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bstract

wo oxides, Er2O3 and Nb2O3, are used to stabilize delta-phase Bi2O3 used as electrolyte of solid oxide fuel cell. Optimization of dopant
atio and total doping concentration (TDC) is determined by X-ray diffraction, and successfully reduce the TDC (Er + Nb) to 10–15 mol.%.
onductivities of different compositions are measured by two-probe method. The results show that highest conductivity appears at the minimum
oping concentrations. Phase stability of ENSB samples with Er/Nb ratio of 2/1 and TDC of 10–20 mol.% at 650 ◦C up to 300 h is analyzed showing
wo newly formed (alpha- and gamma-) phases in the samples. Degradation of conductivity at 650 ◦C is studied in detail by DTA and TEM. The

bnormity of lattice contraction of delta-phase is discussed.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

�-Bi2O3 in fluorite structure (�-structure) exhibits the high-
st oxygen-ion conductivity among the oxide conductors.1–3 The
on conductivity of �-Bi2O3 is two orders of magnitude higher
han that of 8 mol.% yttrium stabilized zirconia (8YSZ) which is
urrently used as an electrolyte in SOFC. �-Bi2O3 has high con-
uctivity due to high oxygen vacancies in random distribution
nd weak Bi–O bond, which results in high oxygen mobility.4

herefore, using �-Bi2O3 as the electrolyte of SOFC is pos-
ible at operation temperatures lower than 650 ◦C. However,
i2O3 in �-structure is only stable above 730 ◦C. When cooling
elow 730 ◦C, two metastable phases, tetragonal �-phase and
cc �-phase, appear if appreciated amount of oxide additive is
lloyed. The other stable phase, monoclinic �-Bi2O3, gradually
ppears below 730 ◦C. These phase transformations result in

1
reat reduction of electric conductivity.
The �-structure can be preserved to ambient temperature by

oping enough amount of oxides, such as rare earth (e.g. Sm,
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u, Y),1,4–11 and transition metal (V, Nb, Ta and W) oixdes.1,12

erkerk and Burggraaf11 did a systematically investigation on
he Bi2O3 systems with rare earth dopants (Yb–Gd). They found
hat by doping erbium (Er), the minimum doping concentra-
ion to stabilize �-Bi2O3 is lowest among the rare earth series.
Er2O3)0.2–(Bi2O3)0.8 (as abbreviated as “20ESB”) presents the
ighest conductivity among all single rare-earth dopant systems.
hey claimed that the mismatch of dopant cation radius to host
i3+ radius induced lattice distortion. Less dopant level resulted

n higher conductivity.
Double doping strategy is another idea to stabilize �-

tructure. Meng et al.13 has pointed out that the material system
llows the lower doping concentration to stabilize �-structure
y doping two dopants due to thermodynamic advantage. In
he case of Dy–W stabilized Bi2O3 (DWSB)14,15, the doping
oncentration can be reduced to 12 mol.% and show a higher
onductivity than that of 20ESB.

The �-structure could be stabilized to ambient temperature,
luggish phase transformations are important16–21 during long-
erm aging. A typically phase transformation of Bi2O3–Ln2O3

◦
rom fcc fluorite to rhombohedral occurs below 700 C and most
apid at 600–650 ◦C. This transformation causes the degrada-
ion of conductivity and possibly induces other defects (e.g.
icroflaws). Moreover, Watanabe22 claimed that �-Bi2O3 could

dx.doi.org/10.1016/j.jeurceramsoc.2011.04.016
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F  15 mol.% total doping concentration (TDC). 10ESB and 15ESB mean the Bi2O3

s

n
s
o

e
a
d
o
t
r
o

V
o
a
c
t
c
n
1

o
g
b
c
a
o

ig. 1. XRD patterns of ENSB (a) with a fixed 10 mol.% and (b) with a fixed
amples with 10 and 15 mol.% Er2O3 doping level, respectively.

ot be stabilized by any oxide addition in long-term aspect. The
tabilized bismuth oxides were treated as a quench-in phase, in
ther words, meta-stabilized phase.

Jiang and Wachsman23 did a systematically research on the
ffects of rare earth dopant Bi2O3–Ln2O3 (Ln = Dy, Ho, Er, Tm,
nd Yb) and found that the degradation rate of conductivity
epended on the ion radii and doping concentration. They also
bserved two different mechanisms of degradation. One is phase
ransformation from fluorite to rhombohedral which occurs most
apidly at about 650 ◦C, the other one is the vacancies reversible
rder-disorder transformation which occurs at about 500 ◦C.

