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Fig.4. TEM micrographs of (a)
Ba(OH)2, (1) BCG before the sta-
bility test, (c) BCG with 5 w/o
Ba(OH)2, and (d) BCG after the
stability test at 600°C.

to 6.5 p.m. This means that less active sites are available
for the electrochemical reaction and thus higher interfa-
cial resistances.

Discussion

Uncertainty of thermodynamic data.—As seen in Fig. 1,
the equilibrium partial pressures of water vapor (pH2o) for
the co-existence of Ba(OH)2, CeO2, and BaCeO3 at temper-
atures >408°C can be quite different when different sets of
thermodynamic data were used. Clearly, if the data report-
ed by Tanner and Virkar'9 are accurate, BaCeO3 would be
thermodynamically unstable at temperatures s800°C in
an atmosphere containing PH2O 0.032 atm. In other
words, BaCeO3 would be unstable under fuel cell condi-
tions at temperatures �800°C. In stark contrast, however,
if the data reported by Sorokina et at.'6'7 are used, the
equilibrium partial pressures of water vapor are about 3 to
4 orders of magnitude higher than those predicted by
Tanner and Virkar.'9 Accordingly, BaCeO3 would be stable
at temperatures �492°C in an atmosphere containing PH,o
�0.5 atm. This means that BaCeO3 is thermodynamically
stable under fuel cell conditions at temperatures �492°C.
Therefore, the uncertainty of the available thermodynam-
ic data is too large to draw any meaningful conclusion on
the thermodynamic stability of BaCeO3 at intermediate
temperatures. Further, even if BaCeO3 is unstable thermo-
dynamically, the material may still be practically useful if
it is kinetically stable under the service conditions.

Effect of dopant.—To date, there is no creditable evi-
dence, either thermodynamic calculation or experimental
observation, to support the conclusion that gadolinium-
doped BaCeO3 would decompose to Ba(OH)2 and CeO2
under hydrogen-air fuel cell conditions at intermediate
temperatures. If undoped BaCeO3 and La-doped barium

cerates (such as La0 05BaCe095O2975) were indeed unstable in
atmospheres containing pH,o> 0.032 atm (—24.3 Ton) at
temperature �800°C,'9 the experimental results in this
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Fig. 5. DTA curves of (a) Ba(OH)2, (b) BCG with 5 w/o Ba(OH)2,

(ci BCG before the stability test, and (d) BCG after the stability test
at 600°C, at a heating rate 5°C/s in dry air.
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Fig. 6. Resistances of (a) the bulk electrolyte and (b) the elec-
trolyte-electrode interfaces of Ptl BCG I Pt cells as a function of
immersion time in an atmosphere containing 50 yb water vapor and
50 yb argon at 600 and 700°C (the electrode area was 0.78 cm2
and the sample thickness was 0.124 cm).

study would strongly suggest that the addition of gadolin-
ium to BaCeO3 not only enhances the conductivity but also
improves stability, either thermodynamically or kinetical-
ly or both. Thus, dopants may play an important role in
determining the stability of the material. In fact, addition
of appropriate dopants to improve the stability of materi-
als has been a common practice in materials design.

Stability at low temperatures—It is noted, however,
that BCG is indeed unstable in water. Shown in Fig. 8 is an
XRD pattern of BCG powder after being immersed in
water at 85°C for 10 days, clearly indicating that the
decomposition products include BaCO3 and CeO2. In addi-
tion, the pH of deionized water containing BCG powder
continuously increased with time, indicating a continuous
formation of Ba(OH)2 during immersion (or instability of
BCG in water). These observations seem to be consistent
with the thermodynamic data of Sorokina et al.'6'°
Accordingly, measuring the pH values of deionized water
containing BCG powder having undergone the stability
test cannot conclusively prove or disprove the presence of
Ba(OH)2 in such BCG powder before immersion in water.
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Fig. 8. X-ray diffraction pattern of a BCG powder sample after
being immersed in hot water (85°C) for 240 h.

