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In this research, synthesiz of LaggSrgsMnO; (LSM) powder by advanced mechanochemical
process using a mixture of industrial-grade La;0,, SrC0y and Mn,(y powders was investigated. In the
present milling process, no media balls were employed, and mechanical activation was applied through
frictions among particles in the powder mixture. Under humid atmosphere (RH 70% at 25 °C), XRD
peak intensities of the starting powder decreased, and the specific surface area of the powder mixture
increased during the early stage of the milling (<10min). During further milling, the peaks of LSM
started to appear. Differential thermal analvsis (DTA) suggests that the present mechanical activation
brought about the decomposition of SrC0, and the phase change of MnyOy. Single phase of LSM was
obtained by annealing the milled powder mixture (afler 60 min of milling) at relatively lower
temperature of 900 °C, and its particle size was aboul 100 nm. The present process resulted in
considerably lower release of contamination from the milling media. In addition, the influence of the
water content of the starling powder mixtureé on the mechanochemical synthesis of LaggSrg,MnO;
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Furthermore, Lag gSra MOy (LSMIYA0; stabilized Zr0s (YSZ) composite powders were
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size distributions were oblained. They were used to fabricate the cathodes of solid oxide fuel cells
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measured withra corrent imerruption technique,. The cathode fabricated from the composite particles
with narrow particle size distribution showed fine grains, ‘uniform porous structure, and good contact
within the electrolyte layer, and therefore it showed low IR and polarization losses. In contrast, the
cathode fabricated from_composite particles with large amount ol coarse particles, exhibited a non-
uniform structure in grains and pore structure, resulting in high IR and polarization losses,
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CHAPTER 1

INTRODUCTION

1.1 Background

Lanthanum stronttum manganite (LSM) is an attractive material because of its
high potential for a wide range of applications such as colossal magneto-resistance
(Pang et al., 2003; Grossin and Noudem, 2004) and catalytic activities (Hibino et al.,
1996). In addition, LSM is a strong candidate for making the cathode electrode of the
solid oxide fuel cell (SOFC) because of its good electrochemical properties as well as
chemical and thermal compatibilities with the other SOFC components (Minh, 1993;
Fukui et al., 2001). It is well known that the SOFC performance is enhanced by
improving the electrochemical and electrical properties of the electrodes, which
strongly depend on their morphology. The desirable morphology of the SOFC cathode
is uniform porous structure, fine grains and good connections of these grains.
Therefore, fine LSM powder is necessary for controlling the favorable morphology of
the cathode:

Generally, LSM is synthesized either by solid state method (Bell, Millar and
Drennan, 2003; Grossin and Noudem, 2004) or chemical solution methods (Bell, et al.,
2003; Choi et al., 2004; Ghosh et al., 2005; Gaudon et al., 2002). The solid state
method involving a high temperature treatment leads to large particle sizes and
limited degree of chemical homogeneity (Cairns et al., 2005). Although the chemical

solution methods can produce fine particles, severe control of the processing



conditions is indispensable. Mechanochemical method has also been investigated for
the synthesis of various fine particles (Zhang and Saito, 2000; Zhang, Nakagawa and
Saito, 2000). Zhang et al. (2000) have mechanochemically synthesized LSM
(Composition: Lag7Srg3Mn0O3) from the powder mixture of La,O3, StO, MnO and
Mn,03 by a planetary ball milling. Single phase LSM with a specific surface area of
about 9 m*/g was obtained after 180 min of milling.

Recently, Sato et al. (2006) have demonstrated that LaMnOs.5 (LM) can be
mechanochemically synthesized in only 30 min from industrial-grades La,Os and
Mn;04 powders. An attrition type milling apparatus was used without any media balls,
and a special feature was that milling was to be conducted under humid atmosphere. It
was found that the fine grinding enough to trigger the mechanochemical synthesis of
LM was achieved at early stage of the milling (10 min), which was mainly due to the
formation of La(OH); on the surface of La,O; powder. The rapid synthesis without
any media balls resulted in considerably lower release of contamination from the
milling media.

In this study, the synthesis of LSM by the advanced mechanochemical process
without any media balls will be-investigated. Industrial-grade La,0O3;, SrCO; and
Mn;0O4 powders will be used as starting materials. The changes in the crystalline
phase, -specific surface area,-and-thermal -behavior-of the powder mixtures will be
shown, and the influence of the mechanical milling on the solid state reaction will be
discussed. In addition, the influence of the water content of starting powder mixture
on the synthesis of LSM powder will also be investigated.

By the way, solid oxide fuel cells (SOFCs) offer a green technology to generate

electricity directly from chemical reactions with high efficiency. Over the last two



decades, SOFCs based on Y,Os stabilized ZrO, (YSZ) have been developed for
operation in a temperature range of 900-1000°C (Jergensen et al., 2001; Jiang and
Wang, 2005). More specifically, YSZ was used as the electrolyte, Ni-YSZ cermet as

the anode, and Lag gSto,MnO ;(LSM) as the cathode.

Current efforts are aimed at decreasing the operating costs of SOFC by lowering
the operating temperatures to 800 °C or less. To achieve this purpose, the ohmic loss
from the electrolyte should be minimized, while the polarization losses at both
electrodes should further be decreased (Choi et al., 2000; Leng et al., 2003; Fukui,
1997). To date, the change in cell design and the improvement of powder processing
have resulted in significant decreases of these losses for lab-scale planar SOFCs. The
polarization losses at both electrodes can be decreased by increasing their
electrochemical activity (Minh, 1993). Since electrochemical reaction takes place at
triple phase boundaries (TPB) where gaseous species, ions and electrons must be
coincident, a microstructure with large TPB leads to a decrease in the polarization loss.
Therefore microstructural control of the anode or cathode electrode has kindled
interest in this investigation.

Recently, Fukui et al. (2004) have demonstrated that Ni/YSZ composites made
from NiO-YSZ composite particles can provide large TPB, and thereby substantially
decrease ‘the polarization loss-of ithe anode electrode. As for the cathode, the
LSM/YSZ composites have been attempted as well (Fukui et al., 2001). As widely
accepted, not only the processing conditions but also the powder characteristics such
as particle size distributions (PSD) are important factors to obtain well-controlled
microstructures. However, elucidation of PSD influence on the performance of

SOFCs has been rather limited.



Therefore, in this study, control of the microstructure of the LSM/YSZ cathode
was also attempted by varying the compounding method to obtain LSM/YSZ
composite particles. More specifically, the effect of the particle size distribution and
microstructure of LSM/YSZ composites on the internal resistance and polarization

losses of the cathode will also be investigated.

1.2 Objectives of Study

1. To develop LSM particles for high-performance SOFC electrode by using
advanced mechanochemical process.

2. To investigate the influence of particle size distributions of LSM/YSZ

composite powders on the microstructure and performance of the SOFC cathode

1.3 Scopes of Study
1. Synthesis of lanthanum strontium manganite by advanced mechanochemical
process.
1.1 The starting materials are La,03, Mn3;O4 and SrCO; powders.
1.2 The average particle sizes of La,03,Mn3;04 and SrCO3 powders are
about 800, 70 and 400 nm, respectively.

1.3 The maximum processing time is-120.min.
1.4 Water content of the starting powder is <0.2-2.0 wt.%.
1.5 Calcination temperature is 700 — 900 °C.

2. Study of the influence of particle size distribution of LSM/YSZ composite

powder on the microstructure and performance of the SOFC cathode.



2.1 LSM/YSZ composite particles are prepared by advanced
mechanochemical process.

2.2 The mixing ratio of LSM:YSZ is 70:30 by weight.

2.3 The maximum processing time is 30 min.

3. Characterize the obtained particles by using SEM (Scanning Electron
Microscopy), XRD (X-ray diffraction), BET and TG-DTA (Thermal
gravity-Differentiate Temperature analysis). The Fe impurity in the milled
and un-milled powders is to be examined by inductively coupled plasma

atomic emission spectroscopy (ICP-AES).

1.4 Expected Benefits

1. Single phase LSM with fine particles will be obtained by using advanced
mechanochemical process.

2. Comprehension of the influence of the water content of the starting powder
mixture on the mechanical synthesis of LSM.

3. Comprehension of the influence of particle size distribution of LSM/YSZ

composite powders on the microstructure and performance of SOFC cathode.



CHAPTER 11

LITERATURE REVIEW

2.1 Synthesis of Lanthanum Strontium Manganite (LSM)

Bell et al. (2000) synthesized lanthanum strontium manganite (LSM) powder by
six different processes, namely solid state reaction, drip pyrolysis, citrate, sol-gel,
carbonate and oxalate co-precipitation. It was found that the six samples had similar
compositions and surface areas; however, they performed quite differently during
catalytic characterization. The surface structure produced by a co-precipitation
synthesis route, particularly carbonate, was the most suited to oxidation catalysis, and
hence SOFC applications, when compared with other synthesis routes. Drip pyrolysis
proved to produce LSM with a high concentration of its surface reaction site, but had
poor surface area. The citrate and sol-gel routes produced structures that were by far

the least suited in terms of their catalytic activity.

Zhang, Nakagawa and Saito (2000) synthesized perovskite-type strontium
manganite (StMnO3) and LSM powder by grinding the constituent oxides of SrO-
MnO; and La;03-SrO-Mn,03-MnQO,, respectively, using a planetary mill in air. The
synthesis reaction proceeded with an increase in milling time. The product powder of

LSM had the morphology of a strong agglomeration of fine grain in nanosize.

Pang et al. (2003) synthesized LSM nanoparticles by a sonication-assisted co-



precipitation method. The advantages obtained by involving ultrasound radiation in
the co-precipitation reaction were the lowering of the sintering temperature and a
more homogeneous distribution of Mn’" and Mn*" in the structure of LSM
nanoparticles. Fully crystalline LSM with an average particle size 24 nm was obtained
after the as-prepared mixture was annealed at 900 °C for 2 h. Mori, Sammes and
Tompsett (2000) synthesized LSM by co-precipitation method. Single phase LSM
was obtained after heating at 1100 °C for 1 h. Ghosh et al. (2005) also synthesized
lanthanum strontium manganite (LSM) powder by co-precipitation method. It was
possible to attain 30-40% open porosity in the sintered LSM with addition of suitable

amount of pore former.

