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Abstract

Project Code: MRG558014

Project Title: Fabrication and Performance of Protonic Ceramic Fuel Cells using Y-doped BaZrO; and
Ba(Ce,Zr)O, as Electrolytes by Electrostatic Spray Deposition

Investigator : Asst. Prof.Dr. Rojana Pornprasertsuk, Department of Materials Science, Faculty of
Science, Chulalongkorn University

E-mail Address: rojana.p@chula.ac.th

Project Period: 2 July 2012 - 1 July 2014

This research work focuses on the fabrication of protonic ceramic fuel cell (PCFC) which uses Y-
doped barium zirconate (BYZ) and Y-doped barium cerium zirconate (BCZY) as an electrolyte. The BYZ and
BCZY thin films were fabricated by electrostatic spray deposition (ESD) on the NiO-BYZ and NiO-BCZY
anode substrates, respectively. To fabricate a PCFC single cell, Pt paste was applied on the surface of BYZ
or BCZY electrolyte as a cathode. The performance of the single cells was then analyzed at the operating
temperatures of 400-700 °C.

For BYZ fabrication on 60 wt% NiO-40 wt% BYZ anode substrates, the first step involved the
preparation of precursor solution and optimization of ESD parameters (i.e. substrate temperature, precursor
concentration, nozzle-to-substrate distance, applied voltage and solution flow rate). The microstructure
analysis showed that the sintered BYZ films on NiO-BYZ substrates had low density with several pores on
the surfaces. The research team tried to solve the problem by introducing the anode functional layer which
contained the lower weight fraction of NiO:BYZ (10:90, 30:70 and 50:50) on top of the 60 wt% NiO-40 wt%
BYZ anode substrate. However, after sintering, the BYZ surfaces contained some cracks due to the
shrinkage mismatch between the substrates and electrolytes. Thus, the PCFC single cell using BYZ as an
electrolyte could not be fabricated.

The preparation of BCZY precursor and the optimization of ESD parameters for BCZY thin film
fabrication on SiO,/Si wafers were then performed. By employing the optimized ESD parameters of BCZY
deposited SiO,/Si wafers, the BCZY thin films were then fabricated on 60 wt% NiO-40 wt% BCZY substrates
with the anode functional layers (AFLs) at lower weight fractions of NiO:BCZY (10:90, 30:70 and 50:50,

referred to as NB10:90, NB30:70 and NB50:50, respectively). The microstructure analysis showed that the

10



dense BCZY film with no crack was finally achieved the NB10:90 anode substrate. The PCFC single cell
using BCZY as an electrolyte was then fabricated. By using hydrogen gas as a fuel and oxygen gas as an
oxidant, the maximum power densities of 1.0-3.0 mW/cm2 was then achieved at the operating temperatures

of 550-700°C.

Keywords: barium zirconate, barium cerium zirconate, thin film, electrostatic spray deposition, protonic

ceramic fuel cell
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Abstract

This study aims to fabricate BaCe( 4Zr94Y0203_s (BCZY) thin film by electrostatic spray deposition (ESD) technique. Effects of ESD
parameters, i.e. type of precursor, substrate temperature, applied voltage, nozzle-to-substrate distance and flow rate, were systematically studied
and optimized for acquiring dense and crack-free as-deposited thin films. The half-cells of protonic ceramic fuel cell (PCFC) were subsequently
fabricated by electro-depositing and co-sintering BCZY thin film electrolytes on the 60 wt% NiO—40 wt% BCZY anode substrates. Since dense
BCZY films could not be attained on bare NiO-BCZY anode substrates, the anode functional layers (AFLs) with lower mass fractions of NiO:
BCZY at 10:90, 30:70 and 50:50 was co-pressed on top of NiO-BCZY anode substrates. After co-sintering at 1500 °C for 10 h in air, the
increasing BCZY film density was observed in the following order: AFL50:50 < AFL30:70 < AFL10:90. The PCFC half-cell with dense BCZY
film on AFL10:90 anode was then achieved, thus confirming the potential application of the ESD technique for the thin-film PCFC application.

© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Films; B. Microstructure; D. Perovskites; E. Fuel cells

1. Introduction

Protonic ceramic fuel cell (PCFC) is one of the most
promising fuel cell technologies due to its high power density
output in the intermediate temperature regime (400-700 °C)
[1-3]. Proton conducting perovskite oxides, such as Y-doped
BaZrO; (BZY) and Y-doped BaCeO; (BCY), have been
extensively studied as PCFC electrolytes, owing to their high
proton conductivities in the above operating temperatures [4-9].
Although BCY exhibited the higher proton conductivity than
BZY, it had a drawback on the chemical instability under CO,
atmosphere [1,3,10,11]. By mixing BZY with BaCeO;, Sawant
et al. [10] revealed that BaCeyg_ ,Zr, Y203 _ s had the increasing
chemical stability under CO, atmosphere in the following

*Corresponding author at: Chulalongkorn University, Department of
Materials Science, Faculty of Science, Bangkok 10330, Thailand.
Tel.: +662 218 5547; fax: +662 218 5561.
E-mail address: rojana.p@chula.ac.th (R. Pornprasertsuk).

http://dx.doi.org/10.1016/j.ceramint.2014.01.155
0272-8842 © 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

order: BaZrygYo,03_s> BaCey,Zrp6Y0203_5 ~ BaCepas
Z19.4Y 0203 _5 > BaCe 2192 Y0203 _5 > BaCe Y203 _ 5.
Their result also showed that BaCeg 47 4Y 2,05 _ s exhibited
excellent stability in CO, and water and had almost twice
proton conductivity to that of BaZrygY (.03 _s [10].

Guo et al. [1] fabricated and tested the performance of
PCFC single cells, which consisted of ~35-um thick
BaCepg_Zr,Y¢,053_s (BCZY,) electrolytes, 60 wt% NiO
and 40 wt% BCZY, anodes and Bags;SrysCoqgFep.05_5
cathodes. Their results revealed that BCZY, at x <0.3 was
not suitable for PCFC operation under reforming gas. By taking
into account of the chemical stability under CO, atmosphere and
sintering ability, they also suggested BCZY(, as a potential
PCFC electrolyte for the intermediate temperature operation [1].
Thus, based on these observations, BaCep 4715 4Y 2,03 _ s (BCZY)
electrolytes were chosen for this thin film fabrication study.

Several works on the fabrication techniques of PCFC thin film
electrolytes were previously reported [8,9,12—15]. Pergolesi et al.
[12] fabricated 4-ym BZY thin films by pulse laser deposition
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(PLD) technique on NiO-BZY anode substrates. Ji et al. [14]
also fabricated the 700-nm bi-layer BZY thin film electrolyte
by PLD technique on Pt-coated porous alumina substrates.
Shim et al. [15] fabricated the free-standing BZY electrolyte
by atomic layer deposition (ALD) technique. By applying DC-
sputtered Pt for both electrodes, their PCFC single cell had the
maximum power densities of 136 and 53 mW/cm? at 400 and
350 °C, respectively. These works eventually confirm that the
utilization of thin film proton-conducting perovskites as PCFC
electrolytes lead to high power density output at the intermediate
operating temperatures.

Most thin film fabrication techniques (for thickness below
5 pm), such as PLD, ALD and sputtering, require expensive
and complex equipments with high maintenance cost. Besides,
the deposition rates of the above techniques are typically very
slow, and high-cost precursors/targets are usually required.
Consequently, in this study, the electrostatic spray deposition
(ESD) technique was selected as another alternative method
for the BCZY thin film fabrication due to its advantages of
simple equipment, inexpensive precursor, no vacuum system
required, high deposition rate and easy control over composi-
tion and film morphology [13,16—19].

By utilizing the ESD technique, Kelder et al. [16] could
obtain the dense yttria stabilized zirconia (YSZ) and BaCeO;
thin films deposited on alumina plates coated with Pt. Kim
et al. [18] also successfully deposited YSZ on top of porous
Ni-YSZ anode substrates. Taniguchi et al. [19] reported the
fabrication of La;_,Sr,Co;_,Fe,O; thin films on stainless
steel disk and Gdj ;Ceyo0;9s pellets, and more recently,
Somroop et al. [13] could fabricate ~ 1.5-pm-thick BZY films
on the polycrystalline YSZ substrates. Since not many works
had reported on the fabrication of more than 3-metal-precursor
films (especially on porous substrates) by the ESD process, we
pursued the BCZY thin film fabrication using four metal
precursors on the porous NiO-BCZY anodes.

