assisted hydrother-
al (MAH) process, is proposed to synthesize tungsten oxides with

igh-rate capability for ECs. The textural and electrochemical char-
cteristics were investigated in this work. Finally, an asymmetric
C, consisting of a tungsten oxide anode and a RuO2 cathode, with
working voltage of 1.6 V is demonstrated in this work.

. Experimental

Tungsten oxides were synthesized through a MAH process from
solution containing 0.1 M Na2WO4·2H2O and 1.0 M NaCl with

H = 2.0 adjusted by 4 M H2SO4. This solution was heated from
oom temperature to 180 ◦C and kept at this temperature with
n air-flow cooling for 0.75–3 h at a constant power of 200 W in
microwave reactor (Discover, CEM), and then, cooled to room

emperature with the same air-flow. The oxides were obtained by
eans of a centrifuge and washed with de-ionized water several

imes. Some oxides before coating were annealed in air at various
emperatures for 2 h. For a comparison purpose, a tungsten oxide
as synthesized through a normal hydrothermal process from the

ame solution at 180 ◦C in an oven for 24 h.
The pretreatment procedure of 10 mm × 10 mm × 3 mm

raphite substrates (Nippon Carbon EG-NPL, N.C.K.) completely
ollowed our previous work [10]. Tungsten oxide was drop-coated
nto the pretreated graphite electrode by a pipette with water
aporized at ca. 80 ◦C. Repeat the procedure several times until
he mass of a dried tungsten oxide coating film is equal to ca.
.0 mg cm−2. This electrode was kept in a vacuum oven at 80 ◦C
vernight. These dried electrodes were carefully coated with
olytetrafluorene ethylene films with an exposed surface area of
cm2 for electrochemical characterisation.

The crystalline structures of samples were characterized by
n X-ray powder diffractometer (CuK�, Ultima IV, Rigaku). The
owder samples were measured at a scan rate of 2◦ min−1. Mor-
hologies of samples were examined by a field emission scanning
lectron microscope (FE-SEM, Hitachi S4800 type I).

Electrochemical characteristics were obtained by an electro-
hemical analyzer system, CHI 633A (CH Instruments, USA) in a
hree-compartment cell. An Ag/AgCl electrode was used as the ref-
rence and a piece of platinum gauze was employed as the counter
lectrode. A Luggin capillary was used to minimize errors due to iR
rop in the electrolyte. For the two-electrode test, CVs were also
easured by the same instrument meanwhile the working elec-

rode is tungsten oxide while the counter and reference electrodes
ere connected to a RuO2·xH2O-coated Ti electrode. All solutions
sed in this work were prepared with 18 M� cm de-ionized water
roduced by a reagent water system (Milli-Q SP, Japan).
. Results and discussion

Fig. 1 shows the XRD patterns of tungsten oxides prepared by
he MAH method for different reaction times meanwhile the result
f an oxide prepared through a normal hydrothermal process for
Fig. 1. XRD patterns of tungsten oxide prepared (1) by normal hydrothermal syn-
thesis at 180 ◦C for 24 h and via the MAH process at 180 ◦C for (2) 0.75 h, (3) 1.5 h,
(4) 2 h, and (5) 3 h.

24 h is also given for comparison purposes. On curve 1, this pattern
can be mainly attributed to the tungsten trioxide of the hydrous
form, WO3·0.5H2O (PDF#44-0363). Based on the diffraction peak
of face (1 1 1) and Scherrer equation [28], the average crystal size
of this oxide is ca. 9.9 nm, indicating that WO3·0.5H2O nanocrys-
tallites can be effectively formed via a normal hydrothermal mode.
On curve 2, the XRD pattern shows the presence of two crystalline
phases, WO3 (PDF#33-1387) and WO3·0.5H2O. The average sizes of
WO3 (based on the diffraction peak of face (2 0 0)) and WO3·0.5H2O
crystallites are equal to 16.8 and 14.8 nm, respectively. The above
difference is attributable to the more efficient excitation of W
ions and water molecules in the reaction medium through the
microwave heating [22]. From an examination of patterns 2–5 in
Fig. 1, all samples prepared by means of the MAH process can
be considered as a mixture consisting of WO3 and WO3·0.5H2O
crystallites. The diffraction intensities corresponding to WO3 and
WO3·0.5H2O crystallites respectively increase and decrease with
prolonging the MAH time, suggesting that WO3 is easily formed
via the MAH process.