Prabhakaran et al. (2005) synthesized nanocrystalline LSM powder in order to
use sucrose as a polymerizable fuel. Nitrate salt of La** and Sr*" and acetate of Mn?"
were dissolved in water along with sucrose and concentrated by heating in to the form
of a viscous resin which is then transformed into macro porous foam by drying at 120
°C. Single phase LSM was obtained by combustion of these foams. The LSM
powders obtained by planetary milling of the combustion ash possessed particle size
in the range 0.1-0.6 um with a Dsq value about 0.2 pm. The crystallite size calculated

from XRD data using Scherer equation is in the range 13.12 - 1 7.9 nm.

Kumar et al. (2005) successfully synthesis LSM powder by a novel auto-
ignition-induced spray-pyrolysis technique by using a polymerized precursor solution
containing citric acid and metal nitrates. The as-sprayed particles appeared to be

highly agglomerated with a broad size distribution. Calcination at 750 °C improved



the particle size distribution. The particles were mainly composed of well-dispersed

nanocrystallites of 30-70 nm size.

2.2 Mechanochemical Technique

Zhang and Saito (2000) reported that Perovskite-type lanthanum manganite
(LaMnO3) was synthesized by room-temperature milling of La,O3 and MnOj; powders
using a planetary ball mill. The synthesis reaction proceeded with the increase in
milling time and was finished by about 180 min. The product powder (LaMnOs3) was
a form of aggregates consisting of fine grains with nanometer grain size. The milled

sample had large specific surface area of about 10 m*/g.

Lee, Zhang and Saito (2001) reported that LaOF could be synthesized through
a solid-state reaction between La,O; and LaF; by grinding in air. The reaction
proceeded with increasing grinding time and was achieved within 60 min. The
crystallite size of LaOF in the ground mixture was about 15-20 nm, irrespective of
grinding time. Similar reactions occurred in the mixtures of other rare-earth oxide and

fluoride systems.

Zhang, Lu and Saito (2002) also reported that LaCrO; powder could be
synthesized mechanochemically by room-temperature grinding of La,O3; and hydrous
amorphous chromium oxide powder. The obtained LaCrO; powder sample consisted
of agglomerates and large particles due to the water existing in the starting hydrous

oxide. This led to relatively low specific surface area of about 5 mz/g. The



mechanochemical method was also applicable to synthesis of the other rare earth

oxides of Pr, Nd or Sm and hydrous chromium oxide.

Ito, Zhang and Saito (2004) synthesized fine lanthanum cobalt oxide (LaCoO5)
by two different processes. One was a direct mechanochemical synthesis from oxide.
Another process was composed of three steps: grinding a mixture of LaCls, CoCl, and
NaOH, calcining the ground sample, followed by washing with water to remove
NaCl. Both of the methods could synthesize LaCoOs; however, the indirect method
was superior to the direct method in terms of the fine LaCoO; powder due to the
dehydration of the hydroxide formed and the high dispersion with NaCl in the ground
product. The specific surface area of the final product obtained by indirect process
was about 10 m%/g, which was three times larger than that obtained by the direct

process.

Soft mechanochemical synthesis implies a mechanochemical treatment of the
starting powders in a liquid media containing hydroxyl groups, i.e. water or various
alcohols (Revas Murcury et al., 2004). The influence of water or hydroxyl groups on
the mechanical reaction has been extensively investigated and reported by Senna and
co-worker (Senna, 1993; Liao and Senna, 1992;.1993; 1995; Watanabe et al., 1996 ).
Senna (1996) reported that rapid complexation was enhanced by the presence of
extraordinarily polarized hydroxyl group, due to structure imperfections of the
hydroxyl supporting substrates. Mechanochemical reactions of hydroxides or hydrous
compounds have also been reported (Fernadez-Rodriguez et al., 1988; Temuujin,

Okada and MacKenzie, 1998). Avvakumov et al. (1992; 1994) reported that
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mechanochemical reactions in mixtures of hydrated oxide occurred faster than those

in anhydrous oxide mixtures.

Liao and Senna (1993) reported that Mg(OH), remains crystalline even after
intensive vibromilling for 2 days. In grinding it with TiO,, amorphitation occurred in
2 h, accompanied by dehydration. Baek et al. (1996) also reported that a complex
oxide such as MgTiO3; was conventionally prepared by mixing MgO and TiO,
powders and firing above 1700 K. However, when MgO was replaced with Mg(OH)s,
the synthesis becomes much easier. MgTiO; was observed as a single phase on
heating a mechanochemically treated mixture, whereas other mixtures result in

different phases.

Garcia-Martinez et al. (2005) reported that galdolinium and dysprosium
containing titanate, Ln,Ti,O7 and hexagonal Ln,TiOs were successfully prepared at
room temperature by milling the constituent oxides in a planetary ball mill using
zirconia balls and mortars. Zirconium was observed in the milling product resulting
from contamination from the zirconia’s container and balls. The amount of Zr

measured was typically about 2-4 wt.%.

Shi, Ding and Yin (2000) prepared cobalt ferrite (CoFe;04) nanoparticles by the
combination of chemical precipitation, mechanochemical method using a planetary
ball mill in a hardened steel vial together with several steel balls, and subsequent heat
treatment. It was found that Fe contamination in the milling product was about 10

wt.%.



11

In summary, the mechanochemical method has been investigated for
synthesizing ceramic powders including LSM powder. This method enables us to
synthesize these ceramic powders at a lower temperature. However, the method

required long mechanical milling with media balls, resulting in strong agglomeration.

2.3 Solid Oxide Fuel Cells (SOFCs)

Focusing on the development of SOFC cathode, the suitable materials and
fabrication techniques for SOFC cathode are reviewed here. The various techniques to
enhance the catalytic activity of the cathode are described. In addition, the
relationships of microstructure of SOFC cathode and the system performance are also

discussed.

2.3.1 Materials for SOFC cathode

The basic requirements for the cathode material are as follows (Minh, 1993;
Singhal, 2000; Steele and Heinzel, 2001; Stambouli and Traversa, 2002; Song, 2002;
Webber and Ivers-Tiffée, 2004; Wincewicz and Cooper, 2005):

- High electronic conductivity

- Highionic conductivity

- High porosity

- High catalytic activity

- High stability in an oxidizing environment

- Physical and chemical compatibility with other components (especially

electrolyte)

- Low cost
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- Easy to fabricate
In conclusion, the SOFC cathode must be electrically conductive, chemically
compatible with the electrolyte, and have sufficient porosity to allow gas to be
transported to the reaction site. Concerning porosity, an electrode must have enough
porosity to allow for gas phase diffusion while maintaining sufficient strength to
support the cell during handling and use. In addition, the selection of the cathode
material depends on the operating temperature range, cell design, type of electrolyte,

and fabrication method.

Among cathode materials reported, lanthanum strontium manganite
[(La,Sr)MnOs, (LSM)] is the most extensively studied and investigated materials for
SOFC, of which the electrolyte is yttria-stabilized zirconia (Y,03-ZrO,, YSZ),
because LSM has high stability and high electrocatalytic activity for oxygen reduction
at high temperature (Jiang, 2003). However, insulating film of lanthanum zirconate
(LayZr,07) and/or strontium zirconate (SrZrOs) may take place at the interface of an
LSM cathode and YSZ electrolyte at temperature above 1200 °C, thereby decreasing
the SOFCs performance (Lee and Oh 1996; Mitsuyasu, Eguchiand Arai, 1997; Brant
and Dessemond, 2000; Yang, Wei and Roosen, 2004; Gaudon- et al., 2004). Besides,
other high ionic conductivity materials have been investigated. Lanthanum strontium
ferrite (LSF), lanthanum strontium cobaltite (LSC) (Wincewicz and Cooper, 2005;
Inagaki et al., 2000) and lanthanum strontium cobaltite ferrite (LSCF) are the possible
candidates to replace LSM at the condition of 600-800 °C. Unfortunately, direct

contact between LSCF and YSZ electrolyte leads to the formation of insulating
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SrZrO; at the LSCF-YSZ interface when sintering the cathode at temperature above

1000 °C (Stover, Buchkremer, and Uhlenbruck, 2004).

Yu and Fung (2004) proposed that Sr-doped lanthanum copper oxide (LSCu)
with perovskite-based structure was a good candidate cathode material for an IT-
SOFC because LSCu/YSZ displays lower cathodic polarization than LSM/YSZ at 800
°C. In addition, they found that the LSCu exhibited good stability and no phase
decomposition was observed after heating the LSCu/YSZ powder mixture at 800 °C
for 1000 h. However, a small amount SrZrO; was observed when the same mixture
was heated at 900 °C for 10 h. Samarium strontium cobalt was one of the promising
cathode materials because it showed higher ionic conductivity than LSM and did not
react with galdolinia-doped ceria (GDC) and LSGM electrolyte. However, its cost

was still very expensive (Wincewicz and Cooper, 2005; Fukunaga et al., 2000).

2.3.3 Production technique

The production of SOFC cathode can be divided into three steps: powder
preparation, cathode fabrication and sintering. However, some productions do not
require all the steps shown above. For example, cathode fabrication by flame assisted
vapour.. deposition (FAVD). was able to. deposit porous. lanthanum . strontium
manganate (LSM) films for SOFC cathode directly on the electrolyte (Choy et al.,
1998; Charojrochkul, Choy, and Steele, 2004; Charojrochkul et al., 2004). In general,
after preparation of the starting powder, the cathode is fabricated by screen printing or
spraying (for planar design) and extrusion (for tubular design). Then, the fabricated

cells were sintered at the designed temperature.
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Focusing on the powder processing, the ideal characteristics of the LSM powder
for solid oxide fuel cells are that it should be single phase, with a small average
particle size and large surface area. In general, LSM powders are synthesized by
solid-state reaction method, drip pyrolysis (Bell, Millar and Drennan, 2000), or
chemical solution method such as sol-gel (Bell et al., 2000; Choi et al., 2000; Gaudon
et al., 2004), citrate route, co-precipitation (Bell et al., 2000; Choi et al., 2000, Jiang
and Love, 2003). However, the solid-state reaction method needs high temperature,
resulting in large particle size and limited degree of chemical homogeneity. In
contrast, the chemical solution methods can produce fine and homogeneous particles
with high specific surface area, but the processes are complicated and the reagents
used are normally expensive. To solve this problem, mechanochemical method was

proposed (Naito, Kondo and Yokoyama, 1993).