The BCZY precursors were first electrosprayed on SiO,/Si
substrates by ESD technique to investigate and analyze effects of
ESD parameters on the microstructures of as-deposited thin films.
All ESD parameters were then optimized to yield the dense,
uniform and crack-free films for the potential use in PCFC
application. After attaining the optimal ESD conditions, PCFC
half-cells were fabricated by depositing BCZY thin films on porous
BCZY anode substrates and co-sintering at 1350-1500 °C. Since
Bi et al. [20] reported that the addition of a less porous anode
functional layer (AFL) can improve the fuel cell performance due
to the better electrode—electrolyte contact, the NiO-BCZY anodes
with and without AFL layers were fabricated and used as anode
substrates in this study. The microstructure and phase analysis of
the ESD-BCZY half-cells was then performed and reported.

2. Experimental procedures
2.1. Preparation of ESD precursor solutions
Two sets of ESD precursors, (i) Set-A: BaCl,-2H,0,

YCl; - 6H,0, Zr(CsH,0,),, Ce(CsH,05);-3H,0 (Aldrich)
and (i) Set-B: Ba(C-H30,), (Ajax), Y(C,H;0.);-4H,0,

Zr(CsH;05),, Ce(CsH;0,)5-3H,0 (Aldrich), were used in
the precursor preparation study. Set-A precursor solutions
were prepared by dissolving precursors at the stoichiometric
amount in the mixed solvents of deionized (DI) water and
butyl carbitol (Aldrich) at the volume ratios in a range from
33:67 to 100:0 and stirred for 1 h at room temperature. Set-B
precursor solutions were prepared by (i) dissolving stoichio-
metric amount of Ba(C2H302)2 and Y(C2H302)3 . 4H20 in DI
water at room temperature, (ii) dissolving stoichiometric
amount of Zr(CsH,0,); and Ce(CsH;0,);-3H,O in butyl
carbitol at 45+ 5 °C, (iii) stirring each solution separately
for 1 h, and (iv) mixing both solutions together and stirring at
45 4 5 °C for 1 h. The volume ratios of DI water:butyl carbitol
in Set-B solution were varied in a range from 40:60 to 100:0.
The total metal concentrations in Set-A and Set-B solutions
were kept constant at 0.08 M in all experiments. The stability
test was subsequently performed by investigating the sedimen-
tation of precursors after 24 h without stirring.

For the calcination study, the stable precursor solutions were
dried and collected in powder forms. The powders were then
calcined in air at 950-1350 °C for 10 h followed by phase
analysis using the X-ray diffraction (XRD) technique (Bruker
D8-Advance employing Cu K, radiation (1=0.154 nm) oper-
ating at 40 kV and 40 mA). Only one set of precursors which
showed the highest stability and calcininability would be
selected for the BCZY thin film fabrication.

2.2. Fabrication of ESD thin films on SiO,/Si substrates

Once the stable solution was obtained, the precursor was
electrosprayed onto SiO,/Si wafers (with 5 mm x 5 mm size
and 700-nm thick SiO, layer on Si surface) using the ESD
equipment set-up shown in Fig. 1. The starting ESD conditions
used in this study were obtained from our previous BYZ
deposition work in Ref. [13]. However, since different types of
precursors were used, the re-optimization of the BCZY
deposition conditions were then required, as shown in
Table 1. The effects of ESD parameters, i.e. applied potential,
substrate temperature, nozzle-to-substrate distance and solution
flow rate, on the microstructures of as-deposited films were
then systematically investigated and analyzed by scanning

Fig. 1. Ilustration of electrostatic spray deposition (ESD) equipment.



R. Pornprasertsuk et al. / Ceramics International 40 (2014) 9319-9326 9321

electron microscopy technique (SEM, JEOL model JSM-
6480LV operating at 15-20 kV).

2.3. Fabrication of NiO-BCZY anode substrates

BCZY powder for the NiO-BCZY anode fabrication was
prepared by solid state reaction of BaCO;, CeO,, ZrO, and
Y,03 nanopowders (MTI Cor.). The powders at the stoichimetric
amount were ball milled in isopropanol media for 24 h using
3-mm 3 mol% YSZ balls and calcined at 1350 °C for 10 h at a
heating rate of 5 °C/min. The phase analysis of the calcined
powders by XRD technique (Bruker D8-Advance employing Cu
K, radiation (A=0.154 nm) operating at 40 kV and 40 mA) was
subsequently performed to ensure the complete solid state reaction.
The 40 wt% BCZY and 60 wt% NiO nanopowder (MTI Cor.)
with 10 wt% comn flour addition were mixed by ball milling in
isopropanol media for 24 h using 5-mm YSZ balls. NiO-BCZY-
flour (0.5 g) mixture was subsequently uniaxial-pressed into a
13-mm diameter pellet at a pressure of 20 MPa.