Conclusion
X-ray diffraction analyses of BaCe0 8Gd0 20.3 tested in

an atmosphere containing about 50 volume percent (yb)
(0.5 atm) water vapor at 600 and 700°C for 1000 h indi-
cates that there is no observable amount of CeO2 formed in
the sample. Similarly, TEM and DTA analyses suggest that
there is no detectable amount of Ba(OH)2 formed in the
sample after the stability test. Further, changes in electri-
cal resistances during the test contradict the thermody-
namic prediction. Therefore, experimental results indicate
that there is no creditable evidence to suggest an observ-
able decomposition of BaCeo8Gdo2O3 to Ba(OH)2 and CeO2
in an atmosphere containing 50 yb water vapor at 600 and
700°C for up to 1000 h.
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ABSTRACT

Fast protonic conductors were prepared in the P205-containing silicate glasses using the sol-gel method. The 5P205
5ZrO2 90SiO2 glasses, obtained by heating at 200 to 800°C, were crack-free and chemically stable and exhibited room
temperature conductivities of i0 S/cm, which were higher by —.-5 orders of magnitude than that of the dried gel or porous
silica glass. These high conductivities were regarded as the fast proton mobility accelerated by molecular water which
was chemically bonded with POH groups.

Infroduction
Fast proton-conducting solids have attracted much

attention, because they have a large potential for use in
clean energy fields, such as hydrogen gas sensors and
hydrogen fuel cells. Although some hydrated crystalline
compounds, H3(PM012O40) 30HO, H3(PW12046) 30 H2O,
and HUO2PO4 4HO, have been known to show high pro-
ton conductivity,12 they are not appropriate for industrial
applications. These materials are unstable to humidity and
not easily shaped into a film. Fast proton-conducting
glasses, if developed, extend beyond the limitation of the
above-mentioned compounds and have potential ability
for various applications. Glasses are more suitable
because of their high transparency and easy formation of
films and plates.

We have proved that protons are very mobile when they
are strongly hydrogen-bonded in glasses, and a magnitude
of proton conductivity is primarily determined by the
degree of hydrogen bonding and the concentration of
mobile protons in glass structure.3-6 We prepared alkaline-
earth phosphate glasses by melting at low temperatures
—700°C 50 that the amount of protons remained as large as
possible. The conductivity of these glasses was -1o S/cm
at around 100°C, which is highest among the melt-
quenched glasses.7 Generally, the content of protons in
glasses is apt to decrease with increasing the temperature
of glass melting. Thus, it is desirable to prepare the glass
with a large amount of protons at low temperature, e.g., by
using a sol-gel method. More recently, using a sol-gel
method we successfully prepared the P205-Zr02 dried-gels
which have room temperature conductivities of approxi-
"iately 10 S/cm.7 These high conductivities are consid-
ered to be achieved by the fast proton mobility imder the

coexistence of molecular water in glass. In this view, the
sol-gel technique can be used in the preparation of fast
protonic conducting glasses containing a large amount of
water.

Generally the phosphate materials are lacking in chem-
ical durability; the water lowers mechanical strength and
chemical stability. In fact, it was found that the prepared
P205-Zr02 gels are fragile and are broken into pieces upon
heating above 200°C, although chemical durability is
improved by the addition of Zr02.7 Such disadvantages
limit the use of glasses to practical applications.

In this paper, we report the preparation of crack-free
and chemically stable P203-Zr02-5i02 glasses using the
sol-gel technique and fast protonic conductivities of these
glasses. Transparent and high electrical conducting glass-
es are possible for application in hydrogen-related fields.
The high conductivity of the glasses obtained is discussed
in relation to the water in glass.

Experimental
A clear solution was synthesized by hydrolysis of

Zr(0C3H7)4, PO(OC3H7)3JOH), and Si(0C2H5)4. Zr(0C3H7)4
and Si(0C2H5)4 were commercially available and used as-
received. PO(OC3H7)3.JOH) was obtained by distilling
P205 in 2-C3H7OH at a weight concentration of 10% at
150°C. After cooling at room temperature, a mixture of
Zr(0C3H7)4 and 2-C3H7OH was added to react with
PO(0C3H7)3X, followed by adding 2 g HCONH2. Si(0C2H5)4
was separately hydrolyzed in the proportion of
Si(0C2H5)4/H30 = 1 in moles for 1 h at room temperature
and then added to the solution of zirconium phosphate
precursor compound, followed by stirring for 1 h at room
temperature. The resulting homogeneous solution was
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