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Synthesis and Sintering of Porous LaggSro,MnO3; Films

&
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Abstract
In this research, LaysgSro.MnO; precursors were synthesized from metallic nitrates by
sol-gel method using polyacrylic acid (PAA) as the chelating to prepare pure and porous
powders for the cathode application in solid oxide fuel cell (SOFC). The LSM powders after
dried and sintered at suitable temperatures were characterized by X-ray diffractometry (XRD),
scanning, and transmission electron microscopes (SEM and TEM). The LSM powder with

nano-crystalline synthesized by adding (P)AA/LSM=2 was obtained after calcined at 500°C
for 2 h, and till kept porous character up to 1000°C.

Keywords. L SM, sol-gel method, nano-powder, porous, PAA
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Table 1 Characteristics of LSM powders after calcined at 500°C or 700°Cfor 6 h

91/10/30 % 37

Ratioof |Specific surface| Equivalent Average Green density”
(P)AA/LSM area diameter crystalline size (%)
(m?/g) (nm) by TEM (hm)
No PAA 5.6 166 nm 150 nm* 354
1 18.5 50 nm 38 nm* 39.0
2 - - 57 nm’ -
5 194 47 nm 65 nm* 36.1
10 25.2 36 nm 45 nm* 29.1

Note *:calcined at.700°C/6 h

+: calcined at 500°C/6 h
#. die-pressed at 120 MPaholding for 30 s
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(P)AA/LSM=10

®) /_)/L (P)AA/LSM=5

(P)AA/LSM=2
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Y

Thermal Diff. (0C/mg)

(P)AA/LSM=1

No PAA

! I ! I ! I ! I !
0 200 400 600 800 1000
Temperature (°C)

Fig. 1 DTA curves of 1 M LSM powder synthesized with various molar ratio of
(P)AA/LSM (a) 10, (b) 5, (c) 2, (d) 1, and (e) no PAA. The heating rate is 10°C/min.
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1.6 — Fig. 3
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at 105°C, (b) calcined at 250°C.
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> 500°C
‘0
c
Q
=

400°C

300°C

| I | I | I | I |
20 30 40 50 60 70

20

Fig. 4 X-ray Diffraction patternsof 1 M LSM powder with (P)AA/LSM=1, which was
calcined at 300~900°C for 6 h.
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> 500°C
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1 I 1 I 1 I 1 I 1
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20

Fig. 5 X-ray diffraction pattern of 1 M LSM powder with (P)AA/LSM=2, which was
calcined at 300°C ~900°C for 6 h.
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900°C

C,
E?-Q

600°C]

Intensity

500°C]

300°G

20 30 40 50 60 70

20

Fig. 6 X-ray Diffraction patternsof 1 M LSM powder with (P)AA/L SM=10, which was
calcined at 300°C ~900°C for 6 h.
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Fig. 7
TEM
(110) LSM mlcro
(110)Lay05 grap
hs of

(a)

BF,

(b)

SAD

Pof 1 M LSM powders synthesized by adding (P)AA/L SM=2, which was calcined at 500
‘C for 6h, (c) CDF, and (d) SADP of the sample without PAA, calcined at 700°C for 6 h.
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(b) PAA/LSM=1 \
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1 I 1 I 1 I 1
400 800 1200 1600
Temperature(°C)

Fig. 8 TMA curves of 1 M LSM powders synthesized by adding (a) no PAA (b)
(P)AA/LSM=1, (c) (P)AA/LSM=5, and (d) (P)AA/L SM=10.

20



91/10/30 2 37

100
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o N0 PAA
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Fig. 9 Relative density as a function of sintering temperature. Samples with various
ratios of (P)AA/LSM aresintered at specified temperaturefor 8 h.
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- ' - :
/AccY Magn  Det WD F—— 20um
¢ 150kV 1000x SE 97 LSﬁ i

e 47y
~ AcclY Magn Det WD |—T 20 um

O 150kV 1000x  SE 97 LSM
~— ~—

Fig. 10 SEM micrographs of bulky LSM samples synthesized by adding (a)
(P)AA/LSM =1, and (b) (P)AA/LSM=5, (c) (P)AA/LSM=10, which were sintered at 1500
C for 8h.
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Processing and Characterization of Ultra-Thin Yttria Stabilized Zirconia
Electrolytic Films for SOFC

