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Herein, we developed a novel double dopant bismuth oxide electrolyte system with dysprosium (Dy) and gadolinium (Gd). The effect
of the co-dopants on phase stability and electrical properties was investigated. Phase transformation from cubic to rhombohedral
was observed as Gd dopant concentration increased and consequently resulted in conductivity degradation. The stabilization of high
temperature cubic phase was achieved with a total dopant concentration as low as ~12 mol% with 8 mol% Dy and 4 mol% Gd double
dopant composition (8D4GSB) and this composition showed one of the highest total conductivity reported at this low temperature
regime. In addition, the long-term stability of DGSB electrolytes was investigated.
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Over the last two decades, solid oxide fuel cell (SOFC) R&D has
been concentrated on lowering the operating temperature (<700°C).
It is because the operating temperature reduction can allow us to ef-
fectively reduce the system cost and increase the long-term stability
of SOFCs.' Among SOFC electrolyte materials, yttria-stabilized
zirconia (YSZ) system still remains the most popular choice due
to its reasonably high ionic conductivity, especially at high tem-
perature ~800°C, as well as high chemical and mechanical dura-
bility over 10,000 h.*> At reduced operating temperatures, however,
the ohmic polarization resistance of YSZ is exponentially increased
due to its sluggish oxygen ion transport with the thermally activated
nature.” Moreover, there has been repeatedly reported that YSZ mate-
rials show high reactivity with other high performance low tempera-
ture (LT)-SOFC components including doped ceria oxide electrolytes
(e.g., Gd doped ceria) and cobaltite-based perovskite cathodes such
as La;_,Sr,Co,_,Fe,O3_; or Bal_xerCol_yFeyO3_g.(’ To address the
issues of the conventional YSZ electrolytes, alternative superionic
conductors with higher conductivities, such as doped ceria or stabi-
lized bismuth oxides, have received attention to allow SOFC operation
at reduced temperatures.’

Bismuth oxides in a fluorite structure (8-Bi,O3) have been known
for their highest oxygen ion conductivity among any reported SOFC
electrolytes. This high ionic conductivity is attributed to their inherent
defective structures with the intrinsic oxygen vacancy concentration
of 25% as well as high anion mobility.” However, pure §-Bi,O3 trans-
forms to monoclinic a-phase on cooling below 730°C, resulting in a
discontinuous drop in conductivity. Studies have shown that high tem-
perature cubic phase of 3-Bi, O3 can be stabilized to room temperature
by doping with a certain amount of other oxides. Therefore, numer-
ous research efforts have been carried out to find optimal dopant and
dopant concentration to achieve stabilized bismuth oxide with maxi-
mum ionic conductivity.

Verkerk et al. examined Dy,0; doped Bi, O3 system and achieved
face-centered cubic (fcc) structure with 28.5-50 mol% Dy, 03, while
Takahashi et al. investigated Gd,O; doped Bi,O; system and at-
tained fcc structure with 35-50 mol% Gd,05.° In both cases, a large
amount of dopants were used to stabilize cubic structure. On the
other hand, in our previous works of (DyO5)x(WO3)y(BiO;5);_x—y
(DWSB) and (TbO,;75)x(WO3),(BiO;5);—x—y (TWSB) electrolyte
systems, it was found that the cubic phase-stabilization could be
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achieved with co-dopants at a relatively lower total dopant concen-
tration (~12 mol%) compared to the single dopant system, result-
ing in higher conductivity.'“!" In particular, the highest conductiv-
ity was obtained from (DyO 5)¢.0s-(WO3)0.04-(BiOj 5)0.8s composition
(8D4WSB) with the 12 mol% total dopant concentration.'?