Some anode substrates had an additional surface layer as an
AFL, which contained the mixture of NiO and BCZY at the
mass ratio of 10:90, 30:70 or 50:50 (referred to as AFL.10:90,
AFL30:70 and AFL50:50, respectively). ZnO (1 wt%) nano-
powder (Inframat), previously reported as a sintering aid for
Ba; (3CepsZrp4Y.103_5 [21], was also added to the AFL
mixtures to further increase the density of AFLs. An AFL
(0.07 g) was formed on top of NiO-BCZY—flour (0.5 g) as a
bilayer pellet by uniaxial co-pressing at 20 MPa. All anode
substrates were subsequently pre-sintered at 800 °C in air for
2 h at the heating rate of 5 °C/min.

2.4. Fabrication of BCZY thin films on NiO-BCZY
anode substrates

The BCZY precursors were electrosprayed on the pre-
sintered NiO-BCZY anode substrates under the optimum
ESD parameters obtained from the previous section (Condition
CS5, Table 1). The as-deposited films and anode substrates were
subsequently co-sintered at 1350-1500 °C to ensure the
complete chemical reactions of the precursors and to increase

3. Results and discussion
3.1. Stability of precursor solution

Set-A and Set-B precursor solutions were initially prepared
at 0.1 M. However, due to the lower solubility of BCZY
precursors compared to those used in the BZY fabrication [13],
the precursor concentration was reduced to 0.08 M in this
study. Set-A and Set-B precursor solutions were then prepared
in the solvent mixture of DI water and butyl carbitol at the
volume ratios in a range of 33:67-100:0 and 40:60-100:0,
respectively. Owing to the larger molecules of Ba and Y
precursors in Set-B solutions compared to those in Set-A, more
precursor preparation steps and the higher mixing temperature
of 45 + 5 °C were required to reach the solution homogeneity.
After leaving the precursor at room temperature without
stirring for 24 h, the stability test results revealed the higher
solution stability (less sedimentation) with the increasing butyl
carbitol volume ratio in both sets of precursors as summarized
in Tables 2 and 3. Thus, Set-A and Set-B precursor solutions
were stable with no sedimentation at DI water:butyl carbitol
volume ratio of 33:67 (A33:67) and 40:60 (B40:60), respec-
tively. A33:67 and B40:60 precursors were subsequently
selected for the calcination and phase analysis studies dis-
cussed in the next section.

Table 2
Summary of the stability test results of the Set-A precursor solutions.

Precursor DI water:butyl Result

carbitol volume ratio
A100:0 100:0 Sedimentation
A75:25 75:25 Sedimentation
A67:33 67:33 Sedimentation
A50:50 50:50 Slight sedimentation
A33:67 33:67 No sedimentation
Table 3

Summary of the stability test results of the Set-B precursor solutions.

. . P DI water:butyl carbitol Result
the electrolyte film density. The phase, cross-sectional and recursor Volr{z::aﬁl:)y carbito esu
surface microstructure analyses were performed by low-angle
XRD (Bruker DB8-Discover employing Cu K, radiation B100:0 100:0 Sedimentation
(A=0.154 nm) operating at 40kV and 40 mA) and SEM 328:4218 28138 gf_dlﬁne“?“o“ _

. ~ . - B B 1g t sedimentation
techniques (JEQL model JSM-6480LV operating at 15 B40:60 4060 No sedimentation
20 kV), respectively.

Table 1

Summary of the ESD conditions used in all parameter optimization studies.

ESD parameter C1 Cc2 C3 C4 Cs
Applied potential (kV) 10, 15 10 10 10 10
Substrate temperature (°C) 250 200, 250, 300, 350 250 250 250
Flow rate (mL/h) 2.8 2.8 2.8 14,28,42 2.8
Distance (cm) 6 6 4,6,8 6 6
Deposition time (min) 60 60 60 60 60-120
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3.2. Phase analysis of calcined precursors

XRD spectra of the calcined A33:67 and B40:60 precursors
are shown in Fig. 2. The calcined A33:67 consisted of two
phases, BaCe 5Zrgs05_5 (BCZ) and Y-dope CeO, (YDC),
throughout the calcining temperature range of 950-1350 °C
(Fig. 2a), which accordingly revealed the partially incomplete
chemical reaction of A33:67 precursors up to 1350 °C. For
B40:60 precursors, at the calcining temperatures of 950—
1250 °C (Fig. 2b), the calcined B40:60 also consisted of
BCZ with either CeO, or YDC phases, similar to A33:67
results. However, once the calcining temperature reached
1350 °C, a single perovskite BCZ phase was eventually
achieved. Thus, the heat-treatment temperature of at least
1350 °C was required to complete the chemical reactions of
B40:60 precursors.

