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Improved Thermal Stability of Efficient Proton-Conducting
Anodic ZrO2-WO3 Nanofilms by Incorporation of Silicon Species
Ke Ye,a Yoshitaka Aoki,a,b Etsushi Tsuji,a,b Shinji Nagata,c and Hiroki Habazakia,b,∗,z

aGraduate School of Chemical Sciences and Engineering, and bFaculty of Engineering, Hokkaido University, Sapporo,
Hokkaido, 060-8628, Japan
cInstitute for Materials Research, Tohoku University, Sendai 980-8577, Japan

Novel proton-conducting amorphous anodic ZrO2-WO3-SiO2 films, 200 nm thick, are prepared by anodizing of sputter-deposited
Zr37W47Si16 at 100 V with current decay for 1.8 ks in 0.1 mol dm−3 phosphoric acid electrolyte at 20◦C. The resultant anodic films
have been characterized using electrochemical impedance spectroscopy, transmission electron microscopy, glow discharge optical
emission spectroscopy and Rutherford backscattering spectroscopy. The addition of silicon species to the anodic ZrO2-WO3 film
significantly enhanced the thermal stability. Even after thermal treatment at 300◦C in dry Ar atmosphere, the anodic ZrO2-WO3-SiO2
films revealed stable proton conductivity in the temperature range of 50–225◦C, while the anodic ZrO2-WO3 on the Zr43W57 loses
the proton conductivity by annealing at 250◦C. The anodic film on the Zr37W47Si16 consisted of two layers, comprising an outer
thin ZrO2 layer, free from tungsten and silicon species, and an inner main layer containing all zirconium, tungsten and silicon
species. The results in this study suggest that the conductivity deterioration at high annealing temperatures is associated with the
diffusion-induced formation of a poorly-conducting layer near the alloy/anodic oxide interface.
© 2011 The Electrochemical Society. [DOI: 10.1149/2.068111jes] All rights reserved.
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Anodizing of valve metals, including aluminum, titanium, zirco-
nium, niobium, hafnium and tantalum, leads to formation of barrier-
type (compact) or self-organized nanoporous anodic oxide films,
depending on the electrolytes used. The oxide films formed are di-
electrics or semiconductors with useful properties that make them
of great interest for many applications, including solid electrolytic
capacitors, solar cells, photocatalysis, electrochromic devices, and
self-cleaning materials.1–5

It is known that anodic films usually contain hydrogen species,6 and
the authors recently reported that amorphous ZrO2-WO3 nanofilms,
prepared by anodizing of Zr-50 at% W alloy in phosphoric acid elec-
trolyte, revealed efficient proton conductivity even below 200◦C.7

ZrO2-WO3 is an attractive acid catalyst with its Brønsted acidity be-
ing comparable to fully anhydrous hydrogen fluoride.8 As a conse-
quence of its strong acidity, the anodic ZrO2-WO3 films may have
exhibited the efficient proton conductivity. Such proton-conductive
nanofilms are of great interest for application to an electrolyte mem-
brane for intermediate-temperature fuel cells (ITFCs), operating be-
tween 100-400◦C.9 The ITFCs have several advantages over polymer
electrolyte fuel cells, which operates below 100◦C under fully hy-
drated conditions.10, 11 The fuel cell operation at intermediate temper-
atures allows the use of non-precious metal electrocatalysts12 and a
range of fuels including hydrocarbons13 and facilitates simpler mod-
ule designs compared with high-temperature solid oxide fuel cell.14

Currently, tailoring of solid electrolytes with high conductivity at in-
termediate temperatures is a key to develop ITFCs.

Although the authors found the proton-conducting amorphous an-
odic ZrO2-WO3 films with the conductivity being sufficient for fuel
cell operation even below 200◦C, the thermal stability of the an-
odic oxide films is low so that the proton conductivity was lost after
heating above 200◦C. Thus, in the present study, we examined the in-
fluence of the addition of silicon species on the proton conductivity of
the amorphous anodic ZrO2-WO3 films. The anodic ZrO2-WO3-SiO2

films were prepared by anodizing of magnetron-sputtered Zr-47 at%
W-16 at% Si (hereafter denoted as Zr37W47Si16) in phosphoric acid.
The resultant anodic oxide film showed markedly improved thermal
stability; even after heating at 300◦C, the high proton conductivity
was sustained. In the present study, the films were characterized by
transmission electron microscopy, glow discharge optical emission
spectroscopy and Rutherford backscattering spectroscopy to eluci-
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date the thermal stability and degradation of proton conductivity at
higher temperatures.

