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Abstract

This study, two components in solid oxide fuel cell (SOFC) and one cell were

fabricated and analyzed. First, fibrous Gd,Os; doped ceria (GDC), which is the

alternative material for electrolyte, was synthesized by chemical co-precipitate method.

The chemical, growth and microstructural properties of the GDC fibers were

characterized by scanning and transmission electron microscopies (SEM and TEM),

differential thermogravimetry (DTA/TG), X-ray diffraction (XRD), and inductive

coupling plasma-atomic emission spectroscopy (ICP-AES) technologies. The results of

fiber synthesis reaction showed zero-order kinetics. The morphologies were closely

affected by the concentrations of additives, citric acid and sodium hydroxide. Three

types of morphologies, including spherical colloids, fibers, stick-in-bundles, and flakes

could be synthesized by control the ratio of citric acid and sodium hydroxide.

Second, LSM powders were synthesized by Pechini method and a sol-gel process

with PAA as chelating agent. Besides the analysis technologies mentioned above, the

powders were also characterized by quantitative energy dispersive spectroscopy (EDS)

to identify their compositional homogeneity. In addition, the residual carbon content in

the LSM powders and their electrical resistance of the LSM/YSZ interface were also

analyzed by carbon/sulfur analyzer and 3-terminal measurement, respectively.
II



Finally, an electrolyte supported SOFC was fabricated by screen printing. The

electrical conductivity of 8Y-YSZ electrolyte analyzed by AC impedance and the

microstructure of the tri-layer single cell were prepared and characterized.

Keywords: SOFC, electrolyte, GDC, fiber, co-precipitation, reaction kinetics, cathode,

LSM, sol-gel method, Pechini method
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Chapter 1 Introduction
Solid oxide fuel cell (SOFC) is an electrical energy generator. Comparing with
traditional power plant, SOFC transforms chemical energy into electrical energy directly
without associated mechanical energy loss, which makes SOFC a high efficiency (to
85% theoretical maximum) and noiseless power generator. Several advantages of SOFC

have been known in literature!tV-S- Department of Energy, 2004

I, The cell adapts variety kinds of
fuels without poisoning the electrodes. If hydrogen is fed as fuel, the by-products will
be nothing but water vapor and heat exhaust. Besides, the additional by-product is
carbon dioxide if hydrocarbon fuels are used.

8 mol% yttria-stabilized zirconia (8YSZ) is the most common electrolyte material
for SOFC due to its high stabilization in reduced atmosphere at high operation
temperature (>800°C). The ionic conductivity of YSZ is almost independent of oxygen
partial pressure when the oxygen partial pressure is higher than 102* atm™™ 19931 Byt
high operation temperature (~800°C) is one of shortages as for SOFC applications. In
contrast, ceria (CeO,) possibly works as an electrolyte at intermediate temperature (of
650°C~500°C). This advantage makes ceria-cell able to shorten the start-up period of

SOFC, and to reduce the material degradation rate. Therefore, the life time of SOFC

may be extended dramatically.



In a SOFC, the cathode material must exhibits good electronic and ionic
conductivities. On the other hand, its structure should be porous for gas diffusion.
Porous structure of cathode is also helpful to suppress thermal shock during cycling
operation. Essentially, match of coefficient of thermal expansion (CTE) of electrode and
electrolyte is another important issue as engineering the materials. As a consequence,
porous cathode consisted of perovskite type strontium-doped lanthanum manganite
((La,Sr)MnO;, LSM) in good conductivity (better than 100 S/cm at 1000°CHKu© etal- 19901
and matched CTE to electrolyte (8YSZ and Sm-doped CeO,) is the primary interesting

target of this study.

Objectives

In this study, gadolinia and samaria doped ceria (GDC, SDC) fibers were

synthesized by chemical co-precipitate method, as our previous patent application>""¢ "

al. 20071 The doped ceria fiber is a potential material to modify the surface of ceria- or

zirconia-based electrolyte, by increase of the surface area of electrolyte. With the
coating of doped ceria fibers, the area of triple-phase-boundary (TPB, the three phase
boundary of ionic conductor, electrical conductor, and gas phase) tends to be increased.

[Sung, 2007]

Previous study on morphology observation (aspect ratio) of synthesized



fibers, the concentrations of starting agents, such as citric acid and sodium hydroxide,
are important issues. Other than fibers, the stick-in-bundle and flake-shape colloidal
particles could be synthesized with different concentrations of starting agents. The
chemical composition and kinetic reaction of fibers are interesting and essential for the
development of fiber technology.

