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bstract

i2O3 materials doped with various SnO2 concentrations were prepared by colloidal process and solid state reactions to achieve high density
nd uniform microstructure. Thermal behavior, and crystalline phases of the SnO2–doped Bi2O3 (BSO) samples were investigated by differential

hermal analyses, X-ray diffraction, and scanning electron microscopy. A new phase diagram of Bi2O3–(1–10 mol%) SnO2 system is proposed in
his study. The results show that 1 mol% SnO2 doped concentration is totally dissolved in Bi2O3 without the existence of any impurity phases as
ompared to higher doping SnO2 concentration.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Intermediate-temperature solid oxide fuel cell (IT-SOFC)
as been developed to solve the problems associating with the
peration of the ZrO2-based fuel cells at high temperatures
>800 ◦C). Degradation of metallic and glassy materials, intro-
uction of thermal stresses, and inter-diffusion between cell
arts are always associated with the high operation temperature
nd have been greatly concerned in the past decade. Yttria-
oped zirconia (YSZ) had been the most common electrolyte
aterial for SOFC, and became a challenge if used at the tem-

eratures <650 ◦C due to its poor conductivity. Researches in
he last decade have been conducted to develop new kinds of the
lectrolyte to replace YSZ. One of the candidates is stabilized
i2O3 and its derivatives.

The main interest in the stabilized Bi2O3 materials arises
rom a high ionic conductivity of �-phase Bi2O3, which origi-
ates from1–4:

1) high polarizability of Bi cation network and highly disor-

dered anion network lead to high O2− mobility;

2) high concentration of intrinsic oxygen vacancy in the fluo-
rite structure, up to 25% of the oxygen sites;
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3) good accommodating capability of alio-valent cations into
the matrix with highly disordered surroundings.

Many Bi2O3–MO binary systems have been reported in lit-
rature, in which the used MOx dopant is either alkaline earth
xide, rare-earth oxide, pentavalent oxide (M V, Nb, Ta), or
eavy element oxide (for example, M W or Mo). Those systems
howing stabilized fluorite structure (�-structure) or rhombo-
edral structure (�-structure) have a good electric conductivity
roperty.1–3 Among these, the highest conductivity of 20 mol%
r2O3–doped Bi2O3 (ESB) reported by Wachsman’s group5

eaches 0.23 S/cm at 600 ◦C. Another example is 5 mol% ZrO2
oped in Bi2O3 system. The existence of ZrO2 is proven to
inetically stabilize �-structure which cannot sustain long-term
hermal treatment originally.6

Two possible defect reactions of ZrO2 in Bi2O3are:

3

2
ZrO2 → 3

2
Zr

•
Bi +  3Ox

O + 1

2
V ′′′

Bi (1)

ZrO2 +  V
••
O →  2Zr

•
Bi +  4Ox

O (2)

Fung et al.6 reported the later one was likely to occur since a
igh oxygen vacancy concentration existing in Bi2O3.

However, these doped-Bi2O3 electrolyte materials are pos-
ibly unstable in the reducing atmosphere. For example,

7
achsman et al. reported that Bi metal would form as Er-
tabilized Bi2O3 material tested in H2/H2O atmosphere although
t can stable at an oxygen partial pressure as low as 10−20 atm in
he Ar/O2 atmosphere. They also claimed that the existence of

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.012
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Table 1
Bi2O3 phase transition temperature reported in literature.

Phase transition temperature (◦C) Reference

�–� �–L

729 824 Shuk et al.3

730 Over 825 Kargin et al.11

730 825 Galakhov12

740 825 Asryan et al.13

730 800 Levin et al.14

727 N/A Rao et al.15
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on the mixing rule of two pure oxides according to the specified
29 824 Harwig and Gerards16

2 would kinetically reduce Bi2O3. One of proposed methods
o solve the problem was using a thin YSZ layer to protect the
oped-Bi2O3 electrolyte.2,6

Fung et al.6 proposed that other tetravalent dopants have
imilar kinetically stabilized effect as ZrO2 in Bi2O3 matrix.
ince they reported that the stabilization effect was due to the
ormation of cation interstitial. And the ionic radius of Sn4+

0.069 nm) is similar to the radius of Zr4+ (0.072 nm), and might
ave same conductive mechansim.8,9 The doping of SnO2 into
i2O3-based system has a similar effect on Bi2O3 as the case
eing doped by ZrO2. According to the possible defect reaction:

SnO2 +  V
••
O →  2Sn

•
Bi +  4Ox

O (3)

he concentration of the oxygen vacancy is reduced when the
etravalent cation is doped into Bi2O3. Thus, the interaction
etween oxygen vacancies is less likely and possibility of the
ormation of defect cluster is decreased.