Experimental

The Zr37W47Si16 films, ∼350 nm thick, were prepared by DC
magnetron sputtering on to flat glass and aluminum substrates. Prior
to sputtering, the latter substrates were electropolished and subse-
quently anodized to provide a flat and smooth surface. The specimens
prepared on aluminum substrates were used mostly for characteriza-
tion of the anodic films by a transmission electron microscope (TEM)
and Rutherford backscattering spectroscopy (RBS). The target used
for the preparation of the alloy films was 99.9% zirconium disk of
100 mm in diameter with three 99.999% silicon plates (16 × 16 mm)
and five 99.99% tungsten discs (20 mm in diameter) located symmet-
rically on the erosion region. For comparison, silicon-free Zr43W57

films were also prepared without placing silicon plates on the target.
The compositions of the deposited films were determined using RBS.
Then, the deposited films were anodized galvanostatically at a con-
stant current of 10 A m−2 up to a selected voltage with current decay
for 1.8 ks in a stirred aqueous solution of 0.1 mol dm−3 phosphoric
acid at 20◦C to form anodic films. A platinum sheet was used as a
counter electrode.

After depositing a gold bottom electrode of 1 mm diameter, using
Hitachi E1030 ion etcher, on the anodic oxide films through a shadow
mask to make an alloy film /anodic oxide/Au stack, ionic conductivity
was measured by AC impedance spectroscopy. The impedance spectra
were measured using a Solartron 1260 frequency response analyzer
in a frequency range of 10 to 107 Hz at AC amplitude of 20 mVrms.
All the measurements were carried out under dry 99.999% argon
atmosphere. The dry atmosphere was selected because the proton
conductivity of the anodic ZrO2-WO3 films was not influenced by
the humidity in the atmosphere and showed the stable conductivity
even in dry atmosphere.7 The conductivity was also measured for
the specimens that immersed in 0.1 mol dm−3 ammonium fluoride
solution. The immersion dissolved out an outer ZrO2 layer, free from
tungsten and silicon species, from the anodic films.

Elemental depth profiling analyses of the anodic films were carried
out by glow discharge optical emission spectroscopy (GDOES) using
a Jobin-Yvon 5000 RF instrument in an argon atmosphere of 600 Pa
by applying RF of 13.56 MHz and power of 35 W. The wavelengths
of 339.198, 429.461, 288.158, 121.567, 178.287 and 130.217 nm
were used for the analysis of zirconium, tungsten, silicon, hydrogen,
phosphorus and oxygen, respectively. The signals were detected from
a circular area of approximately 4 mm diameter.
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Figure 1. Cole-Cole plots of the impedance spectra of ∼200 nm-thick ZrO2-
WO3 and ZrO2-WO3-SiO2 films measured at 175◦C in dry Ar atmosphere.
a) The anodic ZrO2-WO3 films on the sputter-deposited Zr43W57 after post-
annealing at 200 and 250◦C in dry Ar atmosphere for 1.5 h and b) the anodic
ZrO2-WO3-SiO2 films on the sputter-deposited Zr37W47Si16 specimens after
post-annealing at 215, 250, 300, 350 and 400◦C in dry Ar atmosphere for
1.5 h.

Vertical cross-sections of the anodic oxide films were observed
using a JEOL JEM-2000FX transmission electron microscope (TEM)
operating at 200 kV. The ultrathin cross-sectional specimens were
prepared by using a microtome (RMC, MT-7). The compositions of
the anodic films and alloy films were determined by RBS, using a 2.0
MeV He2+ ion beam supplied by a tandem-type accelerator at Tohoku
University. The scattered particles were detected at 170◦ to the incident
beam direction, which was normal to the specimen surface. The data
were analyzed using the RUMP program.

