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Abstract

Yttrium and bismuth co-doped BaCeO3 (BaCegs_Y(2Bi O5_s5, x=0, 0.1, 0.3, 0.5, abbreviated as B0, B10, B30, B50, respectively)
powders were successfully synthesized by the citrate-EDTA auto-ignition method and dense ceramics were also obtained. The
investigations were mainly focused on the chemical stability and electrical performance of the bismuth doped BaCe3Y(,03_5s. The
phase and thermal analysis of the powders demonstrated that the appropriate amount of Bi dopant can well stabilize BaCeO3 (e.g.
Bi=0.3 and 0.5) and prevented them from boiling water damage, whilst the stability in CO,-containing atmosphere degraded with the
increase of the bismuth content. It was demonstrated that in wet air, the conductivities of B30 and B50 reached as high as 0.20 S/cm and
0.71 S/cm at 700 °C, respectively. And both were one order of magnitude higher than that of BO. An electron conduction mechanism for
the bismuth doped BaCeO; specimen was proposed. Yttrium and bismuth co-doping exerted influences on both the chemical stability

and electrical performance.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Proton conductor with perovskite structure reported in
1981 by Iwahara et al. [1] has been explored in many
applications, such as fuel cells [2], ammonium synthesis [3],
hydrogen pumps [4] and so on. In particular, there are
many advantages for protonic ceramic fuel cells (SOFC-H™)
over oxygen ionic ceramic fuel cells (SOFC-O%7) [5]. It is
unnecessary to circulate the fuel and can work at lower
temperatures. Moreover, SOFC-H ™ usually shows better cell
performance than that of SOFC-O”~. But its real applica-
tions are still limited owing to many problems, especially for
the sake of protonic conductive ceramic electrolytes. The
instability of the solid electrolytes in the atmosphere contain-
ing H>O and CO, and their low electrical conductivity are
the most worrying issues. Furthermore, suitable anode and
cathode materials with mixed ionic—electronic conduction,
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low polarization resistance and good stability are also under
development.

A typical example of solid electrolytes used in SOFC-H ™
is BaCe( Y 203_s, which has a superior protonic conduc-
tivity but lacks chemical stability in CO, and H,O [6].
Kreuer found that the electronegativity of ions in crystal
lattice played a key factor that greatly influenced the
stability of the system [7]. So up to now the introduction
of elemental dopants into the host has been being an
attractive way to improve its stability. For example,
elements with higher electronegativity (Mulliken Electro-
negativity) than cerium (Ce** =51 eV), such as zirconium
(Zr*T =579 ¢V), have been demonstrated as good candi-
dates of dopants to enhance the stability of BaCeOs by
many researchers [8—10]. Among them, bismuth (Bi) is also
considered to be a special element even with much higher
electronegativity (e.g. Bi>T =72 ¢V) than that of zirconium
and therefore be inevitable to influence the stability of the
host. Additionally, the fact that Bi ions in BaBiOs possess
two valences: Bi’* and Bi’*, may also exert some effect on
the host [11]. Furthermore, it is well known that Bi,O5 is an
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effective sintering aid of ceramics [12,13]. Therefore, in this
work yttrium and bismuth were simultaneously introduced
into BaCeOs lattice in order to investigate the effect of co-
doping on the chemical stability, sinterability and electric
properties.

2. Experimental
2.1. Sample preparation

At present, researchers widely use the combustion method
to prepare homogenous and ultrafine oxide powders, espe-
cially the multi-components oxide powders [14-16]. A citrate—
ethylenediaminetetraacetate acid (EDTA) auto-ignition
method was adopted in this work.

Ba(NO3)2, CC(NO3)3 . 6H20, Y(NO3)3 . 6H20 and
Bi(NO3)3- SH,O (A.R.) in stoichiometric proportion were
dissolved in pre-mixed EDTA solution containing ammo-
nium. The resulting solution was adjusted to be neutral by
dropping nitric acid solution and stirred for 12 h to form
uniform metal ion-EDTA complex compound. Then the
citric acid (citric acid: metal nitrates: EDTA molar
ratio=1.5:1:1) was added to the above complex compound
and the resulting mixture was kept stirring overnight. Water
was slowly evaporated at 80 °C. As soon as the sol formed,
it was transferred to an electric oven and heated until auto-
ignition happened. The as-burnt powder was heat-treated at
600 °C for 3 h to remove organic residues and further
calcined to form final structures at a proper temperature
on the basis of the TG-DSC analytical results.