The morphologies of tungsten oxides are also examined in this
work, which are shown in Fig. 2. From Fig. 2A and B, WO3·0.5H2O
generally shows the stacks of oxide sheets although some rod-
like powders are visible. In Fig. 2C and D, the mixture of WO3
and WO3·0.5H2O crystallites can be considered as aggregates of
short rods with their diameter <50 nm. The rod morphology of this
mixture becomes wire-like by prolonging the MAH time from a
comparison of Fig. 2E–J, attributable to better crystalline quality of
both oxides from the XRD patterns in Fig. 1. In addition, every wire
can be considered as a bundle of fine wires although aggregates
of short rods are still clearly visible in these samples. These oxide
wires favorably make a three-dimensional porous network archi-
tecture, which is good for electrolyte penetration into the whole
oxide matrix, favorable to the electrochemical energy storage sys-

tems of the high-power applications (e.g., ECs).

The electrochemical characteristics of all tungsten oxides pre-
pared in this work were examined by cyclic voltammetry in 0.5 M
H2SO4 and the typical results are shown in Fig. 3. On curve
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ig. 2. SEM images of tungsten oxide prepared (A, B) by normal hydrothermal synth
G, H) 2 h, and (I, J) 3 h.

, there is a pair of broad redox peaks in the potential region

rom −0.3 to −0.6 V, corresponding to the proton intercalation/de-
ntercalation within WO3·0.5H2O. The electrochemical reversibility
s fair but the charges stored in this material are generally low.
n curve 2, the charges stored in this WO3–WO3·0.5H2O mix-

ure is much higher than that in WO3·0.5H2O (see curve 1).
t 180 ◦C for 24 h and (C–J) via the MAH process at 180 ◦C for (C, D) 0.75 h, (E, F) 1.5 h,

The i−E curve on the positive sweep is generally symmetric to

that on the negative sweep, revealing the capacitive behavior
although an additional pair of redox peaks is found between 0.2
and −0.1 V. Accordingly, the electrochemical reversibility of pro-
ton intercalation/de-intercalation in this mixture is better than that
in WO3·0.5H2O synthesized by the normal hydrothermal process.
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Fig. 3. Cyclic voltammograms of tungsten oxide prepared (1) by a normal
h
f
H

F
s
p
t
e
r
t
3

and annealing in air for 2 h at different temperatures. From

F
1

ydrothermal synthesis process at 180 ◦C for 24 h and via the MAH process at 180 ◦C
or (2) 0.75 h, (3) 1.5 h, (4) 2 h, and (5) 3 h. CVs were measured at 25 mV s−1 in 0.5 M

2SO4 at 25 ◦C.

rom a comparison of curves 2–5, the oxide mixtures show very
imilar i−E responses, indicating their promising properties for the
seudo-capacitor application. On the other hand, from the symme-
ry of CV curves, the WO3–WO3·0.5H2O mixture with MAH time

qual to 2 h is considered to be the most suitable electrode mate-
ial for ECs although the specific capacitance of all MAH-derived
ungsten oxides is approximately the same (ranging from 280 to
00 F g−1).

ig. 5. (A–E) SEM images and (F) XRD patterns of tungsten oxide prepared by microwa
50 ◦C, (B,2) 200 ◦C, (C,3) 300 ◦C, (D,4) 400 ◦C, and (E,5) 500 ◦C for 2 h.
Fig. 4. Cyclic voltammograms of tungsten oxide prepared by microwave-assisted
hydrothermal synthesis at 180 ◦C for 2 h with annealing in air at (1) as-prepared, (2)
150 ◦C, (3) 200 ◦C, (4) 300 ◦C, (5) 400 ◦C, and (6) 500 ◦C for 2 h. CVs were measured
at 25 mV s−1 in 0.5 M H2SO4 at 25 ◦C.