Results

It was reported that the anodic ZrO2-WO3 films formed on Zr50W50

did not show proton conductivity under as-anodized condition.7 The
proton conductivity was activated by post annealing at 200◦C. Thus,
in this study the anodic ZrO2-WO3 films formed on the Zr43W57

and the ZrO2-WO3-SiO2 films on the Zr37W47Si16 were annealed at
several temperatures in dry argon atmosphere for 1.5 h, and then the
proton conductivity was measured. The necessity of post-annealing
for activation of proton conductivity is the subject of further study.
Figure 1 shows the Cole-Cole plots of the impedance spectra of
the anodic ZrO2-WO3 (Fig. 1a) and ZrO2-WO3-SiO2 (Fig. 1b) films
annealed at several temperatures. The ZrO2-WO3 film annealed at
200◦C reveals a semicircle in the high frequency region and a spike
in the low frequency region, which are typical of ionic conductors
with blocking electrodes.14 The spectrum of the anodic film on the
present Zr43W57 is similar to that on the Zr50W50 reported previously.7

The high frequency semicircle, which is associated with the ionic
conduction in the oxide film, disappears after annealing of the silicon-
free specimens at 250◦C, indicating that the anodic film loses the
proton conductivity.

In contrast to the anodic ZrO2-WO3 film, the anodic ZrO2-WO3-
SiO2 film shows a semicircle at annealing temperatures up to 300◦C
(Fig. 1b). The high-frequency semicircle becomes smaller at the an-

Figure 2. Cole-Cole plots of the impedance spectra of the 200 nm-thick
ZrO2-WO3-SiO2 film on the sputter-deposited Zr43W57 after post-annealing
at 250◦C in dry Ar atmosphere for 1.5 h. The impedance spectra were measured
at 100, 125, and 150◦C in dry Ar atmosphere. The inset shows the equivalent
circuit used for the nonlinear least-squares fitting analysis; Rs is the resistance
of leads and electrodes, Rox and Qox are the resistance and capacitance of
the film, respectively, and Qi is a capacitance at the interface between the
ion-conductive film and the ion-blocking electrode.

nealing temperatures of 250 and 300◦C than at 215◦C. Further increase
in the annealing temperature to 350◦C enlarges the semicircle and the
semicircle disappears completely after annealing at 400◦C. It should
be worth mentioning here that the conducting species are proton, as
confirmed by the change in conductivity in H2O- and D2O-containing
atmospheres due to the isotope effect.7 The presence of spike in the
low frequency region in Fig. 1 suggests the negligible contribution of
electronic conduction in the anodic film.

Figure 2 shows the Cole-Cole plots of the anodic ZrO2-WO3-
SiO2 film measured at three different temperatures after annealing
at 250◦C. The high-frequency semicircle becomes smaller at higher
temperatures, indicating the increased proton conductivity at higher
temperatures. The temperature dependence of the proton conductiv-
ity of the ZrO2-WO3-SiO2 films annealed at different temperatures

Figure 3. a) Arrhenius plots of proton conductivity, σ, across the ∼200 nm-
thick ZrO2-WO3-SiO2 films post-annealed at 215, 250, 300 and 350◦C in dry
Ar atmosphere for 1.5 h and b) activation energy Ea as a function of annealing
temperature for the proton conduction. The conductivity was measured in dry
Ar atmosphere.
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Figure 4. Transmission electron micrographs of ultramicrotomed sections of the ∼200 nm-thick anodic films on the sputter-deposited Zr37W47Si16 after post-
annealing at a) 250◦C, b) 300◦C, c) 350◦C and d) 400◦C in dry Ar atmosphere for 1.5 h. Selected area diffraction patterns from the outer and inner layers of the
anodic film are also shown in a).