The other reports claimed little degradation. Fung and
irka21 reported that the 5 mol.% ZrO2-doped Bi2O3 presents
nly a few percents of conductivity drop during long-term
nnealing. Watanabe and Sekita24 claimed that they found a
omposition domain of Bi2O3–Er2O3–WO3 system, of which
he composition can be truly stabilized in �-structure. The
omposition (Bi2O3)0.705–(Er2O3)0.245–(WO3)0.050 performed
o degradation of conductivity by annealing at 600 ◦C for
000 h.

In this research, Er2O3 and Nb2O5 are used as dopants. The
ptimal dopant ratio and concentration are systematic investi-
ated based on stabilization of the �-structure. The relationship
etween long-term stability of the conductivity and total doping

oncentration of Bi2O3–Er2O3–Nb2O5 system (as abbreviated
s “ENSB”) are studied by annealing at 650 ◦C. Therefore,
ptimal dispersion of powder mixture and pressure filtration to

Fig. 2. XRD patterns of ENSB doped with various total doping concentrations
with a fixed doping ratio of Er/Nb = 2.
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ig. 3. Lattice constant of various ENSB compositions with a fixed doping rati

repare uniform green samples are practiced in order to enhance
he homogeneity of Bi2O3 electrolyte.25

.  Experimental

.1.  Sample  preparation

Powders of Bi2O3 (Solartech, 99.99%), Er2O3 (Fu Yuan,
9.9%) and Nb2O5 (Alfa Aesar, 99.5%) were used to prepare
lurries, then ball-milling with 5 mm zirconia grinding media
n separate polyethylene bottle for 20 h. 1 wt.% (based on the
owder) of dispersion agent D-134 was used for the Bi2O3
lurry and 2 wt.% of Darvan C was used for the Nb2O5. After
ispersed separately, the slurries were mixed together for addi-
ional 3 h, dried and calcined at 780 ◦C for 10 h. The calcined
owders were ground by mortar then sieved through 200-mesh
creen. The sieved powders were used to prepare aqueous slurry
f 28 vol.% with dispersant D-134, and mixed again with the
irconia media for 20 h. Finally, the slurries were used to pre-
are disk-shape pellets by pressure filtration. The pellets had a
iameter of 1.0 cm and a thickness of 0.2 cm and sintered at the
70 ◦C for 10 h in atmosphere. All pellets had a sintered den-
ity greater than 95% theoretical density (T.D.) by Archimedes
ethod.
The sintered pellets were polished step-by-step by SiC sand

apers from #200 to #4000 mesh and cleaned in ultrasonic bath.
fter drying in air, only the samples for conductivity test were

puttered with Pt thin layer on both sides, then connecting Ag
ires by Ag paste as electrodes.

.2. Characterization

The crystalline structure of as-sintered and annealed sam-

les was identified by X-ray diffraction analysis (XRD, Rigaku
TRAX III). XRD patterns were obtained at ambient tempera-

ure by using Cu K�  radiation between 20◦ and 60◦ (2�) with
canning rate of 5◦/min. The XRD patterns were indexed by the

F
1

r/Nb = 2. The ESB14 and NSB12 in literature are included for comparison.

rogram JADE5 which included the functions of phase identifi-
ation and d-spacing calculation. The microstructures and phase
dentification of annealed samples were observed by scanning
lectron microscopy (SEM, JEOL JSM-6510) and transition
lectron microscope (TEM, Philips Tecnai G2).

Conductivities of sintered samples were measured by two-
robe DC method. The temperature range was selected from
00 ◦C to 700 ◦C and tested at each 50 ◦C step. Every tem-
erature step was kept at least 5 min to reach equilibrium. The
esistance was read by 7555 Digital Multimeter (Yokogawa) and
onverted to conductivity by considering the area of electrode
nd thickness of electrolyte as follows:
ig. 4. Conductivities of three samples in the composition of 6.7E3.3NSB,
0E5NSB and 13.3E6.7SB plotted against 1/T.
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Fig. 5. XRD patterns of (a) 6.7E3.3NSB, (b) 10E5NSB and (c) 13.3E6.6NSB
annealed at 650 ◦C for 0, 20, 40, 100 and 300 h.
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Fig. 5. (Continued )

here σ  and R  are the conductivity and resistance of electrolyte,
 and A  are the thickness of electrolyte and the area of electrode,
espectively.