Another advantage of SnO2 is the stability of the oxide in
ydrogen-assisted reducing atmosphere. Hoflund10 reported that
nO2-based materials are fairly inert to a strongly reductive

reatment by 40 Torr of H2 at 200 ◦C as holding for 1 h. The
tability in reducing atmosphere was due to the existence of
alence transition of the composition between SnO and SnO2.

According to the Bi2O3–SnO2 phase diagrams reported in lit-
rature, one intermediate phase Bi2Sn2O7 and a eutectic point at
i2O3-rich side are noted. No obvious SnO2 solid solutions near

he Bi2O3-rich side are reported.11–14 However, several discrep-
ncies are found existing between those phase diagrams. They
re:

1) The phase diagram published by Kargin et al.11 shows a
solidus line located at the temperature range of 790–825 ◦C
as the SnO2 concentration is lower than 66.7 mol%.
However, the curve does not exist in the other phase
diagrams.12–14

2) The transition temperature of �–�  phase and melting tem-
perature of pure Bi2O3 reported in literature are different, as
summarized in Table 1. The possible �–�  phase transition
temperature is 730 ◦C, and melting temperature is 825 ◦C.

3) Different positions of liquidus line near the Bi2O3-rich side.

For example, 10 mol% SnO2–doped Bi2O3 can melt com-
pletely at 900 ◦C according to the phase diagrams reported
by Galakhov12 and Asryan et al.13, while the material still

m

J
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stay as solid phase according to the diagrams reported by
Kargin et al.11 and Levin et al.14

A careful study in the region containing 0–10 mol% SnO2
etween 500 and 1000 ◦C is need. This study is planned to under-
tand the phase transition behavior of 1–10 mol% SnO2–doped
i2O3, so to find an appropriate composition which can stabilize
-phase, and to find a composition performing a good electrical
onductivity at 500–650 ◦C.

. Experimental  procedures

Bi2O3 powder (99.99%, Alfa Aesar, USA) and SnO2 powder
99.9%, Alfa Aesar, USA) were used to prepare Bi2Sn2O7 phase
nd variousSnO2–doped Bi2O3samples. The dopant molar ratio
nd the name of the sample are abbreviated as 0.5BSO, 1BSO,
BSO, 4BSO, 6BSO, and 10BSO. D-134 (ammonium salt of
omo-polymer of 2-propenoic acid, Dai-ichi, Japan) was cho-
en as the dispersant for both oxide powders.17 The flowchart
f the experimental steps is shown in Fig. 1. Bi2O3 slurries at
8 vol.% solid loading and SnO2 slurries at 25 vol.% solid load-
ng were individually prepared by mixing with de-ionized water
nd 2 wt.% D-134 (based on powder), and then ball-milling for
4 h. Two dispersed slurries were consequently mixed accord-
ng to specified molar ratio. The mixed slurries were placed in a
urbo mixer for 2 h to reach homogeneity, then dried by a rotary
acuum evaporator. Dried mixtures were calcined at 700 ◦C for

 h and ground to passed 220 mesh screen. Die-pressing was
sed to make green pellets for the following experiments. 2 g
owder as a batch was preloaded in WC die and die-pressing
y the steps using a pressure of 12 MPa holding for 1 min, then
7 MPa for 2 min. The green pellets were sintered at 800 ◦C for

 h in air.
To investigate the phase transition and crystalline behavior

f the samples, differential thermal analyzer (DTA, SDTQ600,
A Waters LLC, USA) was used to investigate the phase tran-
ition behaviors of the samples. Powder samples were placed
n Pt crucible in air, and heated to 850 ◦C at a ramping rate of
0 ◦C/min or 2 ◦C/min. While an X-ray diffractometer (XRD,
igaku TTRAX 3) was used to study the formation of crys-

alline phases and to quantify the phases of the samples. The
canning was carried on from 20◦ to 60◦ with a step of 0.02◦
nd a scan speed of 4◦/min or 1◦/min. Owing to the coexistence
f �-Bi2O3 and Bi2Sn2O7 phases in the Bi2O3–SnO2 phase
iagram11–14, the quantification of SnO2 content in BSO sam-
les by the X-ray intensity–concentration calibration line for
i2O3 and Bi2Sn2O7 was firstly made. The standard samples
f pure Bi2O3 and Bi2Sn2O7 mixture with various molar ratios
ere prepared by simply grinding/mixing in ethanol solution.
he integral intensities of strongest peaks of the two phases
ere used to calculate the relative concentrations.
Archimedes’ method was employed to get the density of sin-

ered samples. The theoretical densities were calculated based
olar ratio of Bi2O3 and SnO2.
Scanning electron microscope (SEM, JSM 6510, JEOL,

apan) was used to observe detail microstructure. The sintered
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Bi2Sn2O7 is stable from 690 C to above 1000 C , the exis-
tence of the peak should be the dissolution of SnO2 into the
Bi2O3 matrix.
Fig. 1. Experimental flowchart of the SnO

pecimens were polished using SiC abrasive papers, and then
leaned in alcohol by ultrasonic cleaner. After drying, the sur-
aces of the samples were coated with thin Pt film so makes the
ample electric conductive for SEM observation.