(Fig. 3a) follows Arrhenius behavior. The highest proton conductivity
is obtained at each temperature for the specimens annealed at 250 or
300◦C. The increase in the annealing temperature from 215 to 250◦C
increases the conductivity by a factor of five at temperatures above
150◦C and by a factor of almost ten at temperatures below 100◦C.
Thus, the annealing temperature of 215◦C is not sufficiently high for
the activation of proton conductivity of the ZrO2-WO3-SiO2 film. The
conductivities of the ZrO2-WO3-SiO2 film annealed at 250 and 300◦C
are similar and comparable to those of the ZrO2-WO3 film of similar
thickness, reported previously.7 The activation energy is dependent
upon the annealing temperature, decreasing with an increase in the
annealing temperature (Fig. 3b).

In order to clarify the role of silicon species in improving the ther-
mal stability of the anodic ZrO2-WO3 film, the anodized specimens
were characterized after annealing at several temperatures. Figure 4
shows TEM images of ultramicrotomed sections of the ZrO2-WO3-
SiO2 films after annealing up to 400◦C. The ZrO2-WO3-SiO2 film of
200 nm thickness is two layers after annealing at 250◦C. The outer

layer, 18 nm thick, shows diffraction contrast, suggesting the pres-
ence of crystalline oxide. The outer layer is composed of ZrO2 free
from tungsten and silicon species as shown in later GDOES and RBS
analyses. The remaining inner layer, 182 nm thick, is apparently fea-
tureless, typical of amorphous structure. The amorphous structure is
also confirmed from the selected area diffraction pattern shown in
Fig. 4a, while the outer layer contains a spot of crystalline oxide.
The film structure and the thickness of each layer after annealing at
300◦C (Fig. 4b) is the same as that annealed at 250◦C. However, the
thickness of the outer layer increases to 23 nm, while the remaining
inner layer becomes thinner after annealing at 350◦C (Fig. 4c). The
alloy/anodic oxide interface is also not as sharp as those annealed at
and below 300◦C. Further increase in the annealing temperature to
400◦C reduces markedly the thickness of the anodic film to 166 nm,
suggesting the diffusion of oxygen species in the anodic oxide to the
alloy film. For the anodic ZrO2-WO3 films formed on the silicon-free
Zr43W57, the film thickness changes from 203 nm to 197 nm by in-
creasing the annealing temperature from 200◦C to 250◦C (Fig. 5). The

Figure 5. Transmission electron micrographs of ultramicrotomed sections of the ∼200 nm-thick anodic films on the sputter-deposited Zr43W57 after post-annealing
at a) 200◦C and b) 250◦C in dry Ar atmosphere for 1.5 h. Selected area diffraction patterns from the outer and inner layers of the anodic film are also shown in a).
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Figure 6. Optical images of the sputter-deposited Zr37W47Si16 and Zr43W57
specimens anodized at 100 V for 1.8 ks in 0.1 mol dm−3 phosphoric acid
electrolyte at 20◦C to form ∼200 nm-thick anodic films and then post-annealed
at different temperatures.

alloy/anodic oxide interface and the boundary between the outer layer
and the inner layer are unsharpened at the annealing temperature as
low as 250◦C.

TEM observations revealed the change in the thickness of anodic
film with annealing temperature. This was also obvious from the
change in the interference color of the specimens. Figure 6 shows
the digital camera images of the anodized Zr37W47Si16 and Zr43W57

specimens after annealing at several temperatures. In agreement with
TEM observations, the Zr37W47Si16 specimens anodized to 100 V
reveal similar purple color up to 300◦C and the color change occurs
only at and above 350◦C. The navy-blue color of the Zr43W57 specimen
anodized to 100 V becomes darker even at 250◦C as a consequence
of the change in the film thickness.

Figure 7. GDOES elemental depth profiles of the ∼200 nm-thick anodic films
formed on the sputter-deposited Zr37W47Si16 at 100 V for 1.8 ks in 0.1 mol
dm−3 phosphoric acid electrolyte at 20◦C and then post-annealed at a) 250◦C,
b) 300◦C, c) 350◦C and d) 400◦C in dry Ar atmosphere for 1.5 h.