Abstract
Sub-micron yttria stabilized zirconia (Y SZ) electrolyte layer was prepared to a thickness less
than 1 um by liquid state deposition method to improve the performance of made solid oxide
fuel cell (SOFC). A spin coating of Y SZ precursor, containing yttrium and zirconium species
and a polyvinylpyrrolidone (PVP) additive, was applied on a Ni/Y SZ anode substrate. Severd
properties, including crystal phase, microstructure, current-voltage (I-V) curve, were
investigated. The 4-mol% Y ,O3 doped Y SZ (4Y SZ) consisted of cubic, tetragonal, and atrace
of monoclinic phases appeared crack-free and outstanding electric properties. The cell testing
of 4YSZ coating samples showed a power density of 684 mW/cm? at 800°C. The surface

crack of other Y SZ coating samples (e.g. 8Y SZ) can be repaired by multi-coating method.

Keywords: Y SZ, thin film, SOFC, power density
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1. Introduction

In the past two decades, there were four mgjor configurations developed for SOFC. The
structures were either sealless tubular, segmented-cell-in-series, monolithic, or planar type. [1]
Because of easy processing and sealing, the sealless tubular and planar-type structures were
popular as the subject of several SOFC research works. [2] The original design of asingle cell
was an electrolyte support structure with cathode and anode on the opposite sides. However,
due to a highly internal ohmic resistance of the electrolyte, the ionic conductivity decreased
while decreasing operation temperature. Therefore, the operating temperature of e ectrolyte
supported FC was limited at the temperatures of 800~1000°C. Therefore, electrolyte layer is
one of the key components to reach the aims of lowering operation temperature and
increasing cell efficiency. Besides, the replacement of ZrO, with any high conductivity
electrol yte materials and reducing the thickness of the electrolyte are two effective approaches
to reduce the polarization effects of the layer. An anode support concept has been adopted in
order to significantly reduce the thickness of the electrolyte to 30 um or less. [3,4] As a
consequence, the operating temperature is possibly reduced to the range of 600~800°C or
lower.

The methods to prepare an anode support SOFC can be classified into three categories.
One is vapor-phase deposition, such as spray pyrolysis. Another is liquid-phase deposition,
such as sol-gel methods. The other is particle deposition/consolidation**, such as tape casting,
screen printing methods, etc. [5] The vapor-phase deposition methods have high potentials to
prepare thin electrolyte with a thickness less than 1 um, but show a disadvantage on
processing cost. In contrast, the particle deposition/consolidation methods are popular and
in-expensive among the methods. However, in concerning the issues of thickness reduction,
the methods produce the scale of layer thickness on several micrometers. Among these
methods, the liquid-phase deposition methods have several advantages on film processing.
The methods are relatively low in initid investment, also suitable to prepare
multi-compositional system to achieve molecular- state mixing. Therefore, the sintering
temperature could be lower than that of traditiona powder deposition methods. But
liquid-phase deposition takes more efforts to prepare submicron electrolyte film. One of the
cases is to prevent the strain induced during drying or sintering, which may result in
processing defects, such as cracks, pores, or delaminating.

This research adopted a liquid precursor route. Various Y SZ liquid precursors with an

! It isalso named “Thick film printing.”
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additive, poly-vinyl-pyrrolidone (PVP), were prepared and spin-coating on porous NiO/Y SZ
substrate to prepare submicron thin layer. Besides, the polymerizing agent,
polyvinyl-pyrrolidone (PVP), was adopted in previous works, [8,9] and had successfully
overcome the cracking problems of oxide coating layer. Therefore, in considering the
requirements of the intactness of the electrolyte layer to prevent the cross linking of fuel and
air, severa attempts, such as using a multi-coating method, adding polymerizing agents in the

formula, [6,7,8] were used in this study to overcome the problems.

2. Experimental

2.1 Sample preparation

Zirconium chloride hydroxide (ZrOCl, 8H,O, NTHU, China), and yttrium chloride
hydroxide (Y Clg"6H,0O, Acros Co., USA) were chosen as the sources of yttria and zirconia,
respectively. De-ionized water was the media, and an additive, PVP (Acros Co., USA), was
taken as a polymerizing agent. The compositions of precursors are listed in Table 1. The ratio
of yttria species to total oxide species (Y 03+Zr0O,) was formulated from 4 to 10 mol%. The
ratio of monomer of PV P to total oxide species was kept at unity. The molar concentrations of
total YSZ species in this research were selected between 0.5~1.5. After fully dissolved, the
precursors sol were spin-coating on porous NiO/YSZ substrates and dried at ambient
temperature for 1 day.