The thermal behavior of the annealed samples was investi-
ated by differential thermal analysis (DTA, TA SDT-Q600).
he samples heated in 10 ◦C min−1 in platinum crucible in air
tmosphere.

. Results  and  discussion

.1.  Phase  stabilization

In order to find the best dopant ratio and concentration, five
ifferent Er/Nb ratios 3:1, 2:1, 1:1, 1:2 and 1:3 were tested. Fig. 1
hows the XRD patterns of the samples with fixed amount of total
opant, either 10ESB or 15ESB. The results in Fig. 1(a) shows
hat �-structure can be retained to ambient temperature when the
opant ratio is Er/Nb = 2. However, for the other samples with
0 mol.% total dopant concentration (TDC), a small amount of
econdary phase becomes evident. The sample of Er/Nb = 1/3
lso shows good ability to stabilize the �-phase, but the sample
ith Er2O3-rich ratio (Er/Nb = 2) are rich in oxygen vacancy,
ossibly perform higher ionic conductivity. Fig. 1(b) shows the
RD patterns with TDC fixed at 15 mol.% and all ratios can

tabilize �-phase, including 15ESB.
Based on the results from Fig. 1, the samples with TDC from
 to 20 mol.% with same dopant ratio Er/Nb = 2 are tested and
hown in Fig. 2. The minimum TDC of ENSB is reduced to
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Fig. 6. SEM micrographs illustrating the surface morphologies of the sam-
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les (a) as-sintered 13.3E6.7NSB, (b) 6.7E3.3NSB, (c) 10E5NSB and (d)
3.3E6.7ESB annealed at 650 ◦C for 300 h.

0 mol.% enough to prevent the formation of secondary phase,
.e. �-phase shown in cooling process.

The lattice constant of the fluorite ENSB of various TDC

ith same dopant ratio Er/Nb = 2 were determined from three

trongest peak positions and shown by an average value. The
iffraction signal was obtained from the interior of the sam-

F
d
5

ig. 7. Time dependant conductivity for 10E5NSB annealed at 650 ◦C as a
unction of time.

les, which were all polished to remove the skin and to avoid
he possible Bi evaporation from the surface. Fig. 3 shows the
attice constant of ENSB with various TDC at ambient temper-
ture. The ion radii of Er3+ (1.004 Å) and Nb5+ (0.74 Å) are
maller than that of Bi3+ (1.17 Å). The lattice constant of ENSB
ecreases with increasing TDC.

Comparing to ESB,23 the ENSB materials showed a different
attice contraction behavior. The abnormity (discontinuity) is
ound at TDC of 15 mol.%. For the TDC larger than 15 mol.%,
he lattice constant lies in between those of ESB and NSB, and
loser to the ESB. It due to the dopant ratio Er/Nb = 2. When
he TDC is less than 15 mol.%, ENSB has a smaller dependence
f lattice constant on dopant concentration. It could be the co-
xisted behavior of two phases for the TDC = 10–15 mol.%. The
attice constant is also controlled by the presence of other phase.
owever, no evident of any second phase is observed in the
uench-in samples, as shown in Fig. 2.

The other possibility is the amount of oxygen vacancies.
hen Nb2O5 is added into Bi2O3, the defect chemical reaction

an be written as below:

b2O52V̇  =  2NbBi +  2Ox
Bi + 1

2
O2(g) (2)

The amount of oxygen vacancies deceases with increasing the
oping concentration of Nb2O5, but not for Er2O3. High content
f oxygen vacancies concentration may have structural insta-
ility, and tend to form low symmetric �-structure. The lattice
ontraction behavior is certainly different when the vacancy con-
ent reduced to the level and favored the phase transformation of
-to-� structure. The evidence of abnormality will be presented
ith the results of long-term annealing in following sections.