Interestingly, nanotechnology is also applicable to SOFC development. For
example, LSM composite particles, which consist of both nano-sized LSM and YSZ
grains, were successfully prepared by the spray pyrolysis method. The LSM/YSZ
composite cathode fabricated by using the composite particles achieved a porous
structure as well as uniformly dispersed fine LSM and YSZ grains. Such a unique
structure led to high electrochemical activity at 800 °C (Fukui et al., 1997; Fukui et
al., 2001). Furthermore, Gaudon et al. (2004) synthesized the thin film cathode via
polymeric method with thickness ranging from 200-1000 nm and with a nanometric
grain size distribution. A nanometric grain size distribution when coupled with micro-

porosity allows for the presence of a high number of active reaction sites. Film
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morphology was modified by changing the intermediate calcination temperatures used

in the synthesis of multilayers.

Choi et al. (2000) prepared Lag ¢Sty MnOs/YSZ cathode from LSM powders of
different particle sizes via the silk-printing technique. The mean particle sizes of the
three LSM powders were 1.54, 5.98 and 11.31 um, respectively. The microstructure
change was traced by taking scanning electron micrographs at each preparation step.
The cathodic activity was monitored by estimating the charge transfer resistance
values with the half cell operations. They found that the cathode prepared from 5.98
um-sized LSM powders gave the best performances in term of initial activity and long
term stability because of a large number of its active sites for oxygen reduction and a

small number of its active site losses due to particle growth.

Lanthanum- strontium cobaltite (LSC) is another interesting cathode material
because it possesses ionic and electronic conductivity of a mixed oxide. Inagaki et al.
(2000) synthesized LSC by spray pyrolysis. The lowest cathodic polarization is about
25 mV at 300 mA/cm’. However, the polarizationof the LSC cathode increased with
operating time because of the interdiffusion of the element at the cathode/electrolyte
interface. They suggested that calcinations of the LSC powder could be a potential

way to suppress interdiffusion at the interface.

Finally, sintering is another important step because it might directly affect the
microstructure of the cathode. Jorgensen et al. (2001) investigated the correlation

between the sintering temperature, microstructure and performance of composite
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electrodes comprising lanthanum strontium manganate (LSM) and yttria stabilized
zirconia (YSZ) with a current collector of LSM at 1000 °C. The microstructure was
found to be less dense and to contain smaller grains as the temperature was decreased
in the range of 1300-1500 °C. This increased the active three-phase-boundary line
between electrode, electrolyte and gas phase, leading to a decrease in the polarization
resistance with decreasing sintering temperature. In summary, the optimal sintering
temperature, at which both the polarization resistance and the series resistance are
low, is a trade-off between good physical and electricals contact between LSM and

YSZ, and a long TPB.

2.3.4 Recent research and development on SOFC cathode

The main issues of SOFC development are cost reduction by using low-cost
materials and simpler processing techniques, and the improvement of performance in
long-term operation. In this section, the development of the SOFC cathode was
classified into two categories: improvement of material stability and enhancement of

catalytic activity.

In the case of high operating temperatures, the development is focused on the
stability of cathode  materials for long-term. operation. Hence, higher stability
materials must be chosen as the cathode. However, it is still necessary to improve the

material properties due to the economic reason.

In the case of intermediate operating temperatures, the performance of SOFC

significantly drops because the conductivity of the cathode dramatically decreases as
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the operating temperature decreases below 800 °C. Therefore, many researchers try to
improve the performance of the SOFC. In fact, there are some researches related the
development of SOFC for the operating temperatures below 600 °C (Steele, Hori and
Uchino, 2000; Zhu et al., 2003). However, this is not suitable operating condition
because of the minimum reforming temperature requirement (Ivers-Tiffée and Weber,
2001) and there is small amount of related information. Therefore, it is not mentioned

in this review.

1) Improvement of the materials stability

Two typical ways to improve the stability of cathode materials are to improve
the chemical composition of the materials and to control the microstructure. Weber
and Ivers-Tiffée (2004) suggested that the interfaces between both electrodes and the
thin film electrolyte had to be optimized for low polarization losses and high long-
term stability independent of the chemical composition of the electrode materials.
Also, Jiang et al. (2003) reported that in the case of LSM cathode, the material
microstructure and interface properties were not static but were constantly changing

and evolving under polarization or fuel-cell operating condition.

As mentioned previously, it has been reported that LSM can react with YSZ to
form-an insulating film of lanthanum zirconate (La,Zr,O7) and/or strontium zirconate
(SrZrOs) near the interface of the LSM cathode and YSZ electrolyte at temperatures
above 1200 °C, thereby decreasing the SOFCs performance (Lee and Oh 1996;
Mitsuyasu, Eguchi and Arai, 1997; Brant and Dessemond, 2000; Yang, Wei and

Roosen, 2004; Gaudon et al., 2004). Yang et al. (2004) proposed that the formation of
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LayZr,07and SrZrO; was due to Mn diffusion to the YSZ. When the content of Mn in
the LSM became lower than a threshold value, the LSM became unstable, resulting in
the occurrence of excessive La and Sr, and leading to the reaction of Zr with La and
Sr. Moreover, Yang et al. (2003) reported that the formation of La,Zr,O7 and SrZrO;
in 20% LSM-YSZ system was found after sintering at 1400 °C for 24 h. However,
when the LSM content was increased from 20 to 50 vol.%, more Mn ions were
available, and the LSM phase was stable. In short, the reaction between LSM and
YSZ occurred less although the diffusion of Mn to YSZ still took place. Therefore,
LayZr,07 and SrZrO; were seldom found in 50 vol.% LSM-YSZ. Similarly, Jiang et
al. (2003) also reported that excess Mn would significantly suppress the formation of
LayZr,07 phase. In short, it is necessary to control the Mn contents in order to limit

the insulating phase at the interface of the cathode and electrolyte.

Leng et al. (2005) reported that the LSM/YSZ composite cathode made of A-site
deficiency ((Lags5510.15)00MnO3) showed much lower electrode interfacial resistance
and overpotential loss (or much better performance) than that made of stoichiometric
LSM (LaggsSro.15)00Mn0O3) because of the formation of La,Zr,O;/ SrZrO; in the
composite electrode made of stoichiometric LSM. In addition, A-site non-
stoichiometric LSM was more effective in inhibiting La,Zr,O7 phase formation than

providing excess Mn in the stoichiometric LSM/MnCO3/Y SZ electrode.

2.) Enhancement of catalytic activity
Generally, SOFC performance is enhanced by improving the electrochemical,

electrical and chemical properties of the electrodes, which depend on their
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morphology and chemical composition. It is well known that the performance of
SOFCs is mostly influenced by the electrocatalytic activities that depend on the length
of the three-phase boundary (TPB), namely, the electrode/electrolyte/pores interface
(Minh, 1993; Rambert, McEvoy and Barthel, 1993; Singhal, 2000; Zhao, Virkar,
2000; Jiang 2003; Stambouli and Traversa, 2002; Ghosh, Martel and Tang, 2004). A
number of techniques, such as spray pyrolysis (Fukui et al., 1997), vacuum plasma
spray (Rambert et al., 1999), sol-gel process (Gaudon et al., 2004; Wu, Liu and
Jaegermann, 2005), have been developed to increase the length of the TPB, thereby
improving the electrical performance at lower operating temperature. Furthermore,
the three phase area would vastly increas when the cathode material had both an

intrinsic electronic and ionic conductivity.

Fukunaga et al. (1996) found that the TPB of pure LSM cathode existed only at
the interface of YSZ electrolyte, while the TPB of LSM-YSZ composite cathode
existed not only on the interface but also in the cathode itself. In addition, the
overpotential of the LSM-YSZ composite cathode was lower than that of the pure
LSM electrode. It was also found that the overpotential decreased with an increase of

the TPB length.

Barbucci et al. (2005) reported that the volume ratio between LSM-YSZ close to
1 gave the best electrochemical activity because of the elongation of the three phase

boundary (TPB) in the electrode.
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Yang, Wei and Roosen (2003) reported that the conductivity of LSM-YSZ
cathode composites was dominated either by YSZ or LSM for the lean or rich
contents of LSM phases. For 10 and 20 vol.% LSM-YSZ composite, the hole and
oxygen vacancy dominate the conduction below and above the transition temperature
of 400 °C. As the percolation limit was reached (~20 vol.% LSM), the conduction

became completely controlled by the LSM phase.

Wang et al. (1998) reported that the best electrochemical performance was
obtained with 20 wt.% YSZ addition. Dissociative adsorption of O, and the transfer of
oxygen ion to the YSZ electrolyte were comparably rate-determining in the oxygen
reduction reaction on a pure LSM electrode. With the addition of YSZ, both steps
were accelerated due to the enlargement of the TPB area. After YSZ addition, the

reaction rate became mainly controlled by the latter step.

In addition, since LSM is a poor ionic conductivity at intermediate temperature
(<800 °C). The use of alternative, higher conductivity electrolytes, such as scandia
stabilized zirconia (SYSZ), should enhance the low temperature performance of
SOFC. Yamahara et al. (2005) indicated that cobalt post-doping by infiltration of
Lag.g5510,15MnO3-SYSZ composite cathodes had beneficial effects on the performance
of anode-supported SYSZ thin-film solid oxide fuel cells between 650-800 °C.
(Lag.¢St9.4)1-xCo 2Fep.s03/Ce 9Gdy.1 O3 (LSCF/CGO) composite cathodes were studied
on three types of tape casting electrolyte substrates, including CGO electrolyte, YSZ
electrolyte coated with a thin layer of CGO, and YSZ electrolyte (Wang and

Mogensen, 2005). High performance of LSCF/CGO composite cathodes has been
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obtained in which the polarization resistance (R;) of 0.19 Q cm’ at 600 °C and 0.026
Q cm’ at 700 °C were achieved on CGO electrolyte. Nano- and submicro-structured

cathode is believed to be responsible for such excellent performance.

Moreover, the activation energy of the cathodic reaction may be reduced for the
oxygen reaction by adding noble metals such as Au, Ag, Pt, Pd, Ir, Ru or other metals
or alloys of the Pt group. However, noble metal catalysts are applied in very tiny
amounts to catalyze the electrochemical process at the electrode because of economic
reasons. The catalysts are impregnated in the pores of the cathode by chemical

process (Ghosh, Martel, and Tang, 2004).