. Results  and  discussion

.1.  Phase  transition  of  SnO2–doped  Bi2O3

Thermal behavior of BSO samples was investigated by select-
ng a melting temperature 825.0 ◦C of pure Bi2O3 as the standard
emperature for all DTA tests. Two phase transition tempera-
ures, Tt1 and Tt2, were observed in all samples. Compared to
he Bi2O3–SnO2 phase diagram11–14, the Tt1 temperature cor-
esponds to the phase transition of �- to �-Bi2O3 phase. Tt2
as recognized as the melting point of a binary composition.
he solidus line referred in the report of Kargin et al.11 was not
bserved in this study. The average phase transition tempera-
ure of �- to �-phase (Tt1) is 725.6 ±  1.4 ◦C, and melting point
Tt2) is 827.3 ±  1.5 ◦C, as shown in Table 2. The deviations
ossibly came from the instrumental error and compositional
nhomogeneity of the testing samples. Statistical method18, i.e.,
-distribution, was used to analyze the phase transition temper-
tures at a heating rate of 10◦/min. The mean value, standard
eviation (StDev), and 90% confidence interval (90% CI) of Tt1
nd Tt2 values are summarized in Table 2.

The effect of heating rate on the thermal behaviors of BSO
amples was also investigated by DTA. As seen in Fig. 2,

◦ ◦ ◦

t1 = 725.9 C and Tt2 = 827.7 C at a heating rate of 2 /min
ere also obtained for 2BSO sample. Compared to the results
f 2BSO samples by a heating rate of 10◦/min, the effect of
ifferent heating rates on the �- to �-phase transition and melt-
ed Bi2O3 samples prepared in this study.

ng temperature is not apparent. This result implies that the data
easured at the 10 ◦C/min or 2 ◦C/min are reliable.
An endothermic peak as the arrow indicated in Fig. 2 was

ound in all DTA curves of BSO samples other than the peak
epresenting the �- to �-phase transition, but the peak was
ot observed in the results of pure Bi2O3. Since the �-phase

◦ ◦ 13,19
Fig. 2. DTA results of 2BSO samples at different heating rates.
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to the Bi2O3–MOx phase diagrams, the amounts of oxides which
ig. 3. X-ray diffraction patterns of BSO samples sintered at 800 C for 2 h.

Two crystal phases of sintered BSO samples determined
rom the XRD spectra have been identified, either monoclinic
i2O3 (�-Bi2O3) or cubic Bi2Sn2O7 (�-Bi2Sn2O7), as shown in
ig. 3. The major peaks of all BSO samples are �-phase Bi2O3,
hile the intensity of Bi2Sn2O7 phase increases with increasing
nO2 content. As 1 mol% SnO2 is doped in Bi2O3 matrix, only
-Bi2O3 peaks are observed. In order to do an accurate iden-

ification of 1BSO sample, slower scanning rate of 1◦/min was
erformed (the data not shown herein). Bi2Sn2O7 phase is not

bserved in 1BSO sample even scan with the low speed, indi-
ating that 1 mol% SnO2 completely dissolve in Bi2O3 matrix.

c
T

nO2. The insert shows the melting point of pure Bi2O3 and the peritectic point
f �-phase to L + Bi2Sn2O7 transition.

Fig. 4 shows a proposed Bi2O3–SnO2 phase diagram in the
egion of 1–10 mol% SnO2. The difference of phase transition
emperature of pure Bi2O3 and BSO samples is conjectured to be
he effect of SnO2–dissolution in Bi2O3. From the DTA analysis
esults listed in Table 2,the melting point raises to a higher value
827.3 ±  1.5 ◦C) as slightly SnO2 was doped, which is not seen
n those Bi2O3–SnO2 phase diagrams.11–14 The phase transition
ehavior of the samples with 0–1 mol% SnO2 region was spec-
lated similar to that shown in Bi2O3–ZrO2 phase diagram.14

he location of liquidus line was decided according to the crys-
alline conditions of quenched samples from 900 to 1000 ◦C,
hich were examined by XRD.