The NiO/Y SZ substrates were prepared by tape casting method [10] and the thickness of
the tape was around 500 um. After dried, the samples were sintered at a heating rate of
10°C/min to 1300°C then holding for 1 h. Besides, the tape for cell testing was reduced by 5%

H, atmosphere at 800°C for 5 h to ensure the formation of Ni metal in the anode tape.

2.2 Characterization

The crystaline phases were analyzed by X-ray diffractmetry (XRD, Philips PW1830,
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Philips Instrument Co., Netherlands). The sintered samples for XRD analysis were pulverized
first before anaysis. The microstructure and elemental distribution were observed by
scanning electron microscope (SEM, Leol530, England) equipped with energy dispersive
spectroscopy (EDS, EDAX Co., USA). The samples for SEM and EDS analysis were
prepared either a as-sintered surface, or a cross-section surface. The conductivity for the
investigations of 1-V behaviors and power density of single cell were conducted by using a
current source (Model 224, Keithley Instruments Inc., USA), a digital voltmeter (Model 182,
Keithley Instrument Inc., USA), and a programmable linear power supply (LPS-305,
American Reliance Inc. USA). The cathode for cell testing used Pt/Pd paste which was
applied on sample surface by a painting method. The fuel, 5% H,/95% N, for the testing of
cell performance was used at a flow rate of 100 ml/min, and the air was the oxidant.

The microstructures of anode tape after sintered and reduced were shown in Fig. 1. The
content of Ni phase in the anode was fixed at 40 vol% and appeared porous, which was in the
range specified in literature. [1,3,11,12] In addition, the coefficient of thermal expansion
(CTE) of the anode was measured by a therma mechanical anayzer (TMA, Setsys TMA
16/18, Setram Co., France). The porosity of the anode were measured and calculated by
Archimedes’ method. Table 2 summarized and compared these anode properties with those in
literature. The properties of the made anode tape in this study fulfilled the requirements of an
anode-supported SOFC. [3, 12]

3. Results and Discussion

3.1 Crystalline Phase Formation of Y SZ
The concentration of doped Y,O3 greatly influences the properties of YSZ materials,

especially on the electrical conductivity. [13] The concentrations of doped yttria were adopted
in the range of 4~10 mol% in this study. Fig. 2 shows the XRD spectra of the Y SZ precursor
powders after calcined at 1300°C. The 6YSZ, 8YSZ, and 10Y SZ samples show only cubic

ZrO, phase. But the 4YSZ appeared additional tetragonal and monoclinic phases. Fig. 3
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shows the detail XRD spectrain the ranges of 34°~36° and 59°~61°. Compared with the JCPD
filest? of ZrO,, the broaden and unsymmetrical peaks consisted of t(110), ¢(200), m(002) in
34°~36°and t(211), m(131), m(203), ¢(222) in 59°~61°, respectively.

Arachi et al. reported that the phases of YSZ made by chemica precipitation method
with 5~6 mol% yttria doping contained cubic and tetragonal phases. [14] But in this study, the
tetragonal phase in the 6Y SZ was not found. The disappearance of the tetragonal phase might
be due to the difference of Y,03; concentration. In order to precisely decide the concentration
of doping Y,O3 in YSZ samples, a quantitative EDS analysis method [15] was conducted.
Table 3 shows the results of the Y,Os; concentration in various YSZ samples. The
concentrations of the doping Y03 are in an acceptable range (+0.2%) to the select
concentration in the formula. The other report by Ramamoorthy et al. also indicated the
crystal phase of YSZ doped with 3, 4.5 and 6 mol% Y O3 made by chemical precipitation
method. [16] It is no doubt that the crystal phase of 3YSZ is tetragonal. The results in
Ramamoorthy’s report showed a spectrum of the 4.5Y SZ only with cubic phase. However,
the authors indicated it should be a mixture of cubic and tetragonal phases. The crystal phase
of 6YSZ was pure cubic and the same as the result in this study. An early report by
Kuzjukevics et al. reported the crysta phases of YSZ made by radio frequency plasma
method. [17] The 3.9Y SZ sample appeared tetragonal, cubic and monoclinic phases, and the
6.2Y SZ showed tetragona and cubic phases. In summary, the crystal phases consisted of
cubic, tetragonal and a trace of monoclinic phases for 4Y SZ, and a mgjor in cubic phase for
6Y SZ possibly with a minor of tetragonal phase were the possible equilibrium phases, but

appeared differently due to the processing method.

