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To lower the calcining and sintering temperatures of 16 at% Y-doped BaZrO; (BYZ), Gd-doped BaCeO; (BGC) and Sm-
doped BaCeQj; (BSC), nanopowders of BaCOj; and either (i) yttria stabilized zirconia, (ii) Gd,0; and CeO; or (iii) Sm,0;
and CeQ,, were used as starting materials, respectively. BYZ powders were prepared by two mixing methods (i.e. ball
milling and magnetic stirring), followed by calcination at 1050-1250 °C, while BSC and BGC powders were prepared by
ball milling and calcined at 1050 °C. The results reveal that the ball milling and magnetic stirring methods yield similar
results for BYZ powder preparation. By adding 1 wt% ZnO nanopowder, the average relative densities of BYZ pellets were
increased from ~70% to ~96% at the sintering temperatures of 1300 °C. Thus, with the utilization of nanopowders and ZnO
as a sintering aid, the calcining and sintering temperatures were lowered to 1050 °C and 1300 °C, respectively, while still
attaining the relative bulk densities of both BYZ and BGC higher than 95.7%. However, since the relative bulk density of
BSC reached only 93% even sintered at 1400 °C, ZnO was not an effective sintering aid for the BSC fabrication.

1. Introduction

Doped BaZrO; and BaCeO; have been extensively studied as
electrolyte materials for protonic ceramic fuel cell (PCFC)
applications. Y-doped BaZrO; (BYZ), Gd-doped BaCeO; (BGC)
and Sm-doped BaCeO; (BSC) were focused in this study, due to
their high proton conductivities over the PCFC operating
temperature range.''! The major drawback for the utilization of
these materials is their high sintering temperatures of above 1600 °C
for doped BaZrO;' and above 1450 °C for doped BaCeO;"'? to
achieve the relative densities of > 93% required for fuel cell
applications.

Several studies have pursued to lower the sintering
temperatures of these materials.”'>!7 Babilo and Haile'® and
Gorbova et al.’ studied the effect of NiO, CuO and ZnO as sintering
aids on BYZ and BGC. Gorbova et al.’ achieved the relative density
of 97, 92 and 94% with the addition of NiO, ZnO and CuO,
respectively, in 10 at% BGC pellets (calcined at 1150 °C and
sintered at 1450 °C). Babilo and Haile' prepared the BYZ powder
by a glycine-nitrate combustion synthesis process and reported the
relative density of BYZ pellet (4 mol% ZnO addition) at 95% after
sintered at 1300 °C. Due to the presence of Ba,YCu;O, phase in

Cu-modified BYZ and the change of color in Ni-modified BYZ
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pellets, ZnO became the most suitable sintering aid for BYZ." Tao

1314 and Peng et al.'® also observed the increase in the

and Irvine
sinterability of BYZ pellets with 1 wt% ZnO addition prepared by
the conventional method (calcined at > 1400 °C and sintered at >
1325 °C). Tao and Irvine' achieved the relative densities of 96% for
BaZrygY 2055 (1 wt% ZnO) and 97% for BaCesZry3Y .16Z10,0403.5
at the sintering temperature of 1325 °C.

Our previous work in Ref. 17 presented the fabrication of 6-40
at% BYZ pellets (1 wt% ZnO addition) using BaCOs, 3 mol% yttria
stabilized zirconia (YSZ) and two types of Y,0;: nano-sized and
micro-sized powders. The results showed that the use of micro-
Y,0;5 caused the incomplete solid state reaction in 10-40 at% BYZ
pellets calcined and sintered at 1400 °C, while the use of nano-Y,0;
BYZ pellets showed only a single perovskite phase. The larger
grain size was also observed in nano-Y,O; BYZ compared to
micro-Y,0; BYZ. Therefore, in this study, we have further
increased the sinterability and lowered the calcining temperature by
employing nanopowders for all starting materials of BYZ, BGC and
BSC samples.

15-20 at% BYZ,">>%'"1% 15.20 at% BSC'™'" and 15-25 at%
BGC™*!? were reported as the optimum doping concentration
ranges for high proton conductivities. Therefore, in this study, we
fabricated 16 at% BYZ, BGC and BSC pellets by the conventional

@ Springer
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method using BaCOj;, 8mol% YSZ, CeO,, Sm,O; and Gd,03
nanopowders as starting materials and ZnO nanopowder as a
sintering aid. Furthermore, to reduce the loss of nanopowder in ball
milling process, the magnetic stirring technique was explored as an
alternative method for the nanopowder mixing process. Effects of
the mixing method (i.e. ball milling and magnetic stirring) and the
addition of ZnO on the sintering temperature, microstructures,
relative bulk densities and phases of the 16 at% BYZ, BGC and
BSC pellets were subsequently investigated and analyzed.