Figure 8. GDOES elemental depth profiles of the ∼200 nm-thick anodic films
formed on the sputter-deposited Zr43W57 at 100 V for 1.8 ks in 0.1 mol dm−3

phosphoric acid electrolyte at 20◦C and then post-annealed at a) 200◦C and b)
250◦C in dry Ar atmosphere for 1.5 h.

The elemental depth distributions in the anodic ZrO2-WO3-SiO2

films were examined by GDOES (Fig. 7). The presence of an outer
layer practically free from tungsten and silicon species is obvious in
the anodic film annealed at 250◦C (Fig. 7a). Both tungsten and silicon
species are present in the remaining inner layer. Peaks of zirconium
and tungsten intensities at the boundary between the inner and outer
layers may be artifact, because the enrichment of these species at this
boundary region was not detected by RBS analysis as shown later. The
ratio of the sputtering time for the outer layer to that for the inner layer
is not consistent with their thickness ratio (Fig. 4a), indicating slower
sputtering in the outer layer in comparison with the inner layer during
depth profile analysis. The phosphorus species are incorporated in the
anodic film and distribute to approximately an outer half of the inner
layer. Almost similar depth profiles are obtained in the anodic film
after annealing at 300◦C, but at the annealing temperature of 350◦C,
the sputtering time for the outer layer is increased and the oxygen
diffusion to the alloy film is obvious. These features at 350◦C are
further enhanced after annealing at 400◦C. The alloy/anodic oxide
interface of the specimens annealed at 350 and 400◦C is also not as
sharp as those annealed at 250◦C and 300◦C. These findings are in
agreement with the TEM observations (Fig. 4).

The elemental depth profiles of the anodic ZrO2-WO3 film formed
on the silicon-free Zr43W57 change even at annealing temperature of
250◦C (Fig. 8 ). Unsharpened alloy/anodic oxide interface is obvious
after annealing at 250◦C.

Precise composition of each layer in the anodic ZrO2-WO3-SiO2

films was obtained by RBS analysis, as listed in Table I. The ex-
perimental spectra of the anodic films annealed at 250, 350 and
400◦C were replicated well by the simulated spectra obtained us-
ing the composition, thickness and density shown in Table I (Fig. 9a).
The presence of phosphate anions is neglected in this simulation, be-
cause the concentration of phosphate anions in an anodic oxide film
is usually ∼ 5 at% or less and the atomic scattering factor of phos-
phorus is much lower than other metal atoms.7 In agreement with the
TEM observation (Fig. 4a), the anodic film annealed at 250◦C is two
layers, comprising an outer thin ZrO2 layer free from tungsten and
silicon species and an inner layer containing both tungsten and silicon
species. The tungsten and silicon are slightly enriched in the inner
mixed oxide layer compared with the alloy composition, because a
part of zirconium oxidized is used to form an outer layer. The molar
ratio of zirconium, tungsten and silicon atoms included in the whole
anodic films can be calculated by using thicknesses, densities and
compositions given by RBS. In addition, the charge calculated from
the number of Zr4+, W6+ and Si4+ ions in the anodic film annealed at
250◦C is in agreement with the charge passed during anodizing. Thus,
the anodic film growth proceeds at high current efficiency close to
100% and thermal oxidation during annealing at 250◦C is negligible.
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Table I. Results of RBS analysis of the sputter-deposited Zr37W47Si16 specimens anodized at 100 V for 1.8 ks in 0.1 mol dm−3 phosphoric acid at
20◦C and then post-annealed at 250◦C, 350◦C and 400◦C.

Annealing temperature (◦C) Layer Thickness (nm) Compositiona Oxide density (Mg m−3)

Outer 18 ZrO2 3.4
250 Inner 182 (Zr0.31W0.50Si0.19)O2.50 5.0

Alloy 295 Zr37W47Si16 –

Outer 23 ZrO2 3.4
Inner 60 (Zr0.38W0.44Si0.18)O2.44 4.9

350 116 (Zr0.31W0.50Si0.19)O2.50 5.0
Alloy 70 Zr30W38Si9 O23 –

221 Zr40W50Si10 –

Outer 23 ZrO2 3.4
Inner 100 (Zr0.28W0.50Si0.22)O2.50 4.9

43 (Zr0.20W0.50Si0.30)O2.30 4.9
400 Alloy 95 Zr24W31Si12 O33 –

30 Zr31W38Si11 O20 –
90 Zr36W44Si12 O7 –
85 Zr39W48Si13 –

a The presence of phosphorus species was neglected due to relatively low sensitivity and low concentration.7