It is well known that the dopant ionic radius and polarizabil-
ity affect the conductivity and stability of bismuth oxide-based
electrolytes'>!* and that for the lanthanide dopants investigated these
two properties are linearly related.'* For lanthanide dopants which sta-
bilize the fcc structure of bismuth oxide, it was found that the anion or-
dering rate was slowest for Dy and fastest for Yb at 500°C since Dy**
was the largest and most polarizable while Yb** was the smallest and
least polarizable of the dopant cations within the fcc phase-stability
window.'>!* On the other hand, doping with larger-radii lanthanides
such as Gd** resulted in formation of a rhombohedral phase.*!'* How-
ever, co-doping changes the solid solubility range as compared with
single dopant systems for cubic phase-stabilization (as demonstrated
in the DWSB electrolyte system).'

In this work, we developed a Bi,03;-Dy,05-Gd,O3 system
(dysprosium- and gadolinium- stabilized bismuth oxide; DGSB) as
LT-SOFC electrolytes. In order to achieve higher conductivity and
improved stability with the desired cubic structure, the optimum com-
position with Dy and Gd dopants was systematically investigated
via crystallographic analysis and electrochemical impedance spec-
troscopy (EIS). Further, the effect of dopant composition on the long-
term stability and the structural evolution will be discussed.

Experimental

Sample preparation.—All samples were synthesized by the solid-
state reaction of a stoichiometric mixture of Bi,O; (99.9995%
pure), Dy,03 (99.99% pure), Gd,03 (99.99% pure) from Alfa Ae-
sar. First, various (DyOy 5),(GdO 5)y(BiOy 5);_x_y compositions were
prepared to find optimal dopant ratio and dopant concentration. Total
dopant concentration was varied between 12 mol% and 18 mol%.
(DyO1.5)0.12-x(GdO1 5)x(BiO1 5)0.8s (where x = 0.04, 0.06, 0.08),
(Dy01_5)0_15_X(GdO1_5)X(Bi01_5)0_85 (where X = 005, 0075, 010) and
(DyO01.5)0.12(GdO1 5)0.06(BiO1 5)052 Were investigated. In this study,
these compositions are referred to as 8D4GSB, 6D6GSB, 4D8GSB,
10D5GSB, 7.5D7.5GSB, 5D10GSB and 12D6GSB, respectively. Two
step calcination was conducted with intermediate grinding of powders
for DGSB electrolyte systems. Details on the electrolyte fabrication
have been described in previous work.'?

Characterization.—The crystallographic phase analysis of as-
sintered and annealed samples was conducted by means of X-ray
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diffraction analysis (XRD, Philips APD 3720). XRD pattern was ob-
tained using CuKa radiation at room temperature between 20 to 80°
(20). The total conductivity measurements were performed through
two-point probe EIS using a Solartron 1260 over the frequency range
of 0.1 Hz to 10 MHz. Due to the low impedance values of the bis-
muth oxide-based samples at high temperatures, a nulling technique
was necessary to remove any artifacts caused by inductive responses
of the test leads and the equipment. For that, the impedance of the
lead wires without samples was measured and subtracted from the
impedance with samples. The total conductivity was calculated be-
tween 300 and 700°C to obtain Arrhenius behavior. Each composition
was annealed in air at 500°C for 100 h with EIS measured on an hourly
basis to observe the long-term conductivity behavior as a function of
time.

Results and Discussion

Phase stability.—In order to stabilize cubic bismuth oxides down
to room temperature, dopants with smaller ionic radius than that of
Bi* (1.17 A for 6 coordination number) are usually used.'’ Jiang et al.
found that with the same 25 mol% dopant content, cubic phase was
obtained with Dy**, but Gd** resulted in rhombohedral phase.'> In
addition, Iwahara et al. demonstrated that depending on the dopant
ionic radius of added oxides, Bi,O3-Ln, O3 (Ln = La — Yb) has rhom-
bohedral phase for a relatively large ionic radius of Ln** and has fcc
phase for a comparatively small radius of Ln**.!® They also reported
that Bi,03-Ln, 03 could have mixed phases of fcc and rhombohedral
with a cationic radius of medium size, depending on its composition'®

