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This paper describes a cause of the time-dependent degrada-
tion of conductivity observed in the representative BIMEVOX
phases Bi,Cu,,V,,05;s (BICUVOX.10) and Bi,Co,,V,,05s
(BICOVOX.10). In both phases, to date, the following facts were
reported: the high-temperature stable y-type phase transformed
reversibly to the low-temperature stable 7y-type phase at
450-500°C through the order—disorder transition without chang-
ing to the f-type or a-type phase. In addition, the degradation of
conductivity was observed in y-BICUVOX.10 at about 420°C.
In the present study, it has turned out that a prolonged annealing
at 450°C for several hundred hours causes both y phases to
change to a new phase with «-Bi,V,0,,-related structure. This a-
related phase changes promptly to the y phase on heating (at
about 535°C for BICOVOX.10 and at about 485°C for BI-
CUVOX.10); by contrast, the y' phase reverts sluggishly to
the a-related phase. Since the a-related phase shows far lower
conductivity (10~*¥*Sem™"' at 430°C for BICUVOX.10), this
gradual y'-to-o transition explains well the time-dependent
degradation of conductivity in the ' phase reported so far.
Namely, the y’ phase is metastably quenched to room temper-
ature and reverts gradually to the a-related phase upon heat
treatment below the «-to-y transition temperature. © 2002
Elsevier Science

Key Words: Bi,Cu,,;V,,05,5 (BICUVOX.10); Bi,Co,, V6055
(BICOVOX.10); prolonged annealing; «-Bi,V,0,,-related
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INTRODUCTION

The BIMEVOX group given by the formula
Bi,V{_.Me,Os 5_; (1) is derived from the partial substitu-
tion of various metal atom, Me, for vanadium in the parent
oxide Bi,V,0¢; (2-4). The compound Bi,V,O,; possesses
three polymorphs labeled o, 5, and y: the o form is the low-
temperature stable modification, the f form the intermedi-
ate one, and the y form the high-temperature stable one
which shows a high oxide-ion conduction (4). Thus, depend-
ing on Me and x in Bi,V{_,.Me, Os5_;5 the prepared

BIMEVOX solid solution had an isomorphous structure or
a very closely related structure with one of three modifica-
tions at room temperature. For instance, in both cases of
Me = Mo(VI) (5) and W(VI) (6), a-type BIMEVOX
(0 <x <0.05 and p-type BIMEVOX (0.05 < x <0.125)
solid solutions existed stably, but y-type BIMEVOX did not
exist stably. On the other hand, in Me = Cu(Il) (7, 8), stable
a-type (0 < x <0.06) and y-type (0.075 <x <0.15) BI-
MEVOX solid solutions were identified. Many elements
such as Mg(II), Co(II), Zn(I1), Fe(I1I), etc. (9-15), were also
possible to substitute for vanadium to bring a stable y-type
BIMEVOX solid solution within a limited compositional
region in the same manner as Cu; in addition, the best
oxide-ion conductivity characteristics were always obtained
in the y-type BIMEVOX solid solution with an x value close
to 0.10 independent of Me (10),e.g., 1 x 107 *> Secm ™ * around
240°C for Bi,Cug 1V(.90s.35 (1). To be brief, for various
metal atom Me, the BIMEVOX with x = 0.10 can possess
only the y-type structure stably at lower temperatures and
exhibit a very high oxide-ion conduction.

For this reason, many researchers directed their attention
to representative compositions of Bi,Cugy (V.90s5.35
(BICUVOX.10) (7,16-22) and Bi,Co0g ;Vy.005.35 (BI-
COVOX.10) (23-26). At the same time, a polymorphic
transformation was found in both phases at 450-500°C
(7,18-23,26). Thereafter, the high-temperature BIMEVOX
phase was called y-BIMEVOX and the low-temperature
one termed y-BIMEVOX. The subsequent study indicated
that 7-BIMEVOX has a complex incommensurate super-
structure (7). Thus this transformation is considered to be
attributable to the partial ordering of oxide ions. Despite
the ordering, 7y-BIMEVOX exhibits a relatively high
conductivity. On one hand, a prolonged annealing of y'-
BICUVOX at 424°C brought about considerable degrada-
tion in conductivity (22). However, very little is known
about the origins of this degradation.

The purpose of this paper is to elucidate a factor of the
degradation from the point of view of phase equilibrium. As
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a result, a new phase is found by prolonged annealing at
450°C in both BICUVOX.10 and BICOVOX.10; the new
phase has an «-Bi,V,0-related structure and yields too
low conductivity to apply themselves to electrochemical
devices.