Figure 9b shows the region of the zirconium and tungsten yields
of the experimental RBS spectra of the specimens annealed at 250
and 400◦C. The leading edge of tungsten shifts slightly to the lower
energy after annealing at 400◦C, although this is not clear in the en-
ergy scale shown in Fig. 9b. The shift is associated with thickening of
the outer ZrO2 layer as shown in Table I. The next sharp increase in
tungsten yield appears at higher energy for the specimen annealed at
400◦C, suggesting thinning of the anodic film. The yield of zirconium,
which is overlapped with tungsten yield, is reduced by increasing the
annealing temperature to 400◦C, indicating the change in the com-
positions of the inner layer of the anodic film as well as alloy film.
Table I shows oxygen diffusion to the alloy film and the inner layer
of the anodic film is divided to two layers with different compositions
during annealing at 400◦C. Such compositional change due to diffu-
sion at elevated temperatures above 350◦C should hinder the proton
conductivity.

Discussions

The anodic film formed on the Zr37W47Si16 is two layers with an
outer thin layer free from tungsten and silicon species, as in the case of
the anodic film formed on the Zr50W50.7 The formation of the layered
anodic film is associated with the different mobilities of individual
species during film growth under the high electric field of ∼5 × 108

Figure 9. (a) Experimental and simulated RBS spectra for the sputter-
deposited Zr37W47Si16 specimens anodized at 100 V for 1.8 ks in 0.1 mol
dm−3 phosphoric acid electrolyte at 20◦C and then post-annealed at 250◦C,
350◦C and 400◦C in dry Ar atmosphere for 1.5 h. (b) Enlarged tungsten and
zirconium yield region of the experimental RBS spectra for the specimens
post-annealed at 250◦C and 400◦C.

V m−1. Although the outer ZrO2 layer is crystallized after annealing
at and above 215◦C (Figs. 4 and 5), the anodic films should be amor-
phous throughout the film thickness before annealing, as found for
the film formed on Zr50W50.7 Amorphous anodic oxide is known to
grow owing to the simultaneous migration of the anions toward the
metal/film interface and cations toward the film/electrolyte interface
by a cooperative mechanism so as to form film material both at the
metal/film and at the film/electrolyte interfaces.16 A good correlation
between the migration rates of cations and their single metal-oxygen
bond energies has been reported.17–19 The cation species with lower
metal-oxygen bond energies migrate faster toward the film/electrolyte
interface. The metal-oxygen bond energies decrease in the follow-
ing order: Si4+-O (465 kJ mol−1) > W6+-O (407 kJ mol−1) > Zr4+-O
(276 kJ mol−1). The weakest Zr4+-O bond strength results in the faster
migration of zirconium species, forming an outer thin ZrO2 layer free
from tungsten and silicon species. In growing amorphous anodic alu-
mina at high current efficiency, tungsten species migrate slower than
aluminum species toward the film/electrolyte interface,20, 21 while sil-
icon species are immobile in various anodic oxides, including anodic
aluminum oxide,22 titanium oxide,18, 23 niobium oxide24 and tanta-
lum oxide.1 These facts imply the formation of an intermediate layer
containing zirconium and tungsten species, but not silicon species,
beneath the outer ZrO2 layer. However, the intermediate layer was not
detected in the present anodic film formed on the Zr37W47Si16. In the
present anodic film both the tungsten and silicon species are immobile
or migrates at the same rate toward the film/electrolyte interface. As-
suming that the both tungsten and silicon species are immobile, only
the outer ZrO2 layer is formed at the film/electrolyte interface and the
transport number of cations, estimated from the RBS result, is 0.07,
which is much smaller than that estimated previously for amorphous
anodic ZrO2.25 It is, therefore, more likely that both tungsten and sil-
icon species are migrates at a similar rate toward the film/electrolyte
interface.