These studies suggest that contraction of the highly defective 8-
Bi, 03 structure is necessary to stabilize the high temperature bismuth
phase down to room temperature. However, depending on the amount
of contraction in structure, the stabilized bismuth could have cubic,
rhombohedral, or mixed phases. We believe there exists a critical
dopant ionic radius/composition relationship for cubic-phase stabi-
lization, with relatively small radii Er** having the least dopant con-
centration (~15%) requirement among the lanthanides and the larger
radii Dy** and Gd** having a larger concentration requirement, 28.5%
and 35%, respectively.'> Moreover, this relationship changes with
double doping as cubic-phase stabilization can be achieved at a much
lower total dopant concentration than with either of these dopants
individually. Therefore, we investigated the optimal dopant compo-
sition, correct dopant ratio, and net concentration of Dy>* and Gd**
required to stabilize cubic bismuth oxides at total dopant concentra-
tions significantly less than required for either of these lanthanides
when individually substituted for Bi**.

In order to find the optimal dopant composition, various total
dopant compositions of DGSB with three dopant content ratios of 2:1,
1:1 and 1:2 between Dy>* and Gd>* were prepared. Fig. 1 shows the
XRD patterns of samples with total dopant concentration of 12 mol%
including 8D4GSB, 6D6GSB and 4D8GSB, indicating there coexist
both cubic and rhombohedral phases. The fraction of the rhombohe-
dral phase (Xg) in the sample was estimated from XRD data using
following equation.!”

R R
IGas) + 1o

XR =
C R R
Ty + 1gas) + 1o

(1]

where I€ and IR represent the intensities of the cubic and rhombohedral
reflections, respectively. It was found that 8D4GSB has mainly cubic
phase (89.4%) with minor rhombohedral phase (10.6%), while 6D6G
and 4D8G exhibit large amounts of rhombohedral phase (68.8 and
87.17%, respectively) when a single calcination step was carried out.

These correspond to rhombohedral phases from Big 775Dy(2250 5
and Big775Gdg 22501 5.'® This rhombohedral phase has a layered struc-
ture and Big775Gdg 22501 5 has a slightly larger lattice parameter than
Bip775Dy0.2250,5 due to the larger dopant size of Gd*t compared
with Dy**, while the peak positions of two rhombohedral phases
are very similar. Analysis of XRD patterns show that the rhombohe-
dral phase from DGSB compositions is attributed to Big 775Dy022501 5

® Cubic
------ Rhombohedral

Intensity (arb. unit)

Figure 1. XRD patterns of 8D4GSB, 6D6GSB and 4D8GSB which were first
calcined (1st) and second calcined (2nd) at 800°C for 16 h.

or Biy775Gdg2250;.5. With the same total dopant concentration, the
amount of rhombohedral phases increases as Gd concentration in-
creases, indicating that the formation of rhombohedral phase is depen-
dent on the amount of the larger radii Gd dopant. The ionic radius of
Gd** is 1.078 A, for 6-fold coordination, and that of Dy>* is 1.052 A

Additional calcination was carried out under the same conditions
after intermediate grinding to ensure the phase of each composition.
It was found that after the second calcination, a pure cubic phase was
obtained for 8D4GSB as shown in Fig. 1. On the other hand, the other
two compositions of 6D6GSB and 4D8GSB still had mixed phases,
but with a greater amount of the cubic phase (i.e., 97.5 and 21.6%,
respectively).

Fig. 2 shows the XRD patterns of three kinds of samples with
15 mol% total dopant concentration. The calculated fractions of
the thombohedral phase were 85.4, 96.0, and 95.46 for 10D5GSB,
7.5D7.5GSB and 5D10GSB, respectively, when a single calcination
step was carried out. After the second calcination, the cubic phase in
10D5GSB was significantly increased (96.2%), while the rhombohe-
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Figure 2. XRD patterns of 10D5SGSB, 7.5D7.5GSB and 5D10GSB which
was first calcined (1st) and second calcined (2nd) at 800°C for 16 h.
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Figure 3. XRD patterns of 12D6GSB which was first calcined (1st) and sec-
ond calcined (2nd) at 800°C for 16 h.

dral phase was still dominant for 7.5D7.5GSB (91.4%) and 5D10GSB
(86.73%).