EXPERIMENTAL PROCEDURE

The starting materials were 99.9% pure Bi,O3, V,Os,
CuO, and CoO. The y-BICUVOX.10 and y’-BICOVOX.10
were synthesized from the stoichiometric mixture by solid-
state reaction in air at 800°C for 20 h. Subsequently, to
check the time-dependent character, part of each y'-
BIMEVOX.10 was annealed at 450°C for 450 h or more,
and the same heat treatment was repeated several times with
intermediate quenching and grinding in order to ensure the
completion of reaction. At the end of each reaction, the
product was quenched by an air stream to room temper-
ature. All products were examined by XRPD using CuKu
radiation and a diffracted-beam monochromator.

Thermal behavior was checked by differential thermal
analysis (DTA) using Rigaku TG-8120 apparatus. About
50 mg of the sample put in a platinum sample holder under-
went heating—cooling cycles in air at a rate of 5°C min~! to
the maximum temperature of 625°C. The reference material
was a-Al,O3, and the temperature accuracy was =+ 3°C.

Electrical conductivity was measured by means of the
impedance spectroscopy method in air on pellets fabricated
by the following procedure. Powder sample was thoroughly
ground in an agate mortar and checked with SEM for their
grain size distribution. Modal concentration shows that
nearly 80% of the grains are smaller than 5 pm and 20% of
the grains are in the size range 10 to 15 um. Such powder
was prepressed uniaxially (10 mm in diameter and 1.6-
2.3 mm thick) and then pressed isostatically at 200 MPa.
The pellets were sintered at 800°C for 20h in 9’-BI-
MEVOX.10 and at 450°C for 470 h in the low-temperature
phases. Then both flat surfaces of the pellets were smeared
with platinum paste as eclectrodes. All the pellets were
studied by Solartron SI-1260 impedance analyzer in the
frequency range 1 Hz to 1 MHz at every 20°C interval
between 150 and 710°C through heating-cooling cycles. The
sample pellets were equilibrated at constant temperature for
20 min before each measurement. Bulk conductivity values
were obtained from complex impedance plots and represented
in the form of Arrhenius plot, ie., log[o (Scm™')] — 1/
T (K™Y

RESULTS AND DISCUSSION

Figures 1a and 2a show the powder XRPD patterns of
7-BICOVOX.10 and ¢-BICUVOX.10 equilibrated at
800°C, respectively. Both patterns agree well with those
reported: a = 3.907 A and ¢ = 15.41 A for y-BICUVOX (1)
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FIG.1. XRPD patterns for BICOVOX.10: (a) y" phase equilibrated at

800°C, (b) a-related phase equilibrated at 450°C, and (c) a-BizV,0q;
prepared at 800°C, where asterisked reflections are caused by BiVO,.

and a = 3.927A and ¢ = 15.42 A for y-BICOVOX.10 (27).
On the other hand, the samples equilibrated at 450°C show
quite obvious changes in the XRPD patterns (Figs. 1b and
2b); as a whole, both patterns resemble to that of o-
Bi,V,0,, which is the low-temperature stable modification
crystallizing in the orthorhombic symmetry with
a=165594,b=56114,and ¢ = 15.288 A (4), as shown in
Fig. 1c where asterisked reflections are from BiVO, which is
inevitably generated as another phase in a two-phase region
of the system Bi,O3;-V,05 (28). Hereafter, therefore, the
new phases corresponding to Figs. 1b and 2b are designated
the a-related phase for convenience. To date, since it is
firmly believed that BICUVOX.10 and BICOVOX.10 exist
stably as the 7y'-type phase at lower temperatures than
450-500°C, no one has detected the present phase change as
well as the a-related phase. However, we could not index
both a-related XRPD patterns because of the broad peaks.
The doublet of the strongest peak pointed out in the inlet
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FIG. 2. XRPD patterns for BICUVOX.10: (a) y phase equilibrated at
800°C, and (b) a-related phase equilibrated at 450°C. (Inset) Magnified
peak detail of the strongest reflection.