Fig. 2. X-ray diffraction patterns of (a) A33:67 and (b) B40:60 precursors after
calcination at 950-1350 °C for 10 h (BaCeg sZry 50,75, JCPDS 00-048-0335;
Y-dope CeO,, JCPDS 01-075-0178, 01-083-0328, 01-083-0327; and CeO,,
JCPDS 03-065-2975).

According to our previous work on BZY fabrication [13],
when the precursor solution was composed of barium and
yttrium chlorides combined with zirconium acetylacetonate in
the mixed butyl carbitol and DI water solvent, the single
perovskite phase of BZY was achieved at the calcining
temperature of 1350 °C. Since our Set-A precursors were
similar to those used in Ref. [13], except the addition of
cerium acetylacetonate, the lower calcinability of Set-A may
arise from the lower reaction activity of metallic components
of cerium acetylacetonates with barium and yttrium chlorides.
As a result, Set-A precursors required the higher calcining
temperatures to complete the chemical reaction. On the
contrary, the replacement of barium and yttrium chlorides to
barium and yttrium acetate precursors, together with the slight
increase in the mixing temperature of Set-B precursors, could
give rise to the increase in the precursor dispersibility, the
better uniformity and the higher calcinability of the precursor
solution compared to those of Set-A. B40:60 precursors were
thus selected for the BCZY thin film fabrication by ESD
technique.

3.3. Thin film fabrication on SiO,/Si substrates

To optimize the ESD conditions (i.e. applied voltage,
substrate temperature, nozzle-to-substrate distance and flow
rate) for the dense as-deposited film formation, the B40:60
solution was electrosprayed on SiO,/Si substrates using Con-
ditions C1-C4 in Table 1. The effect of applied potential on
the as-deposited film microstructures is shown in Fig. 3
(Condition CI1, Table 1). At 10kV, the as-deposited film
was dense and crack-free with only small agglomerated
particles on the film surfaces (Fig. 3a). However, as the
applied potential reached 15 kV (Fig. 3b), larger agglomerates
on the film surface were observed. In a good agreement with
Ref. [13] the higher applied potential led to higher deposition
rate and gave rise to the particle agglomeration. The applied
potential at 10 kV was thus chosen for further optimization
studies.

For the substrate temperature optimization, the B40:60
precursor solution was electrosprayed at the substrate tempera-
tures of 200-350 °C (Condition C2, Table 1). At 200 °C
(below the boiling point of butyl carbitol of 231 °C), the rough
and non-uniform as-deposited films were observed due to the
solvent evaporation during film formation (Fig. 4a). At 250 °C,
the dense and smooth film surface with only slight amount of
surface agglomerations was attained (Fig. 4b), thus revealing
the equivalent rates of solvent evaporation and film deposition
at this temperature. At 300-350 °C, due to the high solvent
evaporation rate, the droplets became too dry and were not
spreading well on the substrate; as a result, the accumulation of
particles and the inhomogeneous film growth were observed as
shown in Fig. 4c and d. Thus, the substrate temperature of
250 °C was the optimal temperature for the film deposition.

The optimization of nozzle-to-substrate distances was sub-
sequently performed using Condition C3, Table 1 and the
results are shown in Fig. 5. According to Fig. 5a, the high
deposition rate at the nozzle-to-substrate distance of 4 cm
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allowed the insufficient solvent evaporation time and caused
the formations of pin-holes (from solvent evaporation during
film formation) and large agglomerates on the film surface. At
the longer nozzle-to-substrate distances of 6-8 cm, the as-
deposited film became smoother with only small agglomerates
(Fig. 5b and c). Since the as-deposited film in Fig. 5b showed
the highest film density and smoothest surface, the nozzle-to-
substrate distance of 6 cm was then chosen for the flow-rate
optimization.

The microstructures of as-deposited films at the flow rates of
1.4-4.2 mL/h (Condition C4, Table 1) in Fig. 6 showed the

Fig. 3. Surface microstructures of the as-deposited films at the applied
potentials of (a) 10kV and (b) 15 kV (Condition C1, Table 1).

higher number of surface agglomerates with increasing flow
rates. At the flow rates of 1.4-2.8 mL/h (Fig. 6a and b), the as-
deposited film surfaces were dense with only slight agglom-
eration of particles. However, once the flow rate reached
4.2 mL/h, the high deposition rate caused the insufficient
solvent evaporation time, resulting in large particle accumula-
tion on the film surface (Fig. 6¢).