Moreover, the lattice parameters of 8D4GSB and 10D5GSB after
second calcination were estimated from the (111) peak position of
XRD patterns (Fig. 2). The resultant values were 5.53 and 5.50 A
for 8D4GSB and 10D5GSB, respectively. Compared to the lattice
parameter of pure 3-Bi, O3 (5.65 A) reported by Yashima et al.,'” this
result clearly indicates that the higher total dopant concentration leads
to greater lattice contraction of the co-doped bismuth oxide.

Lastly, 12D6GSB was prepared in the case of 18 mol% total dopant
concentration based on phase observations from other compositions.
However, 12D6GSB showed mixed cubic and rhombohedral phases
even after second calcination step as shown in Fig. 3.

Based on the above results, it appears that the content of Dy,0;
should be larger than that of Gd,O; within the limited total dopant
concentration in order to achieve cubic-phase stabilization and high
conductivity. Thus, we selected 8D4GSB (pure cubic), 10DSGSB
(pure cubic) and 12D6GSB (cubic and rhombohedral mixture) for the
conductivity measurements.

Conductivity.—Fig. 4 shows the Arrhenius behavior of the three
DGSB compositions. The conductivity data of 20ESB and 8D4WSB
were added for comparison purposes. It is clearly shown that the total
conductivity of the DGSB electrolytes increases as the total dopant
concentration decreases (0’3])405}3 > O010D5GSB = GIZDGGSB)~

Moreover, the conductivity of 8D4GSB (e.g., 0.18 S/cm at 600°C)
was comparable to that of SD4WSB (e.g., 0.18 S/cm at 600°C), which
is the highest conductivity composition reported in this temperature
regime.'? Both 8D4GSB and 10D5GSB have higher conductivity than
that of 20ESB due to the lower total dopant concentration needed to
stabilize the cubic phase with double dopants. As a result of the lower
total dopant concentration there is less lattice strain effects so the
conductivity approaches that of pure 8-Bi,O3 with double dopants.'’

The highest total dopant composition, 12D6GSB, shows the low-
est conductivity among the studied samples due to both its higher total
dopant concentration and its mixed phase characteristics. It is worth-
while to note that the conductivity of 12D6GSB shows a discontinuity
at around 550-600°C when the conductivity was measured from high
to low temperature as shown in Fig. 4. This discontinuity is similar
to a transition from the fcc phase to the monoclinic phase in pure
Bi,0;. Fig. 5 shows the XRD pattern of 12D6GSB after conductiv-
ity measurement from high to low temperature. The result evidently
shows that the majority of the cubic phase in 12D6GSB transformed
into the thombohedral phase. Thus, we believe that this discontinuity

T(°C)
700 600 500 400 300
0.0r ., —e— 8D4GSB
050 FaSe —=— 10D5GSB
B Y —u— 12D6GSB_HL

4.0L =§:§%§, :71znses3:|_u 7
- NN —0— BD4WSB
E a5 \ o AN —+—20ESB
S ~ AROR .
0 20t ~
) AN
o 25f
° -
- 3.0

-3.5

-4.0 -

-4.5 -

1 12 13 14 15 16 1.7 18
1000/T (K™)

Figure 4. Arrhenius plot of conductivities for 8D4GSB, 10D5GSB,
12D6GSB, 8D4WSB!0 and 20ESB;! the conductivities were measured in
both direction of temperature measurements, HL (High to Low) and LH (Low
to High) for 12D6GSB.