2.2. Characterization techniques

X-ray diffraction (XRD, Rigaku, Ultima IV) with CuK«
radiation, was used to characterize the phase change of the
powders before and after boiling water treatment. With
regard to the stability against CO,, thermogravimetric
analysis of the synthesized powders in 97%N,+3%CO,
atmosphere [17,18] at 700 °C for 2 h was carried out on a
NETZSCH STA 409PC thermal analyzer.

For the sake of obtaining dense ceramics, dilatometry
(Netzsch, DIL 402C) on the green body cylinders (®5
mm x 10 mm) was performed in nitrogen in order to
determine a proper sintering temperature. Pellets (2.5 mm
in thickness, 12 mm in diameter) were iso-statically pressed
at 250 MPa and sintered. The microstructures of the
sintered pellets were observed on a scanning electron
microscope (SEM, HITACHI, S3400N). To characterize
the electrical performance, platinum paste was printed on
both polished sides of the sintered disks and subsequently
calcined at 800 °C for 30 min to obtain porous platinum
electrodes. Then the A.C. impedance test was taken to
measure the electrical conductivity in wet air and nitrogen
from 750 to 500 °C with an interval of 50 °C by using the
electrochemical station Autolab PGSTAT302. The atmo-
spheres were humidified by passing them through a water

bubbler. A.C. amplitude of 10 mV and frequency range
from 1 MHz to 0.01 Hz were applied for the tests.

3. Results and discussion
3.1. Phase formation

Fig. 1 shows the XRD patterns of B0, B10, B30 and B50
powders calcined at 1000 °C, 900 °C, 800 °C and 800 °C,
respectively. The appropriate calcination temperatures of
each precursor with different contents of bismuth after
combustion were firstly determined based on TG-DSC
curves. From Fig. 1, no any impurity peaks are found in all
the samples, indicating that BaCeOs and BaBiO; have well
formed a solid solution Ba(Ce,Bi)O3 and crystallized the
target oxide. Moreover, introducing bismuth into the
lattice promote the phase formation of the host to some
degree. Comparing the XRD patterns with the PDF cards
and previously reported results about BaCeO; and
BaBiOs, the lattice symmetry is found to be different for
the undoped and Bi-doped powders. Shown in Table 1, for
BO, it is mainly orthorhombic (O), whilst tetragonal (T) for
B10 and cubic (T) for B30 and B50. So the substitution of
Ce by Bi can enhance the crystal structure symmetry of
BaCeO;. Also, three characteristic peaks are indexed in
Fig. 1 at the same time. When the contents of Bi reach up
to 30% and 50%, slight peak shifts to higher 2Theta are
found. The results illustrate that the substitution of Ce
with Bi can induce smaller lattice parameters, which is
consistent with the results (shown in Table 1) calculated
based on the method of the external standard of silicon.
It also further indicated that the radius of bismuth in the
lattice is smaller than that of cerium. From the ionic radii
in octahedral coordination, radius of Ce** is 0.87 A, and
Bi** is 1.03 A, implying that there must be some Bi’* ions
in the lattice which have smaller radius of 0.74 A. That is
to say, both Bi** and Bi’ " ions simultaneously exist in the
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Fig. 1. XRD patterns of calcined powders doped with different
contents of Bi.
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Table 1

Crystal symmetry and lattice parameters of the BaCeyg_ ,Y,Bi,03_; oxides with different contents of Bi.

Bi content Symmetry a(A) b A) ¢ (A) V. (A%)
0 O 8.7958 6.2573 6.2246 342.59
0.1 T 8.7523 6.2556 6.2556 342.50
0.3 C 4.3503 4.3503 4.3503 82.33
0.5 C 4.3399 4.3399 4.3399 81.74
* (1) BO-after treatment 700 [ 128
(2) B10-after treatment 650
(3) B30-after treatment ~ 124
(4) B50-after treatment 600 [ .
* Ba(Ce,Bi,Y)O, O 550
) ¥ Ba(OH), 2 500l Ll
s ® t
s * * e CeO, ;g_ 450 112 E
-FJ E L
S | (1) * * ok a F 2 400 108
(3) h ,\ L 104
(2) Y e . . 300 i Lig
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Fig. 2. XRD patterns of powders with different contents of bismuth after
the boiling water treatment.