An alternative way to improve the cathode properties is to control the
morphology and composition of the cathode starting materials. Nano-particle bonding
method, based on mechanochemical method (Naito et al., 1993), is a novel technique
to synthesize LSM starting particles without heat treatment by using nanoparticles.
The fine grains and long TPB length of the cathode will be achieved; therefore, the

performance of SOFC at low operating temperature will be increased.



CHAPTER III

FUNDAMENTAL KNOWLEDGE

3.1 Mechanochemistry

Mechanochemistry deals with an interplay between mechanical energy and
chemical state of matter. Mechanochemistry is originally observed from industrial
phenomena (i.e., from mineral processing and the related practice of comminution and
grinding). Downsizing of solid particles by grinding or milling cannot be made
infinitesimally small to individual atoms but is generally limited to a single-micron
regime, or at most, to a fraction of micrometer, as far as the size of separately
available single particles is concerned. The lower limit of communition comes mainly
from two factors: microplasticity and agglomeration. The first concept is understood
as an increasing tendency-of plastic deformation-when the particle size becomes
smaller than several micrometers. An increase in the surface free energy promotes
agglomeration and prevents powders from limitless size decrease. Fine particles are
more than fragments of solids with a smaller dimension. Excess surface energy, which
plays an important role in mechanochemistry, is partly due to a small radius of
curvature and surface defects. On top-of that, downsizing operation brings about
severe defects, which are directly combined with surface and bulk chemical properties
of solids (Gotoh, Matsuda, and Higashitani, 1997). In mechanochemical phenomena,
a portion of the mechanical energy applied is conserved in the solid as different forms

of energy to cause a change in its physicochemical properties which eventually gives
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an appreciable effect on the chemical reactivity of the solid (Inoya, Gotoh and

Higashitani, 1990).

3.2 Solid Oxide Fuel Cells (SOFCs)

Liseful power
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Figure 3.1 Conceptual diagram of solid oxide fuel cell (SOFC)

Solid oxide fuel cell (SOFC) is a solid electrochemical cell which is comprised
of a solid oxide electrolyte sandwiched between two electrodes (cathode and anode).
The conceptual diagram of the SOFC based on oxygen ion conductors is shown in
Figure 3.1 (Stambouli -and Traversa, 2002). Oxygen gas is carried through the
cathode to its interface with the electrolyte. Then it is reduced to oxygen ions and
move through the electrolyte to the anode. At the anode, the ionic oxygen reacts with
fuels such as hydrogen or methane and produce electrons. The electrons travel back to
the cathode through an external circuit to generate electric power. SOFCs have
several advantages over other types of fuel cells: highest efficiency (50-60%), non-
precious materials used, few problems with electrolyte management, fuel adaptability,

modularity, possibly internal reforming of hydrocarbon fuel (Jiang, 2003; Minh,
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1993; Stambouli and Traversa, 2002). To achieve adequate ionic conductivity in such
a ceramic, however, the system must be operated at high temperatures in the range of
650-1000 °C, typically around 850-1000 °C in the current technology. The preferred
electrolyte material, dense yttria (Y,03)-stabilized zirconia (ZrO,), is an excellent
conductor of negatively charged oxygen (oxide) ion at high temperatures (Song,
2002). The anode of SOFECs is typically a porous nickel-zirconia (Ni-ZrO;) cermet or
cobalt-zirconia (Co-ZrO,) cermet, while the cathode is typically doped lanthanum

manganite especially strontium-doped LaMnO; (LSM).



CHAPTER IV

PHASE EVOLUTION OF LANTHANUM STRONTIUM
MANGANITE (LaySr,,MnO;) DURING MILLING BY

ADVANCED MECHANOCHEMICAL PROCESS

4.1 Introduction

Lanthanum strontium manganite (LSM) is an attractive material because of its
potential properties for a wide range of applications such as colossal magneto-
resistance (Pang et al., 2003; Grossin and Noudem, 2004 ) and catalytic activities
(Hibino et al., 1996). In addition, LSM is a candidate material for cathode electrode
for the solid oxide fuel cell (SOFC) because of its good electrical properties and
chemical and thermal compatibilities with the other SOFC components (Minh, 1993;
Fukui et al., 2001).

Generally, LSM is synthesized by solid state method (Bell, Millar and Drennan,
2003; Grossin and Noudem, 2004) and chemical solution methods (Bell, et al., 2003;
Choi et al., 2004; Ghosh et al., 2005; Gaudon et al., 2002). The solid state method
involving a high temperature treatment leads to large particle sizes and a limited
degree of chemical homogeneity (Cairns et al., 2005). Althoughthe chemical solution
methods can produce fine particles, severe control of the processing conditions is
strictly required. Mechanochemical methods have also been investigated for the
synthesis of various fine particles (Zhang and Saito, 2000; Zhang, Nakagawa and
Saito, 2000). Zhang et al. (2000) mechanochemically synthesized LSM (Composition:

Lag7Srp3MnO3) from the powder mixture of La,O;, SrO, MnO and Mn,Os; by a
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planetary ball milling. The single phase of LSM with the specific surface area of
about 9 m*/g was obtained after 180 min of milling.

Recently, Sato et al. (2006) have demonstrated that LaMnOs.s (LM) can be
mechanochemically synthesized after milling for only 30 min from industrial grades
of La,O3; and Mn304 powders. An attrition type milling apparatus was used without
any media balls, and a special feature of the milling was to do it under humid
atmosphere. It was found that the fine grinding sufficient to trigger the
mechanochemical synthesis of LM was achieved at an early stage of the milling (10
min), which mainly due to the formation of La(OH)s on the surface of La,O3 powder.
The rapid synthesis without any media balls resulted in considerably less
contamination released from the milling media.

In this study, mechanical milling without any media balls under controlled
atmosphere was conducted on industrial grade La,O;, SrCO; and Mn3O4 powders,
aiming at LSM formation. The powder mixture containing alkaline-earth carbonates is
interesting from a practical viewpoint. SrCOj is quite stable whereas the carbonation
of SrO is unavoidable during storage under the ambient condition. Changes in the
crystalline phase, specific surface area, and thermal behavior of the powder mixtures
are shown, and the influence of the mechanical milling on the solid state reaction will

be discussed:

4.2 Experimental
The starting materials were industrial grade La,O3 (purity: 99.99%, KCM Corp.,
Japan), SrCO; (97% KCM Corp., Japan) and Mn3;04 (99% KCM Corp., Japan)

powders. Their average particle sizes as calculated from the specific surface area were
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about 800, 400 and 70 nm, respectively. They were mixed at the stoichiometric molar
ratio of cations as La: Sr: Mn = 0.8: 0.2: 1. 70 g of the powder mixture was put into a
chamber and mechanically activated using the attrition type milling apparatus
illustrated in Figure 4.1 (Sato et al., 2006). Its main components were a fixed
chamber and a rotor set with a certain clearance against the internal surface of the
chamber. Both the chamber and the rotor were made from stainless steel. The rotating
speed of the rotor was 3000 rpm and the total milling time was 60 min. Humid air was
admitted into the chamber before the milling started, and the milling was performed
under the humid atmosphere (RH 70%). Generally, the temperature of the chamber
rose significantly because of high frictional losses during milling. Without any
cooling water, the temperature of the chamber could rise above 500 °C. In this study,
the temperature of the chamber during milling was therefore controlled by cooling
water. Consequently, the average temperature of the chamber was about 120-150 °C.
After the milling, about 95% of the powder mixture was recovered from the chamber
regardless of atmospheric condition. Finally, the powder mixture was heated in order
to obtain the single-phase LSM. Meanwhile, the un-milled powder mixture was also
heated to compare this mechanical method with the conventional solid state method.
Phase evolution during the milling was examined by XRD measurement (JDX-
3530M, JEOL, Japan) using Ni filtered CuKo. radiation as X-ray source. The XRD
patterns were collected in the range of 10-70 ° with a step size of 0.02 °. The specific
surface areas (SSA) of the starting and the milled powder mixtures were measured
with the nitrogen gas adsorption instrument (Micromeritics ASAP 2010, Shimadzu,
Japan) based on the BET method with sample mass of about 2 g. The powder

mixtures were dried at 200 °C for 12 h before the SSA measurement. The thermal
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behaviors for the starting and the milled powder mixtures were examined by the
differential thermal analysis (DTA). The DTA curves were obtained up to 900 °C
under air flow (flow rate: 300 ml/min) with sample mass of about 13 mg at a heating

rate of 10 °C/min.

Vacuum pump Chamber Humid air

=% %=

Figure 4.1 Schematic illustration of the milling apparatus
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4.3 Results and Discussion

4.3.1 Phase evolution by mechanical activation

Figure 4.2 shows the phase evolution of the powder mixture as a function of the
milling time. Peaks of La;0s3;, SrCO3; and Mn304 were clearly observed before the
milling. After milling for 10 min, the peak intensities of the starting powders slightly
decreased, and the new peaks identified as La(OH); appeared. The formation of
La(OH); was due to the hydration of La,O3; during the milling (Sato et al., 2006).
After milling for 20 min, the peak intensities of the starting powders decreased further.
In addition, the peaks corresponding to the LSM started to appear. Continued milling
reduced the peak intensities of the starting powders. On the other hand, the intensity
of LSM remained almost constant. The results suggest that the mechanical energy
supplied during milling after the first 10 min was utilized mainly for disordering the

crystalline structure of the starting powders.
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Figure 4.2 XRD patterns of starting and milled powder mixtures

30



31

Table 4.1 Specific surface area (SSA) of starting and milled powders.

Milling time (min) 0 10 20 30 40 50 60

SSA (m%/g) 65 81 65 57 43 37 35

Table 4.1 shows the change in the SSA of the powder mixture with the milling
time. After 10 min of the milling, the SSA increased from 6.5 to 8.1m*/g. Then, the
SSA gradually decreased as the milling time increased. Similar behavior has been
observed and reported on the milling of various powder mixtures (Fu and Wei, 1996;
Ito, Zhang and Saito, 2004). In the present case, the fine grinding occurred more
preferentially than the agglomeration of the powder mixture during the first 10 min.
However, mechanical energy supplied during milling after 10 min could be utilized
for agglomeration.