Phosphorus species are incorporated in the anodic film and dis-
tribute approximately an outer half of the film thickness. Their distri-
bution suggests their migration toward the alloy/anodic oxide interface
at a rate slower than oxygen species.

The authors found previously that the anodic film formed on zir-
conium did not show proton conductivity.7 Thus, the outer ZrO2 layer
should not be an efficient proton-conducting layer. In fact, the removal
of the outer ZrO2 layer from the 180 nm-thick ZrO2-WO3 film formed
on the Zr50W50 increased the proton conductivity by almost one order
of magnitude.7 In the present study, the outer ZrO2 layer thickens and
the proton conductivity is lost or deteriorated after annealing at 250◦C
for the anodic ZrO2-WO3 film and at and above 350◦C for the anodic
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Figure 10. Cole-Cole plots of the impedance spectra of ∼180 nm-thick (a)
ZrO2-WO3 and (b) ZrO2-WO3-SiO2 anodic films without the outer ZrO2
layer, measured at 125◦C in dry Ar atmosphere. The outer layer was removed
by immersing the anodized specimens in 0.1 mol dm−3 ammonium fluoride
solution after annealing at the temperatures at a) 200◦C and 250◦C and b)
250◦C and 400◦C.

ZrO2-WO3-SiO2 film. In order to know if thickening of the outer layer
has a major role in such deterioration of proton conductivity, the outer
layer was removed chemically by immersing in a fluoride-containing
solution after annealing of the anodized Zr43W57 and Zr37W47Si16 at
selected temperatures. The complete removal of the outer layer from
each specimen was confirmed by GDOES elemental depth profile
analysis. Figure 10 shows the Cole-Cole plots of the impedance spec-
tra of the anodic ZrO2-WO3 (Fig. 10a) and ZrO2-WO3-SiO2 (Fig. 10b)
films without an outer layer, measured at 125◦C. Even after removing
the outer layer no semicircle appears for the ZrO2-WO3 specimen
annealed at 250◦C and ZrO2-WO3-SiO2 specimen annealed at 400◦C.
Thus, the deterioration of the proton conductivity is not caused by
the thickening of the outer layer. For the specimens post-annealed at
appropriate temperatures, the removal of the outer layer increased the
proton conductivity. Further detailed study on the role of the outer
layer will be reported in a separate paper.

GDOES elemental depth profiles shown in Figs. 7 and 8 reveal the
presence of hydrogen species. The hydrogen species are present even
after annealing at 400◦C and their distributions are not influenced by
changing the annealing temperature. Thus, even though protons are
present, the proton conductivity is deteriorated at higher annealing
temperatures. When obvious diffusion of oxygen from the anodic film
to the alloy film occurs, the proton conductivity is deteriorated. Such
diffusion changes the film composition as well as thickness, probably
causing the degradation of proton conductivity. The presence of silicon
in the anodic film and alloy film suppress the diffusion, improving the
thermal stability.

Conclusions

Amorphous anodic ZrO2-WO3-SiO2 nanofilms as well as ZrO2-
WO3 nanofilms are a new class of proton-conducting electrolyte that
has the efficient conductivity in the intermediate temperature range.
The deterioration of proton conductivity of the anodic films is involved
by the formation of the diffusion-induced poorly-conducting layer
probably near the alloy/anodic oxide interface during post-annealing
at elevated temperatures. The diffusion during post-annealing is

clearly suppressed by silicon addition into the Zr-W system. As a
result, anodic ZrO2-WO3-SiO2 films can retain the high proton con-
ductivity even after annealing at 300◦C whereas the anodic ZrO2-WO3

loses the conductivity at around 200◦C. Various complex oxides with
strong Brønsted acidity and thermal tolerance can be fabricated read-
ily by a combination of alloy deposition by physical vapor deposition
(PVD) and anodizing of the deposited material; such oxides show high
potential as efficient proton conductors. The current results strongly
suggest that the anodic oxidation poses strong technique to design the
proton conducting oxide membrane.
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