Ba(Ce,Bi)O; lattice. Furthermore, there are more Bi* T ions
than Bi* " ions as the average radius of Bi*™ and Bi° " ions
is larger than that of Ce* " ion. These are in good agreement
with the conclusion reported by Drost and Fu [11].

3.2. Stability in H,O and CO; atmospheres

XRD results of B0, B10, B30 and B50 samples after the
treatment in boiling water are shown in Fig. 2. It was
reported previously that BO was very unstable and easy to
decompose into barium hydroxide and cerium oxide in
humid atmospheres [6]. On the contrary, Bi doped sam-
ples, especially for the B30 and B50 samples, still retain the
original phase structure, demonstrating the significantly
enhanced chemical stability of BaCeO; against water by
the Bi dopant. There are two possible reasons for the
results. Firstly, the stability of perovskite is associated with
the electronegativity of the ions in the lattice. As men-
tioned before, Bi*™ and Bi*" coexist in the samples with
the incorporation of Bi, so the electronegativity of Bi is the
average, i.e., 53.8 eV. Obviously, it is much higher than
that of Ce (51 eV). And, according to Kreuer’s conclusion,
more acidity will be introduced to the lattice, so the
activity of reaction between BaCeO; and H,O is signifi-
cantly weakened [7].

Fig. 3. TGA curves of B0 and bismuth doped powders exposed to
97%N,+3%CO, atmosphere.

Secondly, the stabilization effect of doped ion on
original host can be interpreted from another viewpoint,
viz. tolerance factor ¢. In perovskite, it is defined as

ra—+ro
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According to the XRD results, the average radius of the
ions in B-site decreases with the increase of Bi content.
As a result, when Bi is introduced into BaCeOj lattice, the
tolerance factor will increase. Bhide and Virkar ever
demonstrated that the closer the tolerance factor to unity,
the better the stability of perovskite [19]. Consequently, the
same conclusion that Bi doped samples exhibit excellent
stability against water can be drawn.

Fig. 3 shows the TGA curves of all the powders tested in
the atmosphere containing CO, (97%N,+3%CO,) from
300 °C to 700 °C and held at 700 °C for 2 h. The weight
increases of B0, B30 and B50 samples are about 9%, 22%
and 26%, respectively. Moreover, the weight increase begins
at near 300 °C for B30 and B50, but near 500 °C for B0O. The
results illustrate that the chemical stability against CO,
gradually decreases with the increase of Bi content. In order
to understand the results, the reactions between BaCeO; or
BaBiO; and CO, are considered as follows:

BaCeO; +CO, - BaCO; +CeO, 2)
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BaBiO; +CO, - BaCOs + 1/2Bi;0; + 1 /40, 3)

Eq. (2) has been demonstrated by many researchers. Here,
in order to confirm Eq. (3), the existence of the final reaction
product was firstly identified thoroughly. Take B50 as an
example; the XRD pattern (depicted in Fig. 4) of the sample
after CO,-containing atmosphere (97%N,+3%CO,) treat-
ment at 700 °C for 2 h evidently shows that the BaCO;, CeO,
and Bi,O; products formed. Again carefully analyzing the
reaction between B50 and CO, (Eq. (4)), the theoretical
weight increase can be calculated to be 12.7% without the
gaseous products. Combining the chemical reaction equili-
brium and the practical weight increase of B50 from TG
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Fig. 4. XRD pattern of B50 powders after treatment under the atmo-
sphere of 97%N;,+3%CO, at 700 °C for 2 h.
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curves (Fig. 3), which is lower than 12.6%, it can be
concluded that some oxygen is released during the reaction:

BaCe3Bips5Y 02029+ CO; - BaCO3+0.3Ce0;, 4 0.25Bi,03

+0.1Y,03+40.1250, “4)

With respect to the poorer chemical stability against
CO, when Bi is doped, there are several reasons. First and
foremost, it is well known that similar to CeO,, Bi,Oj is
insoluble in water but more easily reacts with acids than
does CeO,. Accordingly, Eq. (3) will be accelerated to a
great extent due to the reaction between CO, and Bi,Os.
Secondly, different from BaCeOs;, the reaction for BaBiO;
relates to oxygen. Then in the atmosphere containing
97%N,+43%CO,, of which the oxygen partial pressure is
extremely low, the driving force for Eq. (3) is larger than
for Eq. (2). Therefore, in terms of the chemical reaction
balance, it is suggested that the latter is easier to take place
than the former.