After the SSA reached a maximum (10 min), the peaks corresponding to the
LSM appeared and those of the starting powders significantly decreased on the XRD
patterns. This shows that the increase of the SSA and the disordering of crystalline
structures of the raw substances are of vital importance for solid state reaction of LSM
in the present milling. In this case, the formation of La(OH)s is considered to be a key
step. La,0Os3 is easily hydrated in the presence of water vapor, while Mn3;O4 and SrCO;
are not. Generally, the mechanical hardness of metal hydroxides is significantly lower
than their corresponding oxides. Therefore, the Mn3;0O4 and SrCO; powders would act
as media balls and preferentially grind out the La(OH); formed on the surface of

La,O3; powder, resulting in the increase of the SSA. Consequently, a large area of
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contacts between the reactant substances would be achieved. Such a microscopic
mixing state would promote the solid state reaction of LSM. However, the mixing
state that triggers the solid state reaction should further be investigated with TEM-
EDS tools.

To substantiate the effect of the fine grinding of La,O3 on the formation of LSM
during mechanical milling, finer La,O3; powder with average particle size about 200
nm was used as starting powder instead of coarse La,O3; powder (800 nm). Figure 4.3
shows the phase evolution of the powder mixture as a function of the milling time
when finer La,Os was used. Peaks of La,03, StCO3 and Mn3;O4 were clearly observed
before the milling. It is obvious that, after milling for 10 min, the peak intensities of
the starting powders suddenly decreased, and the peaks of LSM started to appear.
After milling for 20 min, the peak intensities of the starting powders decreased further.
The intensity of LSM peak increased as the milling time increased. The SSA of the
starting powder mixture, and the powder mixtures after 10 and 20 min of milling were
8.4, 6.8 and 6.2 m’/g, respectively. The results suggest that after the first 10 min the
mechanical energy supplied during milling was utilized mainly for disordering the
crystalline structure of the starting powders. In-addition, a large area of contacts
between the reactant substances would be achieved rapidly because of the high SSA
of the starting powder mixture. As mentioned previously, this microscopic mixing
state-would promote the solid state reaction of LSM, thereby leading to more rapid
formation of LSM than using a coarse La,O3; powder as starting powder. It is
confirmed that the fine grinding of La,Os; during the early state of milling is an

important step to initiate the formation of LSM.
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Figure 4.3 XRD patterns of starting and milled powder mixtures when a finer La,03

powder was used as starting powder.

4.3.2 DTA results

Figure 4.4 shows the DTA curves of the starting and the milled powder
mixtures. For the starting powder mixture, an exothermic peak was observed at 560
°C, which indicates the oxidation of Mn3O4 (2Mn304 + 1/20;, — 3Mn,03) (Fritsch et
al.,~1998; Gillot, El Guendouzi and Laarj, 2001). Then, an endothermic event was
observed at 880 °C, which may be ascribed to the decomposition of SrCO; (SrCO; —
SrO + CO;) (Berbenni, Marini and Bruni, 2001). There was no peak associated with
the LSM formation in the whole temperature range.

For the milled powder mixtures, endothermic peak intensities for SrCO;

decomposition decreased with increasing milling time and disappeared after the
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milling took place for 60 min. This change is consistent with the XRD patterns, in
which the peak intensity of SrCOj; decreased with the increasing milling time.

For the powder mixtures milled over 10 min, the exothermic peak related to the
oxidation of Mn3;O4 became inconspicuous. An experiment was carried out in order to
verify the phenomenon. When milling only the Mn3;O4 powder, the phase change
(2Mn304 + 1/20;, — 3Mn,03) was clearly observed on the XRD patterns. Although
the oxidized Mn3Qy, i.e., Mn,03, was not observed in the XRD patterns of the milled
powder mixtures as shown in Figure 4.2, the disordering of the Mn;04 powder would
be achieved by the present mechanical activation through its phase change. The
change in the valence must have occurred with the present mechanical activation
through the phase change of Mn;O4. In this study, the LSM was formed from the
powder mixture involving Mn3;Q4. The average valence of manganese should be +3 in
the perovskite LSM lattice (Chen, Khor and Chan, 2004) but it is +2.67 in Mn3Os4.
Therefore, the average valence of manganese increased during the formation of LSM
in the present milling. In a previous study, perovskite LM powder was also
synthesized when La,03 and Mn3;04 was milled in the same manner (Sato et al., 2006).
The valence change associated with the mechanochemical synthesis should be
investigated further.

Figure 4.5 shows the XRD patterns after heat treatments of the powder mixture
milled for 60 min. Only slight increases in the peak intensities for LSM were
observed after the heating at 700 °C. Drastic increases of the peak intensities were
observed above 800 °C. Finally, single phase LSM was obtained at 900 °C. Therefore,

the exothermic peaks at around 800 °C on the DTA for the powder mixtures milled
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over 20 min corresponded to the formation of LSM from the unreacted substances in

the milled powder mixtures.
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Figure 4.4 DTA curves of starting and milled powder mixtures. Peaks correspond to
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°C; (e) 900°C; (f) the un-milled powder heated at 1200 °C
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4.4 Conclusion
In this study, mechanical milling of a powder mixture of industrial-grade La,Os,
SrCO3; and Mn30O4 powders was conducted under a humid atmosphere (RH70% at

25 °C). An attrition type milling apparatus was used without any media balls, which

presented the mechanical activation through friction among particles during the
milling. The XRD peak intensities of La,O; SrCOs; and Mn3;0,4 decreased, and the
specific surface area of the powder mixture increased at the early stage of the milling
(<10min). After milling for 20 min, the lanthanum strontium manganite (LSM) started
to appear. Additional milling further reduced peak intensities of the starting powders.
However, the intensity of LSM remained almost constant. DTA analysis revealed that
the use of the present mechanical activation accelerated the decomposition of SrCO;

and the phase change of Mn3;0..



CHAPTER V

LOW TEMPERATURE SYNTHESIS OF LANTHANUM
STRONTIUM MANGANITE (La(sSro,MnQO;) BY

ADVANCED MECHANOCHEMICAL PROCESS

5.1 Introduction

As mentioned in 4.1, lanthanum strontium manganite (LSM) is an attractive
material because of its potential properties for a wide range of applications such as
colossal magneto-resistance (Pang et al., 2003; Grossin and Noudem, 2004 ) and
catalytic activities (Hibino et al., 1996). In addition, LSM is a candidate cathode
material for the solid oxide fuel cell (SOFC) because of its good electrical
conductivity, catalytic activity for reduction of oxygen, and chemical and thermal
compatibilities with other SOFC components (Minh, 1993; Fukui et al., 2001). It is
well known that the SOFC performance is enhanced by improving the
electrochemical and electrical properties of the electrodes, which strongly depend on
their morphology. The morphology of the SOFC cathode should be homogeneously
porous structure, fine grains and good connection of these grains. Therefore, fine
LSM powder is necessary for controlling the favorable morphology of the cathode.

Generally, LSM is synthesized by solid state reaction (Grossin and Noudem,
2004; Bell, Millar and Drennan, 2003) and chemical solution methods (Bell, et al.,
2003; Choi et al., 2004; Ghosh et al., 2005; Gaudon et al., 2002). However, the solid
state method, involving high temperature synthesis, leads to large particle sizes and a

limited degree of chemical homogeneity. In addition, the method often comprises a
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multi-step process resulting in high level contamination (Cairns et al., 2005).
Although the chemical solution methods can produce chemically homogeneous fine
particles, severe control of the processing conditions is required. The production cost
of the nano-powder by the solution method is commonly higher than the solid state
method. The mechanochemical method has also been investigated for synthesizing
ceramic powders including LSM powder (Zhang and Saito, 2000; Zhang, Nakagawa
and Saito, 2000). This method enables us to synthesize the ceramic powders at a
lower temperature. However, the method required long mechanical milling with
media balls, resulting in strong agglomeration (Zhang, Nakagawa and Saito, 2000)
and contamination due to the wear of the media balls and the chamber wall during the
milling (Shi, Ding and Yin, 2000; Garcia-Martinez et al., 2005; Alguero, Ricote and
Castro, 2004).

Recently, Sato et al. (2006) have developed an advanced mechanochemical
process without ball media for synthesizing lanthanum manganite. The apparatus used
consisted of just a fixed vessel and a rotor set with a certain clearance against the
inside wall of the vessel. Both the vessel and the rotor were made from stainless steel.
When the rotor was rotating, the powder mixture was compressed into the clearance
and received various kinds of mechanical forces such as compression and shearing.
The product synthesized through this process showed fine particles product and lower
contamination compared to the other mechanical processes. It is therefore expected
that this method would be applicable for synthesizing LSM.

In the present research work, the formation of LSM by means of the advanced
mechanochemical process would be investigated. The composition of Lag gSrg2MnO;

was chosen because the composition was widely used for SOFC application. The
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influence of additional heat treatment on the synthesis of LSM from as-milled

powders would also be investigated.

5.2 Experimental

The starting powder materials were industrial-grade La;Os3 (99.99%, KCM
Corp., Japan), SrCO3 (99% KCM Corp., Japan) and Mn304 (99% KCM Corp., Japan)
powders. Their average particle sizes as calculated from the specific surface area
(SSA) were about 800, 400 and 70 nm, respectively. They were mixed at the molar
ratio of cations as La: Sr: Mn = 0.8:0.2:1. Total amount of 70 g of the mixture was
milled by the advanced mechanochemical method without media balls illustrated in
Figure 4.1 (Sato et al., 2006) for different periods of time. Its main components were
a fixed chamber and a rotor set with a certain clearance against the internal surface of
the chamber. Both the chamber and the rotor were made from stainless steel. When
the rotor was rotating, the powder mixture was compressed into the clearance (1 mm
in gap) and receives various kinds of mechanical forces such as compression and
shearing. The rotating speed of the rotor was 3000 rpm. Humid air was admitted into
the chamber before the milling started, and the milling was performed under the
humid atmosphere (RH 70%). After the milling, the powder mixture was heated in
order to obtain the single phase of LSM. Meanwhile, the un-milled powder mixture
was also heated to compare this mechanical method with the conventional solid state
method. Phase identification was conducted by the X-ray diffraction method (XRD:
JDX-3530M, JEOL, Japan) using CuKa radiation as X-ray source for the milled and
un-milled powders before and after heat treatment. The XRD patterns were collected

in the range of 10-70° with a step size of 0.02°. The specific surface areas (SSA) of
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the as-milled and processed powder were measured by a nitrogen gas adsorption
instrument (Micromeritics ASAP 2010, Shimadzu, Japan) based on the BET method.
The morphology of the LSM powder was observed by scanning electron microscopy
(SEM, ERA-8800FE, Elionics, Japan). The Fe impurity in the milled and un-milled
powders was examined by inductively coupled plasma atomic emission spectroscopy

(ICP-AES: SPS5100, SII NanoTechnology Inc., Japan).