In order to investigate the uniformity of cross-sectional films,
the ESD films were annealed at 1150 °C (lower than Si melting
temperature of ~ 1414 °C) for 10 h to strengthen the films prior
to cutting. At the flow rates of 2.8 mL/h and 4.2 mL/h, the cross-
sectional SEM images of the annealed films revealed the uniform
films with the average film thicknesses of 1.18 +0.06 pum and
1.70 + 0.05 pm (Fig. 6d), respectively, thus suggesting the
uniformity of the deposited films throughout the whole thickness.
The results also reveal the proportional increase in the film
thickness with respect to the solution flow rate, together with the
slight increase in the film-thickness variation at the lower solution
flow rate (at the deposition time of 1 h).

The optimum ESD conditions are summarized in Condition
C5, Table 1. Despite the change in precursor type, solvent
mixing ratio and the reduction in precursor concentration from
0.1 M to 0.08 M, the optimum ESD conditions were still the
same as those used in BZY film fabrication in Ref. [13]. The
optimal substrate temperature was rather dependent on the type
of solvent than the type of precursors used in the solution.
Therefore, the change of precursor type and the slight change
in the solvent mixing ratio and precursor concentration showed
no significant effect on the optimum ESD conditions.

3.4. BCZY thin film fabrication on NiO-BCZY
anode substrates

The B40:60 precursors were subsequently electrosprayed on
NiO-BCZY anode substrates using the optimized conditions

Fig. 4. Surface microstructures of the as-deposited films at the substrate temperatures of (a) 200 °C, (b) 250 °C, (c) 300 °C, and (d) 350 °C (Condition C2, Table 1).
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Fig. 5. Surface microstructures of the as-deposited films at the nozzle-to-substrate distances of (a) 4 cm, (b) 6 cm, and (c) 8 cm (Condition C3, Table 1).

Fig. 6. Surface microstructures of the as-deposited films at the flow rates of (a) 1.4 mL/h, (b) 2.8 mL/h, (c) 4.2 mL/h and (Condition C4, Table 1) (d) cross-sectional
microstructure of the film deposited at the flow rate of 4.2 mL/h after heat-treatment at 1150 °C for 10 h.

obtained from the previous section (Condition C5, Table 1).
Since the BCZY film deposition was initially required to cover
the surface pores on the porous NiO-BCZY substrates, the
deposition time was increased from 60 min (on SiO,/Si
substrates) to 120 min. The samples were subsequently
co-sintered at temperatures of 1350 °C for 10 h to ensure the
complete precursor reactions and to increase the film density.

Without AFL, the pre-sintered NiO-BCZY anode substrates
were rough and non-uniform with high surface porosity. As a
result, after electrospraying and co-sintering at 1350 °C, the non-

uniform BCZY film with average grain size of 1.02 pm and pore
sizes in a range from 280 nm to 3.5 um was observed (Fig. 7).
Therefore, to improve the electrode—electrolyte interface and to
reduce the surface roughness and surface porosity of anodes, the
AFLs with lower mass fraction of NiO:BCZY, referred to as
AFL50:50, AFL30:70 and AFL10:90, were uniaxially co-pressed
on top of the NiO-BCZY anode substrates.

Furthermore, according to the previously reported work on
BZY thin film deposition on a bare NiO-BZY substrate,
Somroop [22] observed the decrease in the film porosity with
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the increasing co-sintering temperature to 1500 °C. However,
some small pores were still observed on the BZY films on bare
NiO-BZY substrates even after co-sintering at 1500 °C [22].
Thus, in this study, the co-sintering temperature of BCZY
films only on AFL50:50, AFL30:70 and AFL10:90 substrates
were raised to 1500 °C (for 10 h) to further increase the film
density of BCZY electrolytes.

According to Fig. 8, the microstructures of BCZY thin films
on anodes with AFLs reveal the increasing BCZY film density
with decreasing NiO content in the following order:
AFL50:50 < AFL30:70 < AFL10:90. The lower NiO content
in AFL could effectively reduce the pin-hole formation and
decrease anode surface roughness, which gave rise to the more
uniform film formation and the reduction of intergranular pores
during sintering. The cross-sectional SEM images of the
BCZY thin films showed the average thickness in a range of
2.5-5.0 pm (Fig. 8d) with the average grain sizes of 1.8, 2.3
and 2.2 pm (Fig. 8a—c) for AFL10:90, AFL30:70 and AFL50:50,

Fig. 7. Surface microstructures of the BCZY film deposited on the NiO-
BCZY anode substrate without an anode functional layer after co-sintered at
1350 °C for 10 h in air.

respectively (Table 4). The average BCZY deposition rate of
0.04 pm/min was thus achieved on the AFL10:90 sample.