of Fig. 2b implies that the a-related phase might have
a monoclinic structure in the same manner as reported by
Joubert et al. (29) in «-Bi,V,0,;. The formation of the
a-related phase denotes the metastability of the 7" phase.
Figure 3a shows DTA results of 7'-BICOVOX.10 equilib-
rated at 800°C. A small endothermic peak appears at about
500°C on heating and a small exothermic peak is observed
at about 480°C on cooling. The second cycle reproduces the
same results without thermal hysteresis. This reversible
thermal effect indicates a y’-to-y transition. On one hand, as
shown in Fig. 3b, a-related BICOVOX.10 equilibrated at
450°C undergoes a clear endothermic peak at 535°C in the
first heating direction; this thermal effect is caused by the
a-to-y transition. The considerable structural difference be-
tween the a-related phase and the y-phase may lead to the
somewhat large transformation enthalpy change. On sub-
sequent cooling, however, the DTA trace shows a diffuse
exothermic peak at about 470°C. This peak indicates the
y-to-)’ transition which corresponds to the exothermic peak
at 480°C in Fig. 3a. By contrast, in the second heating cycle,
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an only perceptible inflection corresponding to the y'-to-y
transition is observed at about 460°C. Although the a-re-
lated phase changes easily at 535°C to the y phase on
heating, the y phase never revert to the a-related phase on
cooling under the present DTA conditions, because the
y-to-o transition proceeds far sluggishly compared to the
reverse o-to-y transition. The y phase preferentially trans-
forms to the metastable y’ phase on account of the close
structural relation between the y and )’ phases as mentioned
in the Introduction. In BisPb3;O44. 5 (30,31), we could ob-
serve the same thermal behavior as BIMEVOX; namely, the
high-temperature stable  form transforms inevitably to the
metastable §, form on cooling because of the structural
similarity between two forms despite the existence of the
low-temperature stable f; form. Thus, now that y'-
BICOVOX.10 is metastable below 535°C, it is necessary for
the pure a-related phase preparation to anneal the y" phase
at temperatures below 535°C for a somewhat long time, e.g.,
at 450°C for 450 h or more as described under Experimental
procedure. Likewise, in BICUVOX.10, we can observe DTA
results similar to those of BICOVOX.10. Figure 3c shows
a reversible y'-to-y transition at 480°C as reported by Pernot
et al. (7) and Simner et al. (23). Figure 3d represents that the
a-related phase changes at 485°C to the y phase.

It is evident from the above results (Figs. 1, 2, and 3) that
7’-BICOVOX.10 and y"-BICUVOX.10 revert finally to the
a-related phase by annealing at temperatures below the o-
to-y transition (535°C for BICOVOX.10 and 485°C for
BICUVOX.10) for several hundred hours. In addition, since
a rate of the 7'-to-a transition is notably sluggish, the
7" phases are readily quenched to room temperature. It
seems that the a-related phase is the low-temperature stable
form.

Figure 4a shows Arrhenius plots of electrical conductivity
for y-BICUVOX.10 equilibrated at 800°C. The pellet
underwent the heating-cooling cycle four times. Since all
cooling-cycle conductivity values were the same as those of
the third heating cycle (designated by the open circles in
Fig. 4a), only the heating-cycle data are plotted. All curves
show the y’-to-y transition over 450-490°C (10*/T =
13.1-13.8 K1), and the conductivity values of the y phase
are almost the same for all the cycles. It is noted, however,
that the conductivity values of the )" phase show not only
the thermal hysteresis except the third cycle but also the
disparity except the second and the fourth cycles. The dis-
parity depends on the period for which the pellet was left at
room temperature before each cycle. That is, the pristine
pellet was kept for a few days in a desiccator at room
temperature prior to the first measurement; before the sec-
ond cycle, the pellet was left for one night at room temper-
ature in a furnace on the apparatus. By contrast, the third
cycle was carried out subsequently just after the second one.
There was the same interruption between the third and the
fourth cycles as that between the first and the second cycles.
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FIG 3. DTA curves for the starting materials of (a) y'-BICOVOX.10 equilibrated at 800°C, (b) a-related BICOVOX.10 equilibrated at 450°C,
(c) y’-BICUVOX.10 equilibrated at 800°C, and (d) a-related BICUVOX.10 equilibrated at 450°C.
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FIG. 4. Variations of electrical conductivity for BICUVOX.10 with temperature and with time: (a) Arrhenius plots of the starting y’ phase equilibrated
at 800°C, (b) time-dependent degradation at 430°C of the same sample as (a) which underwent four times heating—cooling cycle, and (c) Arrhenius plots
of the starting a-related phase equilibrated at 450°C. The horizontal line depicted in (b) denotes logeg = — 2.45 equivalent to that of the first heating in

(a) at 430°C.

Thus, the 7" phase exhibits a “time-dependent aging” phe-
nomenon. In other words, the metastability of the y" phase
seems to bring about the gradual transition to the a-related
phase even at room temperature.

In order to examine the aging phenomenon, the electrical
conductivity measurement was subsequently conducted on
the same pellet as above at a constant temperature of 430°C
(10*/T = 142K ™) below the y-to-y transition point of
480°C (Fig. 3c). The variation of conductivity with time is
shown in Fig. 4b. The initial conductivity of loge = — 2
drops to — 2.3 after 24 h, and then decreases somewhat
slowly to a value lower than — 2.45 after 300 h; as indicated

in a horizontal line inset in Fig. 4b, the logec = — 2.45
corresponds to the conductivity at 430°C of the pristine
pellet under the first heating cycle shown in Fig. 4a. Namely,
this result implies that the heat treatment at 430°C causes
the )’ phase to transform into the a-related phase.