5.3 Results and Discussion

Figure 4.2 shows the XRD patterns of the starting powder mixture and those
milled for 10, 20 and 40 min. There were only peaks of La,O3, SrCO3; and Mn3O; at
the start. After milling for 10 min, the peak intensities of the starting powder slightly
decreased, and the peaks of La(OH); were observed. This can be ascribed to the
hydration of La,O3; during milling by the moisture of the charged ambient air. It is
noted that the peaks corresponding to LSM started to appear only after 20 min of
milling without any heating. This suggests that the mechanical forces applied by
milling were utilized efficiently for the formation of LSM during the first 20 min. The
peaks of La(OH); were not observed after 40 min.. The peak intensities of the LSM
increased during the period from 20 to 40 min.

Table 4.1 shows the change in the specific surface area (SSA) of the powder
mixture with the increase in milling time. The SSA of the starting powder mixture
was 6.5 m?/g. It dramatically increased to 8.1 m?/g after milling for 10 min, and then
it decreased to 6.5 m%/g at 20 min. The results imply that the mechanical forces
applied by milling contributed to the fine grinding of the powder mixture during the

first 10 min of milling, resulting in the significant increase in the SSA. The rapid
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formation of the LSM can be attributed to the intimate microscopic mixing achieved
during the early stage of the milling.

In order to obtain the single phase LSM, the milled powder at 60 min was
chosen and calcined at different temperatures. Meanwhile, the un-milled powder
mixture was also heated at 1200 °C for 6 h. Figure 4.3 (a) - (e) shows the phase
evolutions of the powder mixture milled for 60 min followed by heat treatment at 700,
800, 850, and 900 °C, respectively. Only a minor peak associated with the unreacted
La,O3; was observed for powders heated under 850 °C. Single phase LSM was
successfully obtained after heating at 900 °C for 6 h. In contrast, single phase LSM
could not be obtained from the un-milled powder despite heat treatment at 1200 °C
(Figure 4.3 (f)). The results indicate that the powder was effectively activated by
milling, so that it reacted completely at only 900 °C.

Figure 5.1 shows a SEM micrograph of the LSM powder synthesized by the
mechanical milling for 60 min followed by heating at 900 °C for 6 h. The size of
primary particles observed from the micrograph was about 100 nm. The SSA of the
powder was 10.6 m”/g. The average particle size calculated from the SSA was about
90 nm. The obtained small particle size of the LSM can be ascribed to the mechanical
activation which involves fine grinding, precise mixing and disordering the crystalline
structures of the starting. powders during milling, and so can the resultant lower

calcination temperature.
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Figure 5.1 SEM micrograph of LSM powder synthesized by milling for 60 min,

followed by heating at 900 °C

Since the material of the construction of the apparatus used was stainless steel,
Fe might be released by the wear of the chamber wall and the rotor during the milling.
Table 5.1 shows the amount of Fe impurity in the starting and the milled powder

mixtures.

Table 5.1 Amount of Fe impurity in the starting and milled powders

Milling time (min) 0 30 60

Fe impurity (ppm in mass) 34 55 52
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The Fe impurities of the starting and the milled powder mixtures were 34 ppm,
55 ppm (30 min milling) and 52 ppm (60 min milling) in mass, respectively. After
deducting the Fe impurity in the starting powders, the amount of Fe contamination
contributed by the milling was about 20 ppm in mass. The degree of the
contamination during the milling was considerably lower than that of the previous
studies (Shi, Ding and Yin, 2000; Garcia-Martinez et al., 2005; Alguero, Ricote and
Castro, 2004). The low Fe contamination can be attributed to the short period of
milling and the absence of ball media. The results suggest that the present approach is
one of the most promising methods for synthesizing high quality fine powders with
low contamination.

In addition, a preliminary experiment was conducted in order to test the
performance of a solid oxide fuel cell (SOFC) which used LSM powder from this
process as the cathode. The fabrication and testing of the SOFC was conducted by
Sato et al. (in press), the details of which will be published elsewhere. The electrolyte
thin film was prepared by tape casting from the slurry of YSZ powder (TZ-8Y, Tosoh
Inc., Japan), ethanol and binders. The film was dried under ambient air for 24 h. The
NiO (F-Type, Nicoh Rita Corp.,Japan)-YSZ composite powders (mass ratio NiO:YSZ
= 65.6:34.4) were milled by advanced mechanical method (Mechanofusion system,
Model AM-20F, Hosokawa Micron Corp., Japan). Next, NiO-YSZ film (~750 pum in
thickness) was formed on the electrolyte film by tape casting the slurry composed of
the NiO-YSZ powder mixture, ethanol and binders. Then, the bilayer film of
YSZ/NiO-YSZ was dried and co-sintered in the air at 1350 °C for 2 h. The LSM
powder was prepared by the advanced mechanochemical process and subsequently

heated in the air at 900 °C for 6 h. The LSM powder was mixed with ethylene-glycol,
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screen printed on the sintered YSZ/NiO-YSZ bilayer, and then sintered in the air at
1100 °C for 2 h. Cell performance of the anode supported SOFC was tested at the
operating temperature of 800 °C while supplying 97% H, - 3% H,O to the anode and
air to the cathode. The open circuit voltage was found to be 1.1 V at 800 °C,
indicating that the film was dense enough to prevent gas leakage through it. The
maximum power density of SOFC was 0.75 W/cm®. This result is comparable with
that of the intermediate temperature SOFC based on an anode supported SOFC
prepared by Yamaji et al. (2004) (~0.55 W/m’ cathode/electrolyte/anode:
LSM/ScSZ/NiO-ScSz), Haanappel et al. (2005) (~0.75 W/m?, multilayer
cathode/electrolyte/anode: LSM-YSZ and LSM/YSZ/Ni-YSZ), and Kim et al. (2005)
(~0.5 W/m® multilayer cathode/electrolyte/anode: LSM-YSZ, LSM and
LSCF/YSZ/Ni-YSZ). In addition, Choi et al. (2000) prepared LagoSrg;MnO3/YSZ
cathodes from LSM powders of different particle sizes via the silk-printing technique.
The mean particle sizes of the three LSM powders were 1.54, 5.98 and 11.31 um,
respectively. The cathodic activity was monitored by estimating the charge transfer
resistance values with the half cell operations. The cathode prepared from 5.98 pm-
sized LSM powders gave the best performance in term of initial activity and long term
stability because of a large number of its active sites for oxygen reduction and a small
number of its active site losses due to particle growth. However, the influence of fine
LSM particle on the microstructure and the performance of SOFC, and the optimum

particle size of LSM powder should be investigated further.
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5.4 Conclusion

Formation of lanthanum strontium manganite (LSM) was observed after only 20
min of milling without any heating. The rapid formation of LSM can be attributed to
the intimate microscopic mixing achieved during the early stage of the milling. The
influence of heat assistance on the synthesis of LSM was also investigated. Single
phase LSM was obtained by heating and holding the powder mixture milled for 60
min at 900 °C for 6 hours. The lower synthesis temperature, when compared to the
conventional solid state process, is attributed to the mechanical activation of the
advanced mechanochemical process. A short milling time of 60 min and a low
synthesis temperature of 900 °C resulted in fine LSM particles with the average
particle size of 90 nm. Furthermore, the advanced mechanochemical process without
ball media and with short milling time brings the advantage of lower Fe

contamination compared with the other mechanical methods.



CHAPTER VI

INFLUENCE OF THE WATER CONTENT OF THE STARTING
POWDER MIXTURE ON THE MECHANOCHEMICAL
SYNTHESIS OF LANTHANUM STRONTIUM

MANGANITE

6.1 Introduction

As mentioned in section 4.1, mechanochemical methods have been investigated
for the synthesis of various fine particles including LSM powder (Zhang and Saito,
2000; Zhang, Nakagawa and Saito, 2000). Recently, Sato et al. (2006) have
demonstrated that LaMnOs.s (LM) can be mechanochemically synthesized after
milling for only 30 min from industrial-grade La,O; and Mn;O,4 powders. An attrition
type milling apparatus was used without any media balls, and a special feature of the
milling was to do it under humid atmosphere. It was found that the fine grinding
sufficient to trigger the mechanochemical synthesis of LM was achieved at an early
stage of the milling (10 min), mainly due to the formation of La(OH); on the surface
of La,03 powder.

The influence of water or hydroxyl groups on mechanically induced reaction
(soft mechanochemical reactions) has extensively been investigated and reported by
Senna and co-workers (Senna, 1993; 1996; Liao and Senna, 1992; 1993; 1995;
Watanabe et al., 1996 ). Senna (1996) reported that rapid complexation was enhanced

by the presence of extraordinarily polarized hydroxyl groups due to structural
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imperfections of the hydroxyl supporting substrates. Mechanochemical reactions of
hydroxides or hydrous compounds have also been reported (Fernadez-Rodriguez et al.,
1988; Temuujin, Okada and MacKenzie, 1998). Avvakumov et al. (1992; 1994)
reported that mechanochemical reactions in mixtures of hydrated oxide occurred
faster than those in anhydrous oxide mixtures. However, it has been reported that after
mechanochemical reaction, the water in Cr,O3-nH,O has been transferred as free
water, which works like a binder combining fine particles in agglomerates into one
large particle (Zhang et al., 2002). The proper water content in a starting powder for
the synthesis of fine particles without reducing the reactivity is under investigation.

In this study, mechanical milling without any media balls was conducted on
industrial-grade La,03, SrCO5; and Mn304 powders by varying the water content of
these starting powder mixtures. Phase evolution and specific surface area of the
milled powders are shown, and the influence of the water content of the starting
powder mixture on the formation of LSM will be discussed. The proper water content

of starting powder mixtures for the synthesis of LSM powder will also be reported.