.2. Electric  conductivity

The conductivity results of three ENSB samples
6.7E3.3NSB, 10E5NSB, 11.25E3.75NSB) are shown in

ig. 4. The results of 6.7E3.3NSB show the best with con-
uctivity of 0.351, 0.209, and 0.116 S cm−1 at 700, 600, and
00 ◦C, respectively. The typical trend of conductivity versus
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Fig. 9. Diffraction patterns obtained for the 10E5NSB after 300 h annealing at
650 ◦C. (a) 〈0 0 1〉 zone: g1 and g2 correspond to the {2 0 0} family of cubic
�-Bi2O3 (JCPDS card 52-1007). (b) 〈1 1 0〉 zone: g1 and g2 correspond to the
{1 1 1} and {2 0 0} family of cubic �-Bi2O3. Long range orderings along 〈1 0 0〉,
〈1 1 0〉, or 〈1 1 1〉 directions are not observed.
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Fig. 8. DTA curve for the 10E5NSB been annealed at 650 ◦C for 300 h.

oping concentration is also observed in ENSB system. At
xed dopant ratio, the conductivity decreases with increasing
f doping concentration, which agrees with previous report.
ctivation energy of migration of the oxygen through the
acancy-exchange mechanism is calculated by the following
mpirical equation:

T  =  A  exp

(
Ea

kT

)
, (3)

here σ  is oxygen ion conductivity, T  is absolute temperature, A
s a pre-exponential term, k  is Boltzmann constant and Ea is acti-
ation energy of the oxygen migration. The measured energies
nd their deviations are listed in Table 1. The reported results of
he ESB are added for comparisons.

The conductivities in Fig. 4 experience a slope change
round 600 ◦C. Literature has reported that doped �-Bi2O3 goes
hrough an oxygen-vacancies order-disorder transition, which is
eflected by a change of activation energy, at about 600 ◦C.4,11,23

hen the temperature is greater than the order-disorder temper-
ture, the disorder state of oxygen vacancies is maintained, so
he migration of oxygen through the O–VO exchange in flu-
rite structure is controlled by how difficult to overcome the
dge blocking effect.11,26,27 When the temperature is below
he order-disorder temperature, oxygen-vacancies tend to form
hort-range ordering in the compositions with M-O (M is Er3+ or
b5+ smaller ions). The edge blocking does not play the major

ole in the cases, instead, the bond strength of M-O controls the
igration of oxygen.11

For three ENSB compositions (6.7E3.3NSB, 10E5NSB,
1.25E3.75NSB), the activation energy of high-temperature
egion is increased with the doping concentration. However, the
.7E3.3NSB and 10E5NSB have very close value of the activa-
ion energy. It is due to that the lattice constant of 6.7E3.3NSB
5.523 Å) and 10E5NSB (5.519 Å) are very close, the edge

locking effect of both is almost the same. The activation energy
f low-temperature region shows similar trend, which agrees
ith the previous report.11,15

f
o
F

.3.  Long-term  stability

Three samples, 6.7E3.3NSB, 10E5NSB and
1.25E3.75NSB, have been tested at 650 ◦C for 20–300 h. The
volution of phases identified by XRD is shown in Fig. 5. In
ig. 5(a), the single �-phase shows wider diffraction peaks,

mplying additional fluorite structure with slightly different
attices constant appeared from 20 h annealing. After 100 h
nnealing, the �-phase appeared and co-existed with �-phase.
n Fig. 5(b), the 10E5NSB sample has no obvious second phase
ormation after 100 h annealing test. Nevertheless, only trace

f �-phase appears after 300 h. Similar phase transformation in
ig. 5(c) for the composition 13.3E6.7NSB, additional �-phase
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Table 1
Activation energies of various Er and Nb co-doped Bi2O3 sample in the specified temperature region.

Compositions Activation energies (eV) Reference

High temperature (≥600 ◦C) Low temperature (≤600 ◦C)

6.7E3.3NSB 0.89 ± 0.03 1.17 ± 0.09
This study10E5NSB 0.89 ± 0.03 1.19 ± 0.02

13.3E6.7NSB 1.07 ± 0.03 1.18 ± 0.03
15ESB 0.58 ± 0.02 1.08 ± 0.03

Verkerk et al., 1980
20ESB 0.64 ± 0.03 1.190 ± 0.005
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ote: the deviation of energy value is estimated in 95% confident interval.

n the 13.3E6.6NSB after 100 h aging was detected, and the
ontent increased continuously with time.