The low-angle XRD spectra of the AFL10:90 half-cell
revealed only two phases of BCZ and NiO (Fig. 9), which
mean that the complete chemical reaction of the precursors was
achieved. Even though the low-angle XRD technique was
employed, the signal of NiO from anode substrate was still
clearly shown, likely due to some variation in the thickness of
BCZY films. Thus, the PCFC half-cell was eventually
achieved by depositing BCZY film on the AFL10:90 anode
substrate by ESD technique and co-sintering at 1500 °C in air
for 10 h.

4. Conclusions

BaCeo 4Z1y.4Y 0205 _5 thin films were deposited on NiO—
BCZY anode substrates by ESD technique using Ba
(C,H30,),, Ce(CsH70,)3 - 3H,0, Zr(CsH705)4, Y(C,H30,)3 -
4H,0 precursors dissolved in the solvent mixtures of DI water
and butyl carbitol at the volume ratio of 40:60. The optimum
parameters used in the BCZY deposition were the applied
potential of 10 kV, substrate temperature of 250 °C, flow rate
of 1.4-2.8 mL/h and nozzle-to-substrate distance of 6 cm. To

Table 4
Summary of film thickness and average grain sizes of AFL10:90, AFL30:70
and AFL50:50 samples.

Samples Film Average grain

thickness (pm) size (pm)
AFL10:90 5.0 1.8
AFL30:70 3.1 2.3
AFL50:50 2.5 2.2

Fig. 8. Surface microstructures of co-sintered BCZY films on (a) AFL10:90, (b) AFL30:70, (c) AFL50:50 anode substrates, and (d) cross-sectional microstructure

of co-sintered BCZY film on AFL10:90.
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Fig. 9. Low-angle X-ray diffraction pattern of BCZY film on AFL10:90 after
co-sintered at 1500 °C for 10 h in air.

lower the surface porosity and roughness of anodes, AFLs with
lower mass ratios of NiO:BCZY (i.e. 10:90, 30:70 and 50:50)
were co-pressed on top of the anode substrates, and the co-
sintering temperature was further increased to 1500 °C. The
resulting BCZY thin films thus show the increase in the film
density with decreasing NiO content in the AFL. The results
thus confirmed that the use of AFL can improve the electrolyte
density, and the BCZY films deposited on AFL-NiO-BCZY
anodes substrates by ESD technique can potentially be utilized
in the PCFC application.

Acknowledgments

The authors would like to thank Asst. Prof. Dr. Thanakorn
Wasanapiarnpong, Kittichai Somroop and Wittaya Yaipimai
for their assistance on the project, Wirapong Kornpanom,
Thanakorn Tepamart and Kittichai Somroop for the XRD and
SEM analysis, Dr. Pongpan Chindaudom for SiO,/Si sub-
strates, Dr. Sumittra Charojrochkul and Pranuda Jivaganont
(National Metal and Materials Technology Center) for the help
with the high temperature furnace. The research was funded by
Thailand Research Fund (Grant# MRG5580141).

References

[11 Y. Guo, Y. Lin, R. Ran, Z. Shao, Zirconium doping effect on the
performance of proton-conducting BaZr,Ceg s, Y2035 (0.0 <y <0.8)
for fuel cell applications, J. Power Sources 193 (2009) 400-407.

[2] A. D'Epifanio, E. Fabbri, E. Di Bartolomeo, S. Licoccia, E. Traversa,
Design of BaZrygY(,05_s protonic conductor to improve the electro-
chemical performance in intermediate temperature solid oxide fuel cells
(IT-SOFCs), Fuel Cells 8 (2008) 69-76.

[3] E. Fabbri, A. D'Epifanio, E. Di Bartolomeo, S. Licoccia, E. Traversa,
Tailoring the chemical stability of Ba(Cepg_,zr,)Yo,03_5 protonic
conductors for intermediate temperature solid oxide fuel cells (IT-
SOFCs), Solid State Ton. 179 (2008) 558-564.

[4] H. Iwahara, Proton conducting ceramics and their applications, Solid
State Ton. 86-88 (1996) 9-15.