corresponds to the phase transition from the cubic to the rhombohe-
dral phase. As shown in Fig. 3, it was not possible to achieve a pure
fcc phase even after the second calcinations step. This implies that
the fcc phase within 12D6GSB is only partially metastable and can
easily transform to the lower conductivity rhombohedral phase with
fast kinetics, thus showing a sharp drop in conductivity. Moreover,
when conductivity of 12D6GSB was measured from low to high tem-
perature it was found that a straight line without conductivity recovery
was observed up to 700°C as shown in Fig. 4. This result is good in
agreement with the previous report that the rthombohedral phase is
relaxed to the high temperature cubic phase above 700°C.2°

Long-term stability.—The long-term stability tests were per-
formed for these 8D4GSB, 10D5GSB and 12D6GSB compositions at
500°C for 100 h and the results are plotted as a function of time in

12D6GSB

Intensity (arb. unit)

”‘JU . ! ! . .

20 30 40 50 60 70 80
20 (degree)

Figure 5. XRD pattern of 12D6GSB after conductivity measurement from
high to low temperature in Fig. 4.
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Figure 6. Conductivity vs. time for 8D4GSB, 10D5GSB and 12D6GSB an-
nealed at 500°C; 20ESB is added for comparison.1

Fig. 6. For all samples, long-term stability tests were conducted after
the initial conductivity measurement from 700 to 300°C. 8D4GSB
and 10D5GSB underwent an initial large conductivity degradation
and then reached a plateau. This conductivity degradation behavior is
very similar to that of 20ESB. On the other hand, the conductivity of
12D6GSB maintained the initial conductivity for 100 h, albeit with an
initial conductivity that was much lower than that of others. This sug-
gests that the cubic to rhombohedral phase change of 12D6GSB was
almost complete during initial conductivity measurements and that no
conductivity degradation is observed after the phase transformation is
complete. Jiang et al. also observed that (Bi»O03)75(Ln203)p25 (Ln =
La, Nd, Sm) had a rhombohedral phase and exhibited only very small
decay during annealing at 500°C.”!

Fig. 7 shows XRD patterns of 8D4GSB and 10D5GSB before and
after annealing at 500°C. Even though both compositions experienced
similar conductivity degradation trends with time, XRD results were
quite different. 8D4GSB maintained the cubic phase, while 1I0D5GSB
underwent a complete transformation from the cubic to rhombohedral
phase after only 24 h annealing at 500°C as shown in Fig. 7b.

This result implies that the conductivity degradation of 8D4GSB
at 500°C is attributed to occupancy ordering and positional order-
ing mechanisms without phase transformation.?>?* This could be ex-
plained from the initial phase stability analysis as shown in Figs. 1 and
2. After first calcination step 8D4GSB had almost cubic phase, while
10D5GSB had larger amount of rhombohedral phase. Therefore, the
fcc phase of 10D5GSB is more metastable than that of 8D4GSB,
thus having a much faster kinetic rate of phase transformation to the
rhombohedral phase at 500°C.

In Fig. 6 and Fig. 7, it is noteworthy that after the rhombohe-
dral phase is formed, no conductivity degradation was observed with
10D5GSB. This observation suggests that the rhombohedral phase
with the layered structure may not experience anion ordering due to
the lower symmetry.

Conclusions

In this study we developed a new co-dopant (Dy and Gd) stabi-
lized bismuth oxide system. The phase pure bismuth oxide with a
cubic crystal structure was achieved with a total dopant concentration
as low as ~12 mol% with 8 mol% Dy and 4 mol% Gd double dopant
composition (8D4GSB), while we observed a tendency to form a
rhombohedral phase as the amount of Gd dopant or total dopant con-
centration increased. Among tested compositions, 8D4GSB showed
the highest total conductivity, which is one of the highest conduc-
tivities ever reported at the temperature range from 300 to 700°C.
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Figure 7. XRD patterns of (a) 8D4GSB and (b) 10D5GSB which was as-
sintered and annealed at 500°C for 24 h and 100 h.

During long-term stability tests, 8D4GSB underwent conductivity
degradation due to anion ordering, while 10D5GSB and 12D6GSB
showed conductivity degradation resulting from a cubic to rhombo-
hedral phase transformation at ~500°C.
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