3.2 Characteristics of Thin'Y SZ Coating
Fig. 4 shows the microstructures of 4YSZ-14 coating after sintered at 1300°C. The

2 Refer to the files of cubic (27-0997), tetragonal (42-1164), and monoclinic ZrO, phases (37-1484)
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top-view of the coating (Fig. 4(a)) shows dense features with a few cavities. The average
grain size is about 0.59 um. From the microstructure of the cross-section in Figs. 4(b) and
4(c), athin layer of dense 4Y SZ appeared on the surface of the sample. Due to the illegible
interface between the coating layer and substrate, the thickness of the coating layer was
estimated about 0.5 um. Similar microstructures also appeared on a 4Y SZ-11 coating sample.
It was noted that the coating layer of 4Y SZ only composed of one grain in thickness direction.
The grain boundary of YSZ materialsis usualy in associated with residual amorphous silica.
[18] Thisleads to the decrease of conductivity, especially at grain boundary. The contribution
of electric resistivity by grain boundary was proven by the AC impendence measurement on
Y SZ materias. [16]

Fig. 5 shows the microstructures of the cross-section of a YSZ coating sample from
4Y SZ-05 precursor solution. The dense layer in athickness of ca. 35 um was identified on the
surface and next to porous substrate. A close examination (Fig. 5(b)) showed that this layer
consisted of two kinds of grains. The dark gray regions belonged to NiO phase, and the light
gray ones were the ZrO, phase. The formation of the dense di-phasic layer might be due to the
viscosity of the Y SZ precursor, which showed alower viscosity and resulted in the absorption
of the precursor into the surface of anode substrate by capillary force during spin coating.
When the concentration of precursor was higher than 1.5 M, the morphology of coating
sample turned to porous, as shown in Fig. 6. The coating layer was around hundreds
nanometers in thickness, but with significant porosity and serious cracking.

Another attempt in this study was changing the concentration of doping yttria. Fig. 7
shows the microstructures of the top view of those Y SZ coating samples after heat treatment
at 600°C. The coating samples showed some micro-cracks and were similar in morphology.
Compared with the 4YSZ coating sample, these samples tended to form cracks possibly
because of high concentration of doping yttria. When the concentration of doping yttria was
higher than 6 mol%, micro-cracks were found on the coating layer (Figs. 7(a) to 7(c)). One of
trial methods which could solve this problem was using a multi-coating method. The
microstructure of an 8Y SZ sample with three-time coatings is showed in Fig. 7(d). The cracks
were almost sealed and repaired by the methods.

Previous XRD results reported that the crystal phase of 4YSZ contained additional
tetragonal phase than that of 6Y SZ. A possible reason for the crack-free of the 4Y SZ coating
sample is due to the transformation toughening of t-phase. [19] The cracking of coating layer

was caused by the induced thermal stresses. The transformation of t- to m-phase of YSZ
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follows R-curve behavior and can enhance the fracture toughness. This toughening effect
may prevent the growth of cracks on 4Y SZ coating layer. But the 6Y SZ or the Y SZ samples

with ahigher doping content of yttria suffer the thermal stresses without the toughening.

3.3 Cdll Testing

Among these Y SZ coating samples, the 4Y SZ-11 and 4Y SZ-14 samples have a thin and
dense Y SZ layer, which has the properties coincided with the requirements of SOFC. Fig. 8
shows the |-V curves and associated power densities of asingle 4Y SZ-11 cell as a function of
current density. The decrease of the cell voltage is consistent with the ohmic resistance
behavior. [3] The highest power density at 800°C and 600°C are 684 mW/cm? and 477
mW/cm?, respectively. Although the Y ;O3 content of Y SZ with the highest conductivity was
in the range of 8~10 mol%, [14, 20, 21], and the power density of the made single cell was
typically around hundreds mW/cm? at operating temperature. The performance of the anode
support SOFC with 4Y SZ electrolyte is much better than an 8Y SZ electrolyte-support SOFC
at 800°C (Fig. 8(b)) in the similar testing conditions. The effects by the thickness of
electrolyte as well as the doping concentration of Y,O3 for YSZ electrolyte are notable. The
results also show that the reduction of the thickness to less than 1 um can greatly improve the

power density of asingle cell with adense and thin 4Y SZ electrolyte film.