Fig. 6(a) shows the SEM image of the polished surface of as-
intered ENSB sample and Fig. 6(b)–(d) show the as-annealed
urface images of the samples by 650 ◦C for 300 h. The as-
intered sample presents dense surface and only trace of tiny
ores are observed. Plenty of platy features in Fig. 6(b) are
oted in Bi2O3-based grains to be �-phase. But some grains
re free from the platy feature. The SEM images of annealed
0E5NSB in Fig. 6(c) shows a few newly grown features, two
ointed grains at grain boundary are found. Those can be the
-grains precipitated from matrix. The SEM image of annealed
3.3E6.7NSB in Fig. 6(d) presents submicron �-grains in matrix.
ccording to the results of XRD and SEM, 10E5NSB is rela-

ively stable than the other two while annealing at 650 ◦C.
The long-term conductivity test annealing at 650 ◦C of

he stable sample 10E5NSB is shown in Fig. 7. The anneal-
ng result presents a fast degradation of conductivity in
arly time. The conductivity has degraded continuously to
.6 ×  10−2 S cm−1 with time until ∼150 h. In order to clarify
he mechanism of conductivity degradation, DTA and TEM
ave been carried on for analysis. According to the report
y Jiang et al.14 a vacancy ordering-disordering transforma-
ion involved the entropy variation and an endothermic peak
ppeared in their DTA result during heating for vacancy-ordered
amples.

Fig. 8 shows the DTA result of 10E5NSB sample which
as been annealed at 650 ◦C for 300 h. No any endothermic
eak around 600 ◦C is observed in the 10E5NSB sample. Addi-
ional TEM diffraction patterns were obtained in search of the
vidence of vacancy ordering. Fig. 9(a) was the pattern on
0 0 1〉  zone, where g1 and g2 correspond to the {2 0 0}  fam-
ly of cubic �-Bi2O3. Fig. 9(b) was on 〈1 1 0〉  zone, where g1
nd g2 correspond to the {1 1 1}  and {2 0 0}  family of cubic
-Bi2O3, respectively. Both diffractions revealed no faint super-
attice reflections. Although long-range vacancy ordering and
rder-disorder endotherm were absent in 10E5NSB, the imme-
iate conductivity decay within the first 50 h at 650 ◦C clearly
ndicated dominated by the formation of secondary phase, i.e.
-structure.

Other possibility, short range ordering by structural relax-
tion, was proposed in the study of long term annealing of

i2O3–Er2O3–PbO by Webster et al.28 Their DTA curve and
EM diffraction of 27E(Er)3PbSB did not reveal endothermic
eaks nor superlattice reflections in 〈1 1 1〉  direction until after
000 h annealing. They suggested conductivity decade was due
o short-range 〈1 1 1〉  oxide-ion sublattice ordering.28

Since “true” stability of most dopant-stabilized �-Bi2O3 is
uestioned by Watanabe,22 His recent work reported that24 the
ompositional domain at 24.5E(Er)5WSB showed first fully
tabilized �-Bi2O3, which exhibited a merely 1% conductiv-
ty decay up to a period of 800 h annealing at 600 ◦C. It is
elieved that the temperature-time dependences of the conduc-
ivity behaviors demonstrated relaxation phenomenon could be

 matter of kinetics, similar to the suggestion by Jung et al.29

.  Conclusion

Bi2O3-based materials are stabilized to �-phase with total
oping concentration of (Er + Nb) reduced from 20 mol.% to
0 mol.% with double dopants in a ratio of Er/Nb = 2. The rel-
tive content of Er and Nb induced two-step lattice contraction
ehavior when TDC is less than 15 mol.%.

For the composition 6.7E3.3NSB with the best electric con-
uctivity in short term aspect, the conductivities were 0.351,
.106, 1.26 ×  10−2 S cm−1 at 700 ◦C, 600 ◦C and 500 ◦C. But
his sample grew appreciable amount of �-phase and the con-
uctivity decreased dramatically after annealing at 650 ◦C for
00 h. In comparison, only trace of �-phase was observed in
0E5NSB sample. The sample degraded to 1.6 ×  10−2 S cm−1

t 650 ◦C in 150 h and kept nearly the same level of electric con-
uctivity until 300 h. No long-range vacancy ordering by DTA
nd TEM was observed in this sample which had been annealed
t 650 ◦C for 300 h. The slow phase transformation of �-to-�
tructure may be responsible for the conductivity degradation.
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