LSM powder for cathode was prepared by two sol-gel routes in this study,

including Pechini metho (Pechini 1967]

and the sol-gel process with polyacrylic acid (PAA)
as gelling agent!™" ?°*!. Binder-burn-out of organic additive is one of the important
steps for the synthesis of high quality LSM powder. The chemical composition, the
homogeneity and carbon residue of synthesized LSM powders is important for electric
conductivity. Quantitative analysis with EDS is necessary to verify the relationship. The

effect of the residual carbon on interface area specific resistance (ASR) between LSM

and YSZ will be discussed with respect to various thermal treatments of the powders.



Chapter 2 Literature Review
2.1 Electric Conductive Cerium Oxide

Cerium oxide (CeO,), also called ceria, shows light yellow color. The crystal
structure of ceria at room temperature is a fluorite (CaF,) structure, as shown in Fig.
2.1[Chiane. 19971 Ceria with tri-valent dopant (e.g. Sm®") is a potential alternative
electrolyte of SOFCs due to its several advantages over zirconia-based oxide. Fig. 2.2
compares the conductivities of some potential materials, including yttria stabilized
zirconia (YSZ)[Yene e al. 2003]Guo et &l 2005 o aqatinia doped ceria (GDC)ISM et @ 2004]
La;StxGarsMg, 035 (LSGM)[Ohnuki et al., 2006]’ 3 Bi3NbO7_Bi3YO6[Abrahams et al., 2006]
systems. All the samples in Fig. 2.2 were bulky specimens. The conductivity of 20GDC
(20 mol% Gd) is about one order better than that of 8YSZ, especially in the temperature
lower than 600°C.

The other materials, such as LSGM and bismuth-based systems show a higher
conductivity (Fig. 2.2), but some known disadvantages, such as difficult to synthesize a
pure pervoskite LSGM phase, or reduction of Bi-based system, limit LSGM and
Bi-based electrolytes for practical application in SOFCs.

For a SOFC, the conductivity should exceed 0.01 S/cm (Fig. 2.2). It is noted that

the working temperature for YSZ system normally higher than 700°C, and higher than



550°C for LSGM and GDC systems. The working temperature, however, could be
reduced by decreasing the thickness of electrolyte. Therefore, the necessary temperature
for operating could be further reduced by decreasing its electrolyte thickness of anode
or cathode supported SOFC.

Similar with zirconia-based electrolyte, the ionic conductivity of ceria material is
controlled by the concentration of oxygen vacancies. The major oxygen vacancies are
coming from the extrinsic addition of aliovalent oxides, such as Gd,0; and Sm,0Os. The
defect reaction of the dissolution of Gd,O; into CeQO, lattice could be written in
Kroger-Vink notation as follow.

Gd,0, —*252Gd, +30; +VJ' (2-1)
Two Ce*" ions are substituted by two Gd’™ ions, and result in an oxygen vacancy. Fig.
2.3 shows a unit cell of doped fluorite structure with vacancy defect. In GDC case, the
host cation is Ce*" and the dopant is Gd°". As showing in Eq. (2-1), to maintain the
electrical neutrality, the following concentration relationship should exist.

2[Gd¢.1=1Vs'] (2-2)
and the ionic conductivity (o;) could be expressed as follow.

Gi = qnu (2-3)

where q is the charge, n and p are the number of mobile oxygen vacancies and mobility



of oxygen ions, respectively. According to Eq. (2-2), the concentration of oxygen
vacancies will linearly increase with the increasing of dopant concentration. The
number of mobile oxygen vacancies (n), however, will not linearly increase with the
dopant due to the formation of defect association between Gd, and Vg at lower
temperature. The defect association will consume the number of mobile oxygen
vacancies. Therefore, the concentration and ionic conductivity of mobile oxygen
decrease as the doping amount reaches its plateau even though the total number of

Singhal et al., 2003

oxygen vacancies increases linearly! ], Similar phenomenon has also been

reported for other cases with aliovalence dopant, such as Sm®". In Yahiro’s study!¥*"™ ¢
al. 19881 the conductivity of SDC increased with the increasing of Sm content, then
decreased when the content of Sm was higher than 20 at%. Other results were also

reported by Huang,S[Huang etal. 1997) . q 7 aog[Zhaetal, 2003]

works. The optimal content of
Gd or Sm ion was around 15 at%~17 at%. In addition, Yahiro et al. reported that the
conductivity of 20SDC at 500°C is close to the conductivity of calcia stabilized zirconia
(CSZ) at 900°C. This high conductivity of doped ceria apparently offered the possibility
for a SOFC to work at intermediate temperature (500°C~700°C).

Although doped ceria shows better electrical conductivity than that of stabilized

zirconia, the reduction behavior of doped ceria, as shown in the following equation,



made the electrolyte semi-conductive.