4. Conclusion

A typical electrolyte material system of YSZ was adopted and used to prepare an
ultra-thin film on Ni/Y SZ anode substrate by liquid precursor method. The crystal phase of
YSZ doped with 4 mol% Y03 consisted of cubic, tetragonal, and a trace of monaoclinic
phases. The others with higher Y-doping showed cubic phase only. Among the coatings, a
4Y SZ coating sample was made in crack-free state, and showed an average thickness of 0.5
um and average grain size of 0.59 um. However, the cracks of 8Y SZ coating samples were
noted an could be sealed by a multi-coating method. The crack-free coatings with 4Y SZ-11
and -15 formulations were made possible due to the transformation toughness of t- to c-phase.
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The results of the cell testing of the 4Y SZ coating sample show the best power density of 477
mW/cm? at 600°C and 684 mW/cm? at 800°C, respectively.
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Table 1 Formulation of Y SZ precursorsin this study

91/10/30 % 37

Chemicds | 7r0cl,.8H,0 | YCly6H.0 VP DI-water
Sample (mole) (mole) (mole) (mole)
4Y SZ-05 0.480 0.040 0.50 50
4YSz-11 1.056 0.088 1.10 50
4YSZ-14 1.344 0.112 1.40 50
4YSZ-15 1.440 0.120 1.50 50
6YSz-11 1.034 0.132 1.10 50
8YSz-11 1.012 0.176 1.10 50
10YSz-11 0.990 0.220 1.10 50
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Table 2 Property comparison of anode-supported substrates

Property This study* Current status [1, 3, 11, 12]
Composition Nid;?(\ég(?erl\ri o Ni/Y SZ cermet

By process Tape Casting ;ag?ecp?t%g
Porosity 31.5vol% 20~40 vol%

CTE (cm/cm°C) 12.7 x 10°® 12.5 x 10°®
Conductivity 1321 S/cm (800°C) >100 S/cm

*  Sintered at 1300°C and reduced at 800°C for 5 h.
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Table3 Measured Y,03; concentration and crystalline phases in the coated YSZ by
quantitative EDS and XRD methods

Sample No. Concentration of Y ,03 (mol %) Crystalline phase
cubic, tetragonal,
aYsz 4.02+0.06 monoclinic
6YSZ 6.16 £ 0.11 cubic
8YSz 7.95+0.01 cubic
10YSsz 9.99+0.08 cubic
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Mag = 10.00 K X EHT = 5.00 kV
WD = 11 mm Signal A = SE2

Fig.1 SEM micrographs of the top view of NiO/Y SZ tapes, (a) as-sintered at 1300°C for 1
h, and (b) after reduced at 800°C for 5 h.
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Fig. 2
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XRD spectra of YSZ precursor powders with various Y03 concentrations after
calcined at 1300°C for 1 h. (c: cubic-phase zirconia, t: tetragonal-phase zirconia, and
m: monoclinic-phase zirconia)



Fig. 3
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XRD peaks of 4Y SZ precursor powders at 34°~36° and 59°~61°.
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Mag = 10.00K X EHT = 5.00 kV
WD= 6mm Signal A = SE2

(b)

Mag = 10.00 K X EHT =15.00 kV
WD= 8mm Signal A = SE2

Fig.4 SEM micrographs of the cross-section of 4Y ZP-14 coating sample after sintering at
1300°C for 1 h. (a) top-view, (b) cross-section in secondary electron (SE) imaging
condition, and (c) backscattering electron (BSE) imaging condition.

39



91/10/30 2 37

Fig.5 SEM micrographs of a 4YSZ-05 coating sample after sintering at 1300°C, (Q)
cross-section by SE image, (b) BSE image of the top area.
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Mag = 10.00 K X EHT = 5.00 kV
WD= 5mm Signal A = SE2

Fig.6 SEM micrograph of one 4Y ZP-15 coating sample after heat treatment at 1300°C
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Fig.7 SEM micrographs of the top-view of various YSZ coating samples doped with
different concentrations of yttria after heat treatment at 600°C, (a) 6YSzZ-11, (b)
8Y Sz-11, (c) 10Y SZ-11 by one coating, and (d) 8Y SZ-11 by three coatings.
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Fig. 8
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|-V curves and associated power densities of 4Y SZ-11 samples (a) testing at 600°C
and 800°C, and (b) compared with an e ectrol yte-supported SOFC at 800°C. [22]
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