6.2 Experimental

The starting materials were industrial-grade La;OQs (purity: 99.99%, KCM Corp.,
Japan), SrCO; (97%, KCM. Corp., Japan) and Mn3O04 (99%, KCM Corp., Japan)
powders. Their average particle sizes as calculated from the specific surface area were
about 800, 400 and 70 nm, respectively. They were mixed at the stoichiometric molar
ratio of the cations as La: Sr: Mn = 0.8: 0.2: 1. The water content in the starting
powder mixture was varied from the dry state up to 2.0 wt. % by exposing the dry

starting powders to humid atmosphere (RH 80%, 25 °C). The weight of the powder
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mixture was measured before and after exposure to the humid atmosphere in order to
calculate the water content of the starting powder mixture. Then, the powder mixture
was put into a chamber and mechanically activated using the attrition type milling
apparatus illustrated in Figure 4.1 (Sato et al., 2006). The rotating speed of the rotor
was 3000 rpm and the total milling time was 120 min.

Phase evolution during the milling was examined by XRD measurement (JDX-
3530M, JEOL, Japan) using Ni filtered CuKa radiation as X-ray source. The XRD
patterns were collected in the range of 10-70° with a step size of 0.02°. The specific
surface areas (SSA) of the starting and the milled powder mixtures were measured
with a nitrogen gas adsorption instrument (Micromeritics ASAP 2010, Shimadzu,
Japan) based on the BET method with sample mass of about 2 g. The powder
mixtures were dried at 200 °C for 12 h before the SSA measurement. The morphology
of the LSM powder was observed by scanning electron microscopy (SEM, ERA-

8800FE, Elionics, Japan).

6.3 Results and Discussion

Figures 6.1 and 6.2 show the phase evolution of the powder mixture as a
function of the milling time, the moisture contents of the starting powder mixture
being < 0.2 and 0.8 wt. %, respectively. The phase evolutions in both cases exhibited
similar behavior. Peaks of the individual starting powders, La;O3;, StCO3; and Mn3Oy,
were clearly observed before the milling. After milling for 10 min, the peak intensities
of the starting powders slightly decreased. After milling for 20 min, the peak
intensities of the starting powders decreased further. In addition, the peaks

corresponding to the LSM started to appear. This suggests that the mechanical forces
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applied by milling were utilized efficiently for the formation of LSM during the first
20 min. After that continued milling reduced the peak intensities of the starting
powders. Single phase LSM was successfully obtained after milling for 120 min.

In a third case in which the water content of the starting powder mixture was 2.0
wt.%, although disordering of the starting crystalline powders rapidly proceeded,
single phase LSM was not obtained even after the powder mixture was milled for 120
min, as shown in Figure 6.3. It should be noted that the peaks identified as La(OH);
appeared at the start and at 10 min of milling. The formation of La(OH); was effected

by the hydration of La,O3; during humidification of the starting powder.
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Figure 6.1 XRD patterns of the starting and milled powder mixtures: water content of

starting powder mixture < 0.2 wt.%.
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Figure 6.4 shows the change in the SSA of the powder mixture as a function of
the milling time. The result shows that the SSA of all cases increased after 10 min of
the milling. Then, the SSA gradually decreased after milling for 20 min. The results
imply that the mechanical forces applied by milling contributed to the fine grinding of
the powder mixture during the first 10 min of milling, resulting in significant increase
in the SSA. The rapid formation of the LSM can be attributed to the intimate
microscopic mixing achieved during the early stage of the milling. In the case of
water content lower than 0.2 wt.%, the SSA again increased after milling for 30 min,
then there was no significant change until 60 min. It significantly increased after
milling for 120 min. A similar behavior has been reported on the synthesis of LSM
powder by milling constituent oxides of La;O3-SrO-Mn,03;-MnQO; in dry condition
(Zhang, Nakagawa and Saito, 2000). When the initial water content was 0.8 wt.%, the
SSA did not significantly change after further milling for 30-120 min. On the other
hand, at 2.0 wt.% initial water content, the prolonged milling resulted instead in a
significant decrease of the SSA.

As mentioned in section 4.3.1, after the SSA reached a maximum (around 10
min), the peaks corresponding to.the LSM on the XRD patterns appeared and those of
the starting powders significantly decreased. This confirms that the increase of the
SSA and the disordering of crystalline structures of the raw substances were of vital
importance for solid state reaction of LSM in the present milling. In this case, the
presence of proper water content in the starting powder is shown to be an important
factor. La,O; is easily hydrated in the presence of water vapor, while Mn;O4 and
SrCOs; are not. Generally, the mechanical hardness of metal hydroxides is

significantly lower than that of their corresponding oxides. Therefore, the Mn;O4 and
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SrCO3 powders would act as media balls and preferentially ground out the La(OH);
formed on the surface of La,O; powder, thereby resulting in an increase of the SSA.
Consequently, a large area of contacts between the reactant substances would be
achieved. Such a microscopic mixing state would promote the solid state reaction of
LSM. However, after mechanochemical reaction, the excess water in the starting
powder worked as a binder combining the fine particles into agglomerates and merged
into large particles (Zhang et al., 2002). In the present case, it is obvious that, when
the water content of the starting powder increased to 2.0 wt.%, the SSA decreased as
the milling time increased. No single phase LSM was obtained. This result implies

that strong agglomeration has taken place rather than the mechanochemical reaction.
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Figure 6.5 SEM micrograph of LSM powder synthesized by milling powder mixture

for 120 min
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Figure 6.5 shows SEM micrographs of the products synthesized by mechanical
milling for 120 min. When the water contents were less than 0.8 wt.% (Figure 6.5 (a)
and (b)), the milling products seemed to be agglomerates. These agglomerates
consisted of fine primary particles about several hundred nanometers in size. In
contrast, strong agglomeration was observed at water content about 2.0 wt.% (Figure
6.5 (c)). The size of the resulting primary particles observed in the micrograph was
about 1 pm. These results confirm that the formation of large particles may be
ascribed to the excess water content in the starting powder mixture. At two proper
water contents, less than 0.2 and 0.8 wt.%, the specific surface area (SSA) of the LSM
was 9.2 and 5.0 m”/g, respectively. Their particle size calculated from the SSA was

approximately 100 and 180 nm, respectively.

6.4 Conclusion

The influence of the water content of the starting powder mixture on the
mechanochemical = synthesis of LagSro,MnOs; (LSM) powder was investigated.
Industrial-grade La;O3, SrCO3; and Mn3O4 powders were used as staring materials.
The water content of the starting powder mixture was varied up to 2.0 wt.%. At the
water content of 2.0 wt.%, disordering of the starting crystalline powders rapidly
proceeded while strong -agglomeration was observed.  However; single phase LSM
powder was not obtained. At the two proper water contents (less than 0.2 wt.% and
0.8 wt%), fine grinding of the mixture occurred at an early stage of the milling and
single phase LSM powder was obtained after 120 min of milling. The specific surface
area (SSA) of the LSM was 5.0 m*/g and the particle size calculated from the SSA

was about 180 nm.



CHAPTER VII

INFLUENCE OF SIZE DISTRIBUTIONS OF LSM/YSZ
COMPOSITE POWDERS ON THE MICROSTRUCTURE

AND PERFORMANCE OF SOFC CATHODE

7.1 Introduction

Over the last two decades, SOFCs based on Y,0; stabilized ZrO, (YSZ) have
been developed for operation in a temperature range of 900-1000°C (Jorgensen et al.,
2001; Jiang and Wang, 2005). More specifically, YSZ is used for the electrolyte, Ni-

YSZ cermet for the anode, and LaggSto>2MnO ,(LSM) for the cathode. Current efforts

are aimed at decreasing the operating cost of SOFC by lowering the operating
temperatures to 800 °C or less. To achieve this purpose, the ohmic loss from the
electrolyte should be minimized, while the polarization losses at both electrodes
should further be decreased (Choi et al., 2000; Leng et al., 2003; Fukui, 1997). To
date, the change in cell design and the improvement of powder processing have
resulted in significant decreases of these losses for lab-scale planar SOFCs. The
polarization losses _at both electrodes can be reduced by increasing their
electrochemical activity (Minh, 1993). Since electrochemical reaction takes place at
triple phase boundaries (TPB) where gaseous species, ions and electrons must be
coincident, a microstructure with large TPB leads to a decrease in the polarization loss.
Therefore the microstructural control of anode or cathode electrode has become the

objective of this investigation.
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Recently, Fukui et al. (2004) have demonstrated that Ni/YSZ composites made
from NiO-YSZ composite particles can provide large TPB, and thereby substantially
decrease the polarization loss of the anode electrode. As for the cathode, the
LSM/YSZ composites have been attempted as well (Fukui et al., 2001). As widely
accepted, not only the processing conditions but also the powder characteristics such
as particle size distributions (PSD) are important factors to obtain well-controlled
microstructures. However, eclucidation of PSD influence on the performance of
SOFCs has been rather limited.

In this study, control of the microstructure of the LSM/YSZ cathode was
attempted by varying the compounding method or the processing time to obtain
LSM/YSZ composite particles. More specifically, the effect of the particle size
distribution and microstructure of LSM/YSZ composites on the losses by internal

resistance and polarization of the cathode was investigated.

7.2 Experimental

7.2.1 Synthesis of LSM-YSZ composite powder

Figure 7.1 shows a process flow diagram for the preparation of the LSM/YSZ
composite particles used. in this study. La,O; (KCM. Corp., Japan), SrCO; (KCM
Corp., Japan) and Mn3;04 (KCM Corp., Japan) powders were milled for 60 min prior
to calcining and holding at 800 °C for 1 h. Next, the synthesized LSM powder was
ground by ball milling in ethanol for 12 h in order to disintegrate the agglomeration of
the synthesized powder. After drying, the LSM powder was mixed with YSZ (TZ-8Y,

Tosoh Inc., Japan) by an advanced mechanochemical process (Sato et al., 2006) to
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make composite particles. The weight ratio of LSM to YSZ was 7:3. LSM/YSZ-1
and LSM/YSZ-2 are the composite particles obtained by using processing time of 10
and 30 min, respectively. In addition, the composite powder obtained after 12 hr ball-
milling in ethanol is referred as LSM/YSZ-3.