2. Experimental Procedures

2.1 Preparation of BaY 4Zr,3,0;_; from nanopowders

16 at% BYZ powder was prepared from nanopowders of 8
mol% YSZ (< 40 nm, MTI Cor.) and BaCO; (< 50 nm, MTI Cor.).
Two methods of mixing were employed: (i) ball milling (24 h) and
(ii) magnetic stirring (24 h) followed by an ultrasonic treatment (10
min). The ball-milling process using 3 mol% YSZ balls (¢ =3 mm)
was carried out in isopropanol media, while the magnetic stirring
was performed in either isopropanol or a mixture of diethlene
glycol butyl ether (butyl carbitol) and ethanol (1:1 by volume) (BE)
media. The latter solvent mixture was chosen according to the work
by Somroop et al.,'”” which showed the stable suspension of BaCO;
and YSZ nanopowders in this solvent mixture even without stirring
for 24 h. The starting nanopowders were mixed, dried and calcined
at 1050, 1150 and 1250 °C for 10 h. Since isopropanol and butyl
carbitol had different boiling points (82 and 230 °C), the drying
temperatures were set to 110 and 250 °C, respectively. 1 wt% ZnO
nanopowder was then added to the calcined BYZ powder and
mixed by the same mixing methods for 30 min. The BYZ pellets (¢
= 13 mm) with and without 1 wt% ZnO addition were formed by
uniaxial pressing of 0.5 g BYZ powders at 20 MPa followed by
cold isostatic pressing at 220 MPa and sintered at 1300-1400 °C for
10 h for the relative bulk density, microstructure and phase stability
comparison.

2.2 Preparation of BaSm, ;sCey3,035 and BaGd,4Ce340;.5
from nanopowders

BSC and BGC powders were prepared by ball milling the
nanopowders of CeO, (< 50 nm, MTI Cor.), BaCO; (< 50 nm, MTI
Cor.) and either Sm,05 (40 nm, MTI Cor.) or Gd,O5 (< 80 nm, MTI
Cor.), respectively, at the required stoichiometry in isopropanol
media using 3 mol% YSZ balls (¢ = 3 mm) for 24 h. The mixed
powders were dried at 110 °C and calcined at 1050 °C for 10 h.
Since the suspensions of starting powders were not stable in both
isopropanol and BE media, we did not employ the magnetic stirring
technique in BSC and BGC sample preparations. 1 wt% ZnO was
added into the calcined powders and ball milled in isopropanol
media for 30 min. The BSC and BGC pellets (¢ = 13 mm) were
formed by the same method as BYZ pellets and sintered at 1300-
1400 °C.

2.3 Relative density, phase and microstructure analysis
The relative bulk densities (ppy) compared to the theoretical

density of all BYZ, BSC and BGC pellets were obtained using

Archimedes’ method and averaged over 4-6 samples. The
suspended weight in water of each pellet (W) was measured using
4-digit digital scale (Sartorius, model BP 221S). The wet and dry
weights (Wy and Wy, respectively) of the pellet were
subsequently measured in air before and after drying at 105 °C for
24 h. The pellet bulk density was then calculated by Eq. 1, where

Pio =0.997 g/em’ at 25 °C.

W,
Phux = W *Puyo (D

wet sus

Phase and microstructure analyses were performed by X-ray
diffraction (XRD; Bruker AXS diffractrometer employing Cu Ka
radiation (A = 0.154 nm) and operating at 40 kV and 60 mA) and
scanning electron microscopy (SEM; JEOL model JSM 6480LV
operating at 20 kV) techniques.

3. BYZ: Results and Discussion

3.1 Phase of BYZ powders and pellets

XRD results of BYZ powders after calcined at 1050-1250 °C
for 10 h are shown in Figs. 1 and 2. Both ball milling and magnetic
stirring techniques reveal the similar BaZrO; perovskite phase at
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Fig. 1 XRD spectra of BYZ powders mixed by ball milling in
isopropanol media and calcined at 1050-1250 °C for 10 h
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Fig. 2 XRD spectra of BYZ powders mixed by magnetic stirring in
a BE media and calcined at 1050-1250 °C for 10 h
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1050-1250 °C, thus suggesting that the calcined BYZ powder can
also be prepared by the magnetic stirring technique. The magnetic
stirring technique can substantially reduce the loss of mixed
powders attached to YSZ balls in the ball milling process. The
calcining temperature of 1050 °C achieved in this study is lower

4-6,14,16,17

than those previously reported works, which may arise
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Fig. 3 XRD spectra of BYZ pellets prepared by ball milling (B),
calcining at 1050 °C and sintering at 1300-1400 °C for 10 h
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Fig. 4 XRD spectra of BYZ pellets prepared by magnetic stirring
in a BE media (MBE), calcining at 1050 °C and sintering at 1300-
1400 °C for 10 h
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Fig. 5 XRD spectra of BYZ pellets prepared by magnetic stirring
in isopropanol media (MI), calcining at 1050 °C and sintering at

1300-1400 °C for 10 h

from the enhancement of solid state reaction by high surface area of
the nanopowders. The BYZ powder calcined at 1050 °C is
subsequently chosen for BYZ pellet preparation.