Figure 4c represents Arrhenius plots of electrical conduct-
ivity for a-related BICUVOX.10 equilibrated at 450°C. In
the first heating—cooling cycle measured up to 450°C
(10%/T = 13.8 K1), very low conductivity values are ob-
served without hysteresis. In the subsequent second heating
direction, the values coincide with those of the first cycle
until 450°C, and then indicate the a-to-y transition clearly at
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470-490°C. On the second cooling, we can observe not only
the perceptible y-to-y transition around 470°C but also the
noticeable hysteresis in the y phase region. The hysteresis
seems to be attributable to the poor sintering of the pellet
which was sintered at 450°C; however, the pellet underwent
the maximum temperature of 710°C, so that the sintering
proceeded largely to yield higher conductivity of the y phase
on cooling.

Although Fig. 4b demonstrates the time-dependent
degradation of the y" phase up to 450 h, we can estimate
from Fig. 4c the final conductivity value annealed at 430°C
for infinite time. That is, as a result of degradation, the
metastable y” phase changes completely to the a-related
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phase, so that the conductivity value of 430°C plotted in
Fig. 4c corresponds to the final value, loge = — 4.8.

As for y-BICUVOX.10, Dygas et al. (22) also reported the
thermal hysteresis of conductivity depending on heat treat-
ments; their results are similar to our results (Fig. 4a). At the
same time, they described the time-dependent conductivity
degradation of which a rate is faster than our results
(Fig. 4b). In fact, the composition of their sample was not
Bi,Cug.1V(.905 35 but Bi;Cug 06V .8405.16 (20). According
to our recent preliminary experiment, the )'-
Bi,Cug.06V0.58405.16 changed relatively rapidly by anneal-
ing at 450°C to a product which showed a more complex
XRPD pattern than that of the a-related phase (Fig. 2b).
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FIG. 5. Arrhenius plots of electrical conductivity of BICOVOX.10 for the starting phases of (a) ' phase equilibrated at 800°C and (b) o-related phase

equilibrated at 450°C.
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Therefore, the reason for the rate difference lies in the
compositional difference between theirs and ours. Although
they concluded that the thermal hysteresis of conductivity
was ascribed to the microstructure such as a grain size and
that the degradation was caused by a slow ordering process
within the perovskite-like V ¢Cug. ;O3 35 sheets, both ther-
mal hysteresis and degradation are attributed to the slug-
gish y'-to-o transformation as mentioned above.

In the case of BICOVOX.10, Arrhenius plots of conduct-
ivity can be explained in the same way as BICUVOX.10.
Figure 5a shows the time-dependent thermal hysteresis of
the 9" phase equilibrated at 800°C: the pristine pellet was
kept for a few days at room temperature prior to the first
measurement, and after the first cycle, the pellet was left for
one night at room temperature in the furnace on the appar-
atus. Figure 5b represents that the a-to-y transition occurs
over a temperature range of 470-530°C in contrast to 535°C
by DTA (Fig. 3b). The third heating cycle gives the y’-to-y
transition over a temperature range of 470-490°C with
relation to 500°C by DTA (Fig. 3a). Steil et al. (26) described
the same behavior of conductivity as Fig. 5a. However, they
also ascribed this phenomenon to the grain size, because
they found neither the a-related phase nor the y’-to-o trans-
formation. The existence of the a-related phase means that
the time-dependent degradation is observed below 535°C in
BICOVOX.10 also. Thus, as can be seen from Figs. 4 and 5,
the time-dependent aging phenomenon is ascribable to the
phase transition from the metastable 9 phase to the stable
a-related phase. Moreover, the metastability of the )" phase
seems to bring about the gradual transition to the a-related
phase even at room temperature.

CONCLUSION

The solid electrolyte conductivity should be stable
against prolonged heat treatments for an application of it to
electrochemical devices. To date, although BICUVOX and
BICOVOX have been considered a very promising material,
the present study elucidates the metastability of these
phases. That is, y-BICUVOX.10 and y'-BICOVOX.10
transforms very sluggishly to the new phase, which shows
far lower conductivity, below about 485°C and about
535°C, respectively. As a result, when these 7’ phases are
treated at temperatures below their transition temperatures,
the time-dependent degradation in conductivity is observed
and the conductivity is finally depressed to some level far
from usefulness. To avoid the degradation, we have to
suppress the formation of the a-related phase by means of
the grain size control, the further addition of other mater-
ial(s), etc. Probably, only the high-temperature stable
7 phase can be applicable to some devices above their
transition temperatures. The thermal stability of other
members of BIMEVOX group and the true stabilization of
the y phase will be the subject of future studies.
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