Furthermore, it is reasonable to assume that Bi’ " in the
lattice tends to be reduced into Bi** in such a low oxygen
partial pressure. Then on one hand, the total electronega-
tivity of Bi would become smaller as the electronegativity
of Bi** (35eV) is smaller than those of Ce*™ (51 eV) and
Bi’* (72¢eV). As a result, the stability was weakened to
some extent. On the other hand, the tolerance factor
calculated from Eq. (1) is also reduced. The results are
ascribed to the increased average ionic radius of Bi when
more Bi** ions are introduced. Consequently, as suggested
above, the content of CO, in the atmosphere where the
materials are used should be well controlled. Considering
the instability of B10 against water, it will not be involved
in the further studies.
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Fig. 5. Linear shrinkage (¢) and differential curves (l) versus sintering temperature of B0 and B30.
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3.3. Densification and microstructure

In order to prepare dense ceramic specimens, sinterability of
B0 and B30 samples (B50 is similar to B30) was then inves-
tigated, as shown in Fig. 5. The linear shrinkage (dL/L,) for
B30 begins at about 900 °C and reaches 18% at 1450 °C, while
for BO, its linear shrinkage is only half of that of B30. This
result illustrates that B30 has much higher sinterability than
that of B0. Bi element doped into BaCeOs lattice has the same
positive effect on the sintering behavior as the promotion
effect of BiO3; compound in the preparation of some other
ceramics [12,13]. At the same time, the appropriate sintering
temperatures can be acquired from the differential sintering
curves. They are ~ 1380 °C for BO and as low as 1250 °C for
B30. The high sinterability is very favorable for the sample
preparation and the corresponding device assemblage.

Fig. 6 shows SEM photographs of the cross section for
B0, B30 and B50 pellets sintered at 1400 °C, 1250 °C and
1250 °C for 8 h, respectively. Apparently all the three
samples exhibited highly dense morphologies. It can be
seen that the microstructure of B0 is significantly different
from those of bismuth doped samples. For B0, the grains
and grain boundaries are clear; however, they are hard to
be distinguished in the B30 and B50 samples. Such features
of the doped samples should be beneficial for the transport
of conducting species. Generally speaking, the grain
boundary resistance dominates the total resistance. Con-
sequently, in principle, the conductivity of B30 and B50
samples, with or without grain boundary contribution,
should be larger than that of B0 sample. Detailed results
and discussion will be given in the following part.

3.4. Electrical performance

Typical impedance spectra in wet air for B0, B30, B50 and
silver (Ag) thread are displayed in Fig. 7. The impedance
spectra of the undoped samples differ from those of the
Bi-doped samples. For the former (BO), it can be separated
into three semicircles, corresponding to bulk, grain boundary
and electrodes processes. And the points under zero in —Z”
axis are ascribed to the inductance. Nevertheless, for B30,
especially for B50, the grain boundary and electrode processes
are difficult to detect, which can also be confirmed by the
nearly invisible grain boundaries in Fig. 5. And more
importantly, the impedance spectrum features of the Bi-
doped samples and the silver thread are similar, which firstly
indicates that the conduction mechanism of the samples with
Bi element may be the same as that of silver. That is to say, the
electronic conduction dominates the B30 and B50. Secondly,
the influence of the silver electrode thread on the resistance of
B30 and B50 sample should be taken into consideration. For
accuracy’s sake, the four probe dc method was simultaneously
used to test the Bi-doped samples. The conductivity ¢ can be
calculated according to the following formula:

o=1[/RS where R is the measured resistance, / is
the thickness of sample and S is the cross section area of
sample.

Fig. 6. Microstructure of fractured B0, B30 and B50 sintered pellets.

Arrhenius plots of the total conductivity of B0, B30 and
B50 samples were drawn by plotting log ¢ versus 1000/T
and are presented in Fig. 8. In wet air (Fig. 7(a)), each of
the three samples has an approximately linear relationship
between log o and 1000/7, illustrating a dominant con-
ducting mechanism for each material.