XRD results of BYZ pellets after sintered at 1300-1400 °C are
shown in Figs. 3-5. In Fig. 3, the XRD patterns of BYZ pellets
prepared by ball-milling (referred to as B1300 and B1400) show the
perovskite phase of BaZrO; (JCPDS: 06-0399) and slight amount of
YSZ. Since YSZ phase is not observed in the calcined BYZ powder,
it likely arises from the BaO loss on the surface of BYZ pellets
during the sintering process as previously observed in Ref. 6, 18, 20.

However, the XRD results of BYZ pellets prepared by magnetic
stirring in BE media sintered at 1300-1400 °C (referred to as
MBEI1300 and MBEI1400, respectively) shows incredibly high
fraction of Y,0; phase (Fig. 4), which may arise from non-uniform
dispersion of ZnO in the solvent and agglomeration of the calcined
powders leading to poor sinterability and higher BaO loss.'* The
difference in the boiling points of butyl carbitol and ethanol in the
BE media could affect the powder dispersibility due to the change
of the solvent composition during drying. At the drying temperature
of 250 °C, ethanol has a higher evaporation rate than butyl carbitol,
which in turn causes the lower dispersibility and increasing
agglomeration of the BYZ and ZnO powders upon drying.

Nevertheless, once the BE media was replaced by isopropanol
(the same media used in the ball milling technique), XRD results of
the BYZ pellets (Fig. 5), referred to as MI1300 and MI1400,
became similar to those of B1300 and B1400 with additional trace
of Y,0; phase. Thus, the selection of solvent and drying
temperature could affect the phase stability of the samples and
became a crucial step for the magnetic stirring technique.

3.2 Relative bulk density and microstructure of BYZ pellets
According to our previous work,'” the BaO-loss region was
observed only in a range of hundred nanometers to a few microns
from the BYZ surface. Thus, we neglect the effect of BaO
evaporation in the theoretical bulk density calculation. Without ZnO
additive, the pellets prepared by ball milling technique shows
slightly higher relative bulk density (69.7-70.3%) compared to
those mixed by magnetic stirring (66.6-67.3%) method. By adding
1 wt% ZnO nanopowder, the relative bulk density of BYZ pellets
increases from ~70% to ~96%. Furthermore, the ZnO addition can
enlarge the average grain size of BYZ from ~0.7 um (Fig. 6(a)) to
~1.4 um (Fig. 6(b)) due to the better sinterability of the pellets, in a

Fig. 6 SEM images of surfaces of BYZ pellets prepared by

magnetic stirring in BE media, calcined at 1050 °C and sintered at
1400 °C for 10 h (a) without and (b) with 1 wt% ZnO addition
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good agreement with Babilo and Haile'® and Pornprasertsuk et al.!”

The increase in average grain size can eventually lower the overall
grain boundary resistance of the BYZ sample.

The surfaces of all unpolished BYZ pellets become porous (Fig.
7(a) and 7(c)) due to the loss of BaO after sintering.*'”'** The
surface porosity of unpolished BYZ pellets is increasing with
increasing sintering temperature (Fig. 7(a) and 7(c)), in the same
tendency as the increasing fraction of second phases in the XRD
results (Fig. 3-5). However, the overall relative density of B1400 is
still slightly higher than that of B1300. After the surface removal,
dense surfaces are obtained as shown in Fig. 7(b) and 7(d), thus
suggesting that Ba deficiency only occurs on the BYZ surfaces.

According to Fig. 8, the relative densities of all BYZ samples
with 1 wt% ZnO addition are higher than 95.9%. The ball milling
method provides slightly higher relative bulk density compare to

Fig. 7 SEM images of BYZ (1 wt% ZnO addition) surfaces
prepared by ball milling and calcining at 1050 °C (a) unpolished
sample sintered at 1300 °C (b) polished sample sintered at 1300 °C
(c) unpolished sample sintered at 1400 °C and (d) polished sample
sintered at 1400 °C
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Fig. 8 Relative bulk densities of BYZ (1 wt% ZnO addition) pellets
mixed by ball milling and magnetic stirring in isopropanol and BE
medias

the magnetic stirring. No significant difference in the relative bulk
density is found between MI and MBE sintered at 1300-1400 °C.
The highest relative density of the BYZ pellet in this study is
achieved by (i) mixing nanopowders by the ball milling method, (ii)
calcining at 1050 °C and (iii) sintering at 1400 °C with 1 wt% ZnO

sintering aid.