Annealing in air may change the microstructure of tung-
sten oxides, leading to improvements in the electrochemical
properties and stability [29]. Fig. 4 shows the cyclic voltam-
mograms of tungsten oxide with the MAH time equal to 2 h
a comparison of all CV curves, no obvious change is found
when the annealing temperature is ≤300 ◦C, while an obvious
decrease in the voltammetric charge is found with a further
rise in the annealing temperature. The order of annealing tem-

ve-assisted hydrothermal synthesis at 180 ◦C for 2 h with annealing in air at (A,1)
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Fig. 6. (A) Cyclic voltammograms of tungsten oxide prepared by microwave-
assisted hydrothermal synthesis at 180 ◦C for 2 h with annealing in air at 300 ◦C
for 2 h. CVs were measured at (1) 25 mV s−1, (2) 50 mV s−1, (3) 100 mV s−1, (4)
150 mV s−1, and (5) 200 mV s−1 and dependence of (B) current density at −0.4 V and
K.-H. Chang et al. / Journal of P

erature with respect to decreasing the specific capacitance
s: as-prepared (293 F g−1) ≈ 150 ◦C (277 F g−1) ≈ 200 ◦C (287 F g−1)
300 ◦C (251 F g−1) > 400 ◦C (210 F g−1) �500 ◦C (93 F g−1). The
bove change in electrochemical properties should result from

phase transformation or microstructure variation of the
O3–WO3·0.5H2O mixture annealed at temperatures ≥400 ◦C.
Fig. 5A–E shows the SEM images of the WO3–WO3·0.5H2O mix-

ure prepared by MAH synthesis at 180 ◦C for 2 h with annealing
n air at various temperatures. In general, the morphology of this

ixture is not significantly changed by annealing when the tem-
eratures are ≤300 ◦C, while significant sintering of tungsten oxide

s found at annealing temperatures ≥400 ◦C. The above results are
enerally consistent with the CV results shown in Fig. 4. This infer-
nce is supported by the XRD patterns shown in Fig. 5F where an
nknown phase is found on curve 5 although WO3 crystallites are
till visible. The significant decease in the crystal size of resultant

O3 at temperatures ≥500 ◦C also indicates the collapses of WO3
nd WO3·0.5H2O crystals. Based on the above electrochemical and
extural characteristics, the WO3–WO3·0.5H2O mixture annealed
n air between 200 and 300 ◦C for 2 h is considered as the most
uitable electrode material for ECs.

To demonstrate the excellent performances of annealed
O3–WO3·0.5H2O mixtures, Fig. 6A shows the typical cyclic

oltammograms measured at different scan rates for this oxide
ixture annealed in air at 300 ◦C for 2 h. Clearly, this oxide shows

ood capacitive behavior at 250 mV s−1 although certain distortion
n the i−E curves is found with increasing the scan rate. The above
esult suggests the good power capability of this annealed oxide.
his statement is supported by the results that the capacitive cur-
ent density is quasi-linearly proportional to the scan rate of CV (see
ig. 6B) and that about 66% capacitance retention is obtained when
he scan rate is changed from 25 to 200 mV s−1 (see Fig. 6C). Con-
equently, the WO3–WO3·0.5H2O mixture annealed in air at 300 ◦C
or 2 h is considered as the most suitable electrode material for ECs.

Note that tungsten oxide is a proton intercalation/de-
ntercalation material and its activation overpotential for the
ydrogen evolution reaction is fairly high (supported by the CV
urves in Fig. 4). Hence, the WO3–WO3·0.5H2O mixture prepared
n this work is suitable for the anode of ECs in the asymmetric type
ecause of its narrow working potential window, from −0.6 to ca.
V, for the proton intercalation/de-intercalation. Since RuO2·xH2O
anocrystallites shows excellent capacitive performances between
and 1.0 V in aqueous acid media [9,10], an asymmetric EC con-