.2. Properties  of  sintered  BSO  samples

The XRD intensity of various concentrations of Bi2Sn2O7
n the mixture of Bi2O3 and Bi2Sn2O7 was used to quantify
he SnO2-content in sintered BSO samples. The integral inten-
ities of maximum peaks of two phases, corresponded to {1 2 0}
f Bi2O3 (2θ  = 27.4◦) and {2 2 2}  of Bi2Sn2O7 (2θ  = 28.8◦),
ere calculated. The calibration curve of Bi2O3–Bi2Sn2O7 was
btained from the standard samples (not shown herein). The
ntensity ratios, IBi2Sn2O7/IBi2O3 +  IBi2Sn2O7 , of sintered BSO
amples are obtained from the XRD results in Fig. 3. According
an dissolve in Bi2O3 matrix are less than 1 mol% in most cases.
he solubility of the M2O5 (M V, Nb, etc.) in Bi2O3 matrix is
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Table 2
Quantitative results of BSO sample analyzed by DTA.

Sample name Tt1 (◦C) Tt2 (◦C)

Mean (◦C) StDev (◦C) 90% CIa (◦C) Mean (◦C) StDev (◦C) 90% CIa (◦C)

Bi2O3 730.0 – – 825.0 – –
0.5BSO 726.0 0.6 725.3–726.8 826.6 1.4 824.9–828.2
1BSO 725.7 1.5 724.0–727.5 827.6 1.6 825.8–829.4
2BSO 725.6 1.4 724.0–727.3 828.2 1.5 826.5–830.0
4BSO 725.7 1.5 724.0–727.4 826.6 1.5 824.9–828.3
6BSO 725.8 1.4 724.2–727.4 827.2 1.3 825.6–828.8
8BSO 725.6 1.3 724.0–727.1 827.1 1.6 825.1–829.0
10BSO 725.1 1.3 723.6–726.6 826.9 1.6 825.0–828.7
1∼10BSO 725.6 1.4 – 827.3 1.5 –

a 90% confidence internal (CI): there are 90% of the measured results, which are measured by same steps, fall in the interval.

Fig. 5. SEM microstructures of polished BSO samples sintered at 800 ◦C for 2 h. (a) 1BSO by secondary electron (SE) mode, (b) 1BSO by back-scattered electron
(BSE) mode, (c) 2BSO by SE mode, (d) 2BSO by BSE mode, (e) 6BSO by SE mode, (f) 6BSO by BSE mode, (g) 10BSO by SE mode, and (h) 10BSO by BSE
mode.
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Jersey: John Wiley & Sons, Inc.; 2007. pp. 137–215.
19. Jones RH, Knight KS. The Structure of �-Bi2Sn2O7 at 725 ◦C by high-

resolution neutron diffraction: implications for bismuth(III)-containing
pyrochlores. J Chem Soc Dalton Trans 1997;15:2551–5.
158 T.-C. Kuo et al. / Journal of the Europ

bout 2.5 mol%, which is higher than other oxides.14 But none of
olubility range of Bi2O3 in Bi2Sn2O7 are reported in literature.

For electrolyte application in SOFC, density is one of impor-
ant properties for the electrolytes, of which the porosity should
e less than 10%. The apparent bulk densities of sintered BSO
amples are ∼95%, which are high enough to prevent the
rossover of fuel gases and the oxidant.

Fig. 5 shows the microscopic pictures of the polished sur-
aces of sintered BSO samples. Phase separation of Bi2Sn2O7
n Bi2O3 matrix can be examined by back-scattered electron
BSE) mode, and proven by energy-dispersive spectroscopy
EDS) in the 2BSO–10BSO samples. For 1BSO sample, homo-
eneous solid solution could be assured by BSE mode. Apart
rom 1BSO sample, the existence of two-phase microstructure
an be observed in the SEM micrographs. The tendency that the
mount of Bi2Sn2O7 phase increase as SnO2-doped molar ratio
s also shown. The SEM images are consistent with the XRD
esults of Fig. 3.

XRD and SEM results indicated that about 1 mol% SnO2 was
otally dissolved in Bi2O3 matrix, in accordance to the proposed
ew Bi2O3–(10 mol%) SnO2 phase diagram. The phase diagram
onsists of two-phase (L + �-phase) region, a solid-soluted �-
hase region, and a peritectic temperature at 827 ◦C, as shown
n the insert of Fig. 4.

. Conclusions

The phase transition behavior of 1–10 mol% SnO2–doped
i2O3 samples has been investigated. The DTA results showed

hat �–�  phase transition temperature is 726 ±  1.5 ◦C, and
eritectic point of �-phase to L + Bi2Sn2O7 transition is
27 ±  1.6 ◦C. While XRD and SEM results showed that the 2nd
hase (Bi2Sn2O7) existed in all BSO samples except of 1BSO.
he modified binary phase diagram is proposed, as shown in
ig. 4.

The sintered single-phase 1BSO sample is dense (>95.0%
.D.). Uniform microstructure of BSO samples consisted of �-
i2O3 and Bi2Sn2O7 grains. Doping of Sn4+ cation into Bi2O3
ould not stabilize the �-phase, but transform to �-phase below
26 ◦C.
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