4. BGC and BSC: Results and Discussion

4.1 Phase of BGC and BSC powders and pellets

The XRD results of the BGC and BSC powders reveal the
orthorhombic perovskite BaCeO5 phase (JCPDS: 01-070-1429) (Fig.
9) after calcined at 1050 °C, which is lower than previously
reported works (calcining T > 1150 °C for BGC**'**! and > 1300 °C
for BSC).'*!'#2 After sintering, the XRD analysis of unpolished
BGC and BSC pellets shows the presence of additional phases, such
as CeO, and BaCOjs (Fig. 10). According to Shima and Haile,”' the
presence of CeO, phase was associated with the BaO deficiency in
BGC samples. Therefore, the appearance of CeO, in BGC and BSC
is mainly caused by the BaO evaporation, similar to the BYZ results.
BaCOj; phase is also commonly observed in doped BaCeO; due to

its phase instability under CO,-containing atmosphere at
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Fig. 9 XRD spectra of BGC and BSC powders after calcination at
1050 °C
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Fig. 10 XRD spectra of unpolished BGC and BSC pellet surfaces
after sintered at 1300-1400 °C
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temperatures below 1185°C.%
However, in this study, we observe the BaCO; phase even after
sintered at 1300 °C for 10 h. The discrepancy of our results from

Scholten et al.?’

s work may arise from the difference of starting
powders, processing conditions and sintering atmosphere. By
increasing the sintering temperature to 1400 °C, BaCOj; phase is no
longer observed in BSC, and only trace of BaCO; remains in BGC
samples (Fig. 10). After the surface removal, the XRD spectra of
BGC and BSC pellets sintered at 1300-1400 °C match only a single
BaCeO; phase (Fig. 11), which in turn confirm that the BaO loss
and BaCO; formation only occurs on the BSC and BGC pellet

surfaces.

4.2 Relative bulk density and microstructure of BSC and
BGC Pellets

By adding 1 wt% ZnO, the average relative bulk densities of
95.7-96.0% for BGC and 93.3-93.7% for BSC pellets are achieved
(Fig. 12). The high relative density of BGC (1 wt% ZnO addition)
at the low sintering temperature is obtained primarily due to our
nanopowder utilization. The relative bulk density results also reveal
that ZnO is an effective sintering aid for BGC, but not for BSC.
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Fig. 11 XRD spectra of polished BGC and BSC pellet surfaces after
sintered at 1300-1400 °C
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Fig. 12 Relative bulk density of BGC and BSC (1 wt% ZnO
addition) pellets after sintered at 1300-1400 °C

The surface microstructures of unpolished and polished BSC
and BGC pellets are shown in Fig. 13. Dissimilar to the porous
surfaces of unpolished BYZ pellets, the dense surfaces of
unpolished BGC and BSC pellets are observed (Fig. 13(a) and
13(c)). The discrepancy of the surface microstructures may be
caused by the differences in amount of BaO loss, types of second
phases present (CeO, and BaCO; on BSC and BGC surfaces
compared to YSZ and Y,0; on BYZ surface) and the bulk densities
of those phases. Based on both XRD and SEM results, the surface
polishing of BYZ, BSC and BGC pellets must be performed before
employing in the PCFC application.

5. Conclusions

By using oxide nanopowders, the calcining temperature of 16
at% BYZ, BGC and BSC could be lowered to 1050 °C. Two mixing
methods, ball milling and magnetic stirring (using isopropanol
media), utilized for the BYZ preparation provide the similar BYZ
powder characteristics. Thus, the magnetic stirring in a suitable
solvent can be effectively employed to lower the powder loss in the
mixing process.

After the sintering process, due to the BaO evaporation,
additional phases were present on the pellet surfaces resulting in the
distinction between surface and bulk microstructures. After surface
polishing, the dense samples were obtained. With 1 wt% ZnO
addition, the relative bulk densities (compared to theoretical
densities) of BYZ and BGC were about 96% at the sintering
temperature of 1300 °C. Thus, the use of nanopowders together
with ZnO as a sintering aid could effectively reduce the sintering
temperatures of BYZ and BGC to 1300 °C. Since the relative density
of 93% was achieved in BSC samples even after sintered at 1400 °C,
other sintering aid should be further studied to increase the bulk
density of this material.

Fig. 13 SEM images of BGC and BSC (I wt% ZnO addition)
surfaces (a) unpolished BGC sintered at 1300 °C (b) polished BGC
sintered at 1300 °C (c) unpolished BSC sintered at 1300 °C and (d)
polished BSC sintered at 1300 °C
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