As is known to all, oxygen vacancies and holes form as
the following reactions describe, when acceptor is doped
into BaCeOs [1,20]:

Y505 Ve +2Y e + 305 (5)



4904 X. Chi et al. | Ceramics International 39 (2013) 4899-4906

a
45 4.5
= BO
30| e {30
l. ot
L} | |
|
15| I u 115
E ool " dgg =
s . S
N . N
15 F {45
30 F . 4 .30
45 " 1 " 1 " 1 " 1 N I " I 45
10 12 14 16 18 20 22
Z' (ohm)
2 2
s Ag
0+ ‘ ! e B30 10
. A B50
| ] A [ ]
-2 [ ] A L 4 -2
- = . b
€ T
- L ] -
g = " o
[ ] h
-6 | ‘l - 6
8 - e -8
B
A
10 | " 1 L1 " 1 L1 " 1 oI N | A 10
00 04 08 12 16 20 24 28 32
Z' (ohm)

Fig. 7. A.C. impedance spectra of B0, B30, B50 and silver (Ag) thread in
wet air at 650 °C.

Ve +1/20,< 05+ 2h" (6)

When the atmosphere is humidified, protons come into
formation by the following two routes [20]:

H,0+ Vg < 2H" +05 ()

H,0+2h* < 2H" +1/20, (8)

Hence, the main conductive way for B0 in wet air is
through protons and holes (Fig. 8(a)) and protons in wet
nitrogen (Fig. 8(b)).

With respect to B30 and B50, firstly, the total conduc-
tivities of B30 (0.20 S/cm) and B50 (0.71 S/cm) increase
largely with the introduction of Bi, especially for BS50.
Also, both of them are even one order of magnitude higher
than that of B0 (0.019 S/cm) at 700 °C. Secondly, there are
some differences in the slope of the Arrhenius curves. The
activation energy of the undoped BaCeOj is ~0.42¢V,
which is comparable to the typical value (~0.5¢V, [21,22])
of the protonic conduction in perovskite-type proton
conductors. However, the energy for B30 and B50 to
realize conduction is up to 0.6-0.7 ¢V. So based on above
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Fig. 8. Arrhenius plots of the total conductivity of B0, B30 and B50
samples under wet air and wet nitrogen.

two aspects, it can be indicated that the mechanism for
B30 and B50 is different from that of BO. As mentioned
above, both Bi** and Bi’" ions randomly distribute in B
site of the BaCeO; lattice, which is similar to the most
common cathode material—LSM [23-25] with Mn?",
Mn’* and Mn*" ions co-existing in the lattice. The main
conductive species in LSM are electrons and one of the
conducting ways is that electrons are transported by the
Mn ions with different valence states.

Similarly, the transport reaction of electrons in BaBiOj is

Bif, < Biz + Ve )

Here, B stands for the B sites in ABO; perovskite structure.
Therefore, unlike B0, a particular conductive way is that
electron conduction mainly contributes to the conductivities
for B30 and B50 samples. It is of great significance that the
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Fig. 9. Change in the total resistance of B30 and B50 samples with the
oxygen partial pressure at 650 °C.

assumption is consistent with the previous impedance
spectra results (shown in Fig. 7).

When the electrons transport between Bi*t and Bi’*
ions, the oxygen vacancies will be occupied according to
Eq. (9). It means that the holes formed from the oxygen
vacancies are negligible in the system. As a result, the
conductivity (or resistance) of the samples containing Bi is
irrelevant to the oxygen partial pressure. The total resis-
tance of B30 and B50 samples at 650 °C versus the oxygen
partial pressure is shown in Fig. 9. The water vapor partial
pressure was kept at the constant value of ~3 kPa. It is
evident that all the invariable total resistances with the
changes of oxygen partial pressure from 0.1 to I atm
further verify our assumption that the dominant conduc-
tive species in both the Bi-doped samples are electrons.

As shown in Fig. 8(b), the total conductivities of B30 and
B50 as a function of temperature in wet nitrogen exhibit
similar features to those in wet air. The comparable slopes of
both curves indicate the same conductive mechanisms, which
are electrons as the main conductive carriers for both doped
samples. The conductivity value in wet nitrogen is a little
smaller than that in wet air owing to a slightly decreased
contribution of electrons resulting from the possible change
of some Bi’* ions into Bi* " ions.

4. Conclusion

Pure yttrium and bismuth co-doped BaCeOj; powders
were successfully prepared by a citrate—-EDTA-based com-
bustion method. Both Bi** and Bi’" ions were demon-
strated to exist in the co-doped BaCeO; host lattice. The
powder sinterability and chemical stability against water
vapor were remarkably enhanced with the doping of
bismuth, while the tolerance to carbon dioxide was
decreased at the same time. The conductivities of B30
and B50 were about one order of magnitude higher than
that of the undoped sample at 700 °C in wet air and wet

nitrogen owing to the dominant electron conduction
between Bi*™ and Bi’" ions in both the samples.
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