isting of the WO3–WO3·0.5H2O anode and a RuO2·xH2O cathode
hould show a working voltage of 1.6 V to enhance the energy
ensity of this device (E = CV2/2 where E, C, and V indicate the
nergy, capacitance, and working voltage of ECs) [1,12]. Fig. 7A
hows the cyclic voltammograms of a RuO2·xH2O cathode and
WO3–WO3·0.5H2O anode in 0.5 M H2SO4. Clearly, the working

otential regions of RuO2·xH2O and WO3–WO3·0.5H2O are com-
lementary and their charges stored in their respective CVs can
e adjusted to be equal by controlling the mass of active materials.
ig. 7B shows the typical cyclic voltammograms of a supercapacitor
f the asymmetric type consisting of the above two electrodes in
.5 M H2SO4. Clearly, this EC shows good capacitive performances
t different scan rates. Moreover, the plots of specific energy vs.
pecific power for both symmetric (RuO2–RuO2) and asymmetric
WO3–RuO2) capacitors are shown in Fig. 7C to demonstrate the
enefits of asymmetric capacitors. Clearly, the specific energy and
pecific power of asymmetric capacitor are significantly enhanced
ecause of its wider cell voltage in comparing with the symmetric

ype although the specific capacitance of RuO2·xH2O nanocrystal-
ites used here is much higher than that of WO3–WO3·0.5H2O.
ased on the total mass of all active materials on the cathode and
node (ca. 4 mg cm−2), the energy and power densities of this device
re respectively equal to 23.4 W kg−1 and 5.2 kW kg−1, when the
(C) CS on the scan rate of CV for tungsten oxide prepared by microwave-assisted
hydrothermal synthesis at 180 ◦C for 2 h with annealing in air at (1) as-prepared, (2)
150 ◦C, (3) 200 ◦C, (4) 300 ◦C, (5) 400 ◦C, and (6) 500 ◦C for 2 h.

scan rate is equal to 100 mV s−1, which is promising in the applica-
tion of next generation ECs.

Unfortunately, the cycle life of as-prepared WO3–WO3·0.5H2O
is poor since about 28% capacitance loss was found when 100 cycles

of CV between 0.2 and −0.6 V were applied. Accordingly, a system-
atical investigation, including changing synthesis parameters such
as MAH temperature, MAH reaction time, and pH, anions, cations,
concentration, etc. in the precursor solutions, varying the anneal-
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Fig. 7. (A) Cyclic voltammograms of (1) RuO2·xH2O and (2) tungsten oxide mea-
sured at 25 mV s−1 in 0.5 M H2SO4; (B) cyclic voltammograms of a supercapacitor of
the asymmetric type consisting of a tungsten oxide anode and a RuO2·xH2O cath-
ode measured at (1) 10 mV s−1, (2) 25 mV s−1, (3) 50 mV s−1, and (4) 100 mV s−1 in
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4. Conclusions

Crystalline tungsten oxide mixtures, WO3–WO3·0.5H2O, were
prepared by microwave-assisted hydrothermal (MAH) synthe-
sis at 180 ◦C for various periods, which showed capacitive-like
behavior at 200 mV s−1 and CS ≈ 290 F g−1 at 25 mV s−1 in 0.5 M
H2SO4 between −0.6 and 0.2 V. Oxide rods can be obtained via
the MAH process even when the synthesis time is only 0.75 h
while WO3·0.5H2O sheets with poor capacitive performances were
obtained by a normal hydrothermal synthesis process at the same
temperature for 24 h. The aspect ratio of tungsten oxide rods
was found to increase with prolonging the MAH time while all
oxides consist of WO3 and WO3·0.5H2O. The oxide mixtures pre-
pared by the MAH method with annealing in air at temperatures
≤400 ◦C show promising performances for electrochemical capac-
itors (ECs). Due to the narrow working potential window of the
oxide mixtures, an aqueous EC of the asymmetric type, consist-
ing of a WO3–WO3·0.5H2O anode and a RuO2·xH2O cathode, with
a potential window of 1.6 V is demonstrated in this work, which
shows the device energy and power densities of ca. 23.4 W kg−1

and 5.2 kW kg−1, respectively.
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