[5] K.D. Kreuer, Proton-conducting oxides, Annu. Rev. Mater. Res. 33
(2003) 333-359.

[6] K.D. Kreuer, W. St. Adam, A. Miinch, A. Fuchs, U. Klock, J. Maier,

Proton conducting alkaline earth zirconates and titanates for high drain

electrochemical applications, Solid State Ion. 145 (2001) 295-306.

E. Fabbri, D. Pergolesi, S. Licoccia, E. Traversa, Does the increase in

Y-dopant concentration improve the proton conductivity of

BaZr; ,Y.O3;_ ;s fuel cell electrolytes?, Solid State Ion 181 (2010)

1043-1051.

[8] R. Pornprasertsuk, O. Kosasang, K. Somroop, M. Horprathum,

P. Limnonthakul, P. Chindaudom, S. Jinawath, Proton conductivity of

Y-doped BaZrOs: Pellets and thin films, Solid State Sci. 13 (2011)

1429-1437.

0. Kosasang, K. Somroop, P. Chindaudom, R. Pornprasertsuk, Effect of

doping concentration on the proton conductivity of Y-doped BaZrO; thin

films, ECS Trans. 19 (2009) 145-151.

[10] P. Sawant, S. Varma, B.N. Wani, S.R. Bharadwaj, Synthesis, stability and
conductivity of BaCegg_,Zr,Y(,05_5 as electrolyte for proton conduct-
ing SOFC, Int. J. Hydrogen Energy 37 (2012) 3848-3856.

[11] K. Katahira, Y. Kohchi, T. Shimura, H. Iwahara, Protonic conduction in
Zr-substituted BaCeOs, Solid State Ton. 138 (2000) 91-98.

[12] D. Pergolesi, E. Fabbri, E. Traversa, Chemically stable anode-supported
solid oxide fuel cells based on Y-doped barium zirconate thin films
having improved performance, Electrochem. Commun. 12 (2010)
977-980.

[13] K. Somroop, R. Pornprasertsuk, S. Jinawath, Fabrication of Y,05-doped
BaZrO; thin films by electrostatic spray deposition, Thin Solid Films 519
(2011) 6408-6412.

[14] S. Ji, I. Chang, Y.H. Lee, M.H. Lee, S.W. Cha, Performance enhance-
ment of thin-film ceramic electrolyte fuel cell using bi-layered yttrium-
doped barium zirconate, Thin Solid Films 539 (2013) 117-121.

[15] J.H. Shim, J. Park, J. An, T.M. Giir, S. Kang, F.B. Prinz, Intermediate-
temperature ceramic fuel cells with thin film yttrium-doped barium
zirconate electrolytes, Chem. Mater. 21 (2009) 3290-3296.

[16] E.M. Kelder, O.C.J. Nijs, J. Schoonman, Low-temperature synthesis of
thin films of YSZ and BaCeOs; using electrostatic spray pyrolysis (ESP),
Solid State Ion. 68 (1994) 5-7.

[17] C.H. Chen, M.H.J. Emond, E.M. Kelder, B. Meerster, J. Schoonman,
Electrostatic sol-spray deposition of nanostructured ceramic thin films,
J. Aerosol. Sci. 30 (1999) 959-967.

[18] J. Kim, Y. Park, D.J. Sung, S. Moon, K.B. Lee, S.-I. Hong, Preparation of
thin film YSZ electrolyte by using electrostatic spray deposition, Int.
J. Refract. Metals Hard Mater. 27 (2009) 985-990.

[19] I. Taniguchi, R.C. van Landschoot, J. Schoonman, Fabrication of
La,_,Sr,Co,_,Fe O3 thin films by electrostatic spray deposition, Solid
State Ion. 156 (2003) 1-13.

[20] L. Bi, E. Fabbri, E. Traversa, Effect of anode functional layer on the
performance of proton conducting solid oxide fuel cells (SOFCs),
Electrochem. Commun. 16 (2012) 37-40.

[21] C. Zhang, H. Zhao, N. Xu, X. Li, N. Chen, Influence of ZnO addition on
the properties of high temperature proton conductor Ba;3Ces
Zr04Y 0105 _s synthesized via citrate—nitrate method, Int. J. Hydrogen
Energy 34 (2009) 2739-2746.

[22] K. Somroop, Fabrication of protonic ceramic fuel cell by electrostatic
spray deposition (Master thesis), Department of Materials Science,
Faculty of Science, Chulalongkorn University, Thailand, 2010.

[7

—

[9

—



	1
	2