The specific surface of the composite powders was measured by a nitrogen gas
adsorption instrument (Micromeritics ASAP 2010, Shimadzu, Japan) based on the
BET method. The composite powders were dried at 200 °C for 12 h before the SSA
measurement. The particle size distribution (PSD) of the composite powders was
measured by the laser diffraction method (MICROTRAC, Model HRA9320-X100,
NIKKISO Co. Ltd., Japan). The composite powders were dispersed in ethanol by a
homogenizer before the PSD measurement. The morphology of LSM/YSZ powders
was observed via scanning electron microscopy (SEM, Model S-3500N, Hitachi Ltd.,
Japan). Phase identification of the composite powders was determined with the X-ray
diffraction method (XRD: JDX-3530M, JEOL, Japan) using CuKa radiation as X-ray
source. The XRD patterns were collected in the range of 10-70° with a step size of

0.02°.
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Figure 7.1 Process flow diagram for making LSM/Y SZ composite particles

7.2.2 Fabrication and testing of SOFC

The electrolyte sheet was prepared from the YSZ powder (TZ-8Y, Tosoh Inc.,
Japan). The NiO (Nicoh Rita Corp, F-Type)-YSZ composite powders (Fukui et al.,
2004; Murata et al., 2004) were mixed with an organic binder, and then printed onto a

face of the YSZ electrolyte pellet before being sintered at 1350 °C. The LSM/YSZ
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composite particles were printed on the other face of the electrolyte pellet, and then
sintered at 1150 °C. The losses of internal resistance (IR) and polarization between the
YSZ electrolyte layer and the cathode were measured using the current interruption
technique as shown in Figure 7.2, with current density up to 0.5 A/cm’ at the
operating temperature of 700 °C while supplying H; - 3%H,0 to the anode and air to
the cathode. The microstructure of the cathode was analyzed with the SEM (Model S-
3500N, Hitachi Ltd., Japan). The fabrication and testing of solid oxide fuel cell was

conducted by Hosokawa Powder Technology Research Institute.

Air ( 02) ’
AL O; tube —I* 2 Pt wire
LSM/YSZ composite
p ) L cathode
t mes Al "'._//
Glass seal Reference electrode

Pt mesh HTHF YSZ electolye

Hl

Ni-YSZ
Hy+3 %H,0

ALO; tube ———L

Pt wire

Figure 7.2 Schematic illustration of SOFC testing apparatus (Hosokawa Powder

Technology Research Institute).
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7.3 Results and Discussion

7.3.1 Powder Characterization

Figure 7.3 shows the SEM micrographs of the three LSM/YSZ composite
powders, whose the particle size distributions are shown in Figure 7.4. Interestingly,
LSM/YSZ-1 (Dsp=0.45um) and LSM/YSZ-3 (Ds;=0.37um) powders exhibit a
bimodal distribution ranged that from 0.1 pm to a few micrometers. Meanwhile,
LSM/YSZ-2 (Dsp=6.49um) reveals a much broader size distribution ranging from 0.1
to 100 um. However, BET analyses reveal that the specific surface areas of
LSM/YSZ-1, LSM/YSZ-2 and LSM/YSZ-3 were 8.7, 8.1 and 10.9 m*/g, respectively.

Figure 7.5 shows the XRD patterns of the three composite powders. Though
LSM and YSZ phases could be identified, insignificant zirconate phases were

observed.

7.3.2 Microstructure and Performance of LSM/YSZ Composite Cathode

Figure 7.6 shows some SEM micrographs of the surface of the LSM/YSZ
composite cathodes. The SEM micrographs in Figure 7.7 reveal the cross section of
the electrolyte/cathode interface. The microstructure of the composite cathode made
from LSM/YSZ-2 powders consisted of coarse grains and non-uniform porosity,
suggesting a low effective area for the electrochemical reactions. Relatively coarse
grains and large pores were observed close to the interfaces between the cathode and
electrolyte, suggesting a small contact area, which in turn was expected to result in an
increase of IR loss. On the other hand, the microstructures of the cathodes made from

LSM/YSZ-1 and LSM/YSZ-3 powders consisted of smaller particles and more
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uniform porous structure. Good contacts between the electrolyte and the cathode were
also observable.

Figure 7.8 shows the losses by IR between the electrolyte layer and the cathode
as well as that due to cathode polarization. Both IR and polarization losses,
respectively, exhibited the highest value of 1.2 and 0.6 V when LSM/YSZ-2
composite particles were used. Meanwhile the cathodes made from LSM/YSZ-1 and
LSM/YSZ-3 showed insignificant differences in both losses. This result implies that
LSM/YSZ particles with broader size distribution led to a larger amount of coarse
particles and less uniform microstructure, thereby showing less contacts within the
electrolyte layer. Therefore, the IR and polarization losses of the cathode were
negatively affected by the increasing content of coarse particles. This performance is
similar to a previous report (Murata et al., 2005) in which the cathode polarization
was reduced when the cathode exhibited a finer and more homogeneous
microstructure with fine grain size. The reduction of the overall cathode polarization
might be caused by a microstructure which presents a higher surface area for O,
reduction reaction and a better transportation of gaseous species through a uniform
porous structural cathode. As mentioned in section 7.1, the polarization losses at the
cathode can be reduced by increasing their -electrochemical activity. Since
electrochemical reaction. takes place at. triple phase boundaries. (TPB) which
determine the activation polarization, a microstructure with large TPB leads to a
decrease in the activation polarization loss. In addition, the concentration polarization
is influenced by the transport of gaseous species through the cathode (Zhao and

Virkar, 2005). Finally, optimization of the particle size distribution of the composite
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powder should be carried out because it plays an important role in the cathode

performance.
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Figure 7.3 SEM micrographs of LSM/YSZ composite particles
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Figure 7.6 SEM micrographs of the surface of LSM/YSZ cathodes
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Figure 7.8 Losses of internal resistance (IR) and polarization of the LSM/YSZ

composite cathodes at 0.5 A/cm?, 700 °C
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7.4 Conclusion

The influence of particle size distribution of the LSM/YSZ composite particles
on the microstructure, the internal resistance (IR) and the polarization loss of the
cathode of a solid oxide fuel cell (SOFC) was investigated. In this study, LSM/YSZ
composite particles with three different particle size distributions were prepared. The
cathode fabricated by using the composite particles with narrow particle size
distribution showed the fine grains, uniform porous structure, and good contact within
the electrolyte layer, and thereby it showed low IR and polarization losses. In contrast,
the cathode fabricated from the composite particles containing large amount of coarse
particles occupied a non-uniform structure in grains and pore structure, resulting in
high IR and polarization losses. Therefore, to control the particle size distribution of
the LSM/YSZ composite powder, its important role in regulating higher performance

of the cathodes could be confirmed.



CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

8.1.1 Phase Evolution of Lanthanum Strontium Manganite (La gSro>2MnQ3)
During Milling by Advanced Mechanochemical Process

Mechanical milling of a powder mixture of industrial-grade La,0s, SrCO; and
Mn;0,4 powders was conducted under a humid atmosphere (RH 70% at 25 °C). An
attrition type milling apparatus without any media balls was used, thereby providing
the mechanical activation through frictions among particles during the milling. The
XRD peak intensities of La,O3, StCO3 and Mn3O4 decreased, and the specific surface
area of the powder mixture increased in the early stage of the milling (<10min). After
milling for 20 min, the lanthanum strontium manganite (LSM) started to appear.
Additional milling further reduced the peak intensities of the starting powders.
However, the intensity of LSM remained almost constant. DTA analysis revealed that
the use of the present mechanical activation accelerated the decomposition of SrCOs

and the phase change of Mn;0..
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8.1.2 Low Temperature Synthesis of Lanthanum Strontium Manganite
(Lag gSry>MnQO3) by Advanced Mechanochemical Process

Formation of lanthanum strontium manganite (LSM) was observed after only 20
min of milling without any heating. The rapid formation of LSM can be attributed to
the intimate microscopic mixing achieved during the early stage of the milling. The
influence on the synthesis temperature of LSM was also investigated. Single phase
LSM was obtained by heating and holding the powder mixture milled for 60 min at
900 °C for 6 hours. The lower synthesis temperature, when compared to the
conventional solid state process, is attributed to the mechanical activation of the
advanced mechanochemical process. A short milling time of 60 min and a low
synthesis temperature of 900 °C resulted in fine LSM particles with the average
particle size of 90 nm. The advanced mechanochemical process without ball media
and with short milling time brings an additional advantage of lower Fe contamination

compared with the other mechanical methods.

8.1.3 Influence of the Water Content of the Starting Powder Mixture on the
Mechanochemical Synthesis of Lanthanum Strontium Manganite

The influence of the water content of the starting powder mixture on the
mechanochemical synthesis of - LaggSro,MnQOs. (LSM). powder was -investigated.
Industrial-grade La;Os, SrCO3 and Mn3O4 powders were used as starting materials.
The water content of the starting powder mixture was varied up to 2.0 wt.%. At water
content of 2.0 wt.%, disordering of the starting crystalline powders rapidly proceeded.
However, single phase LSM powder was not obtained. At the two proper water

contents (less than 0.2 and 0.8 wt.%), fine grinding of the mixture occurred at the
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early stage of the milling and single phase LSM powder was obtained after 120 min
of milling. The specific surface area (SSA) of the LSM was 5.0 m*/g and the particle

size calculated with the SSA was about 180 nm.

8.1.4 Influence of Size Distributions of LSM/YSZ Composite Powders on the
Microstructure and Performance of SOFC Cathode

The influence of particle size distribution of the LSM/YSZ composite particles
on the microstructure, the internal resistance (IR) and the polarization loss of the
cathode of a solid oxide fuel cell (SOFC) was investigated. In this study, LSM/YSZ
composite particles with three different particle size distributions were prepared. A
cathode fabricated from composite particles with narrow particle size distribution
showed fine grains, uniform porous structure, and good contact within the electrolyte
layer, and therefore it showed low IR and polarization losses. In contrast, a cathode
fabricated from composite particles containing large amount of coarse particles
exhibited a non-uniform structure in grains and pore structure, resulting in high IR

and polarization losses.

8.2 Recommendations for Future Work
-.. The micro mixing state required to. trigger the solid state reaction should
further be investigated with TEM-EDS tools.
- The valence change associated with the mechanochemical synthesis should
be investigated further.
- Optimization of the particle size distribution of the composite powder should

be carried out because it plays an important role in the cathode performance.
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