« 1
OOZEO

20 Vo +2¢ (2-4)
The reduction of Ce*" to Ce®" or to metallic Ce induces high electronic conductivity,
showing n-type conductive behavior. The electric current flowing through the CeO,
electrolyte, instead of open circuit, lowers the terminal voltage from theoretical value,
and further reduces the output power efficiency of SOFC. As the increase of electronic
conductivity resulting from the reduction of cerium ions, the ionic transference number
(t;)) decreases.

Tuller and Nowick! ™! €@ 19751 ‘fond the linear relationship between oxygen
partial pressure and reciprocal temperature at different t; values of yttria doped ceria
(YDC). Their study reported that the oxygen partial pressure difference between t; =
0.99 and t; = 0.9 is about four orders. The t; value of the YDC could reach up to 0.99

only when the oxygen partial pressure higher than 10 atm at 800°C, but this pressure

could drop to about 10! atm at 450°C.
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Fig. 2.1 (a) Fluorite structure 9971 CeO, structure of showing (b) oxygen ion and

(c) cerium ion is selected as the original point, respectively.
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Fig. 2.3 Fluorite structure with one host cation replaced by a lower-valent cation, and

created an oxygen vacancy.
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2.2 Synthesis of Oxide Fibers

There are four different methods that were used to synthesize ceria or zirconia
nanowires, nanorods, or fibers. Those included anodic alumina oxide (AAO) template,
hydrothermal precipitate, electrospun (also called electrospinning), and base-acid

precipitation methods. Table 2.1 summarized the results from these procedures.

2.2.1 AAO Template

With an Al sheet as a template with uniform pore distribution and capillary size, a
sol-gel procedure of oxide fiber was applied to fabricate nanowires in the capillaries. In
Xu’s research™ ¢ @ 20031 an Al sheet was first corroded by phosphoric acid and
obtained a sheet with vertical capillaries that were uniformly distributed on the sheet.
The average diameter of the capillary was about 200 nm and the depth was about 50 um.
The capillary density is 10°~10"" #/cm?. Zirconyl chloride (ZrOC1-8H,0) dissolving in
alcohol solution was the precursor and the pH value was controlled to 2.0 with HCI.
After immersing the AI-Al,O3 (AAO) template into precursor for different periods, the
sheet was dried at room temperature for 1 hr and then thermal treated at 600°C for 6 hr.
The zirconia nanowires were removed by dissolving AAO template in NaOH, and then
rinsing the NaOH.
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The dimensions of nanowires were the same as the capillary on the AAO sheet.
The ring diffraction pattern from TEM indicated that the nanowires were polycrystalline
with cubic phase. Different kinds of shape of zirconia could be synthesized with
different immersion period. With a longer immersion period, nanowires could be

synthesized. However, zirconia nanotubes would form with shorter immersion period.

2.2.2 Hydrothermal Precipitation

Hydrotheraml treatment is a potential procedure to fabricate ceramic powder
without calcination. The obtained particle size could be retained to nano-scale because
that the calcination step can be skipped. Besides, there are the other advantages of this
procedure, including homogeneous nucleation, relative lower synthesis temperature and
weak agglomeration.

In Zhouas Study[ZhOu et al., 2005]

, a directly addition of NaOH into cerium nitration
solution was applied. The formed yellow slurry underwent a hydrothermal treatment at
100°C for 10 h with an autogenous pressure and following thermal treatment at 350°C
for 4 hr. Ceria nanorods with 100~300 nm in length and 13~20 nm in diameter were
obtained. To compare with ceria nanorods, ceria powders synthesized with the same

procedure without hydrothermal treatment were also fabricated. The ceria powders

12



exhibited irregular shape with an average particle size about 8 nm, and weak

agglomeration was observed by TEM. Both powders showed pure cubic fluorite

structure by XRD analysis.

CO catalytic oxidation was applied in both ceria nanorods (with hydrothermal

treatment) and nanoparticles (without hydrothermal treatment). The results revealed that

ceria nanorods showed better CO conversion than that of the ceria nanoparticles even

though the nanoparticles have greater specific surface area than the nanorods by BET

measurement. The adsorptive ability of CO to different plane of ceria results in this

unusual phenomenon. According to their HRTEM results, ceria nanorods grew along

[110] direction and enclosed by {110} and {001} planes, which could adsorb CO more

easily. In contrast, the domain planes in nanoparticles were identified to be {111} which

were less reactive with CO molecule. Due to the reactivity planes, the ceria nanorods

were better as a catalyst for CO oxidation than nanoparticles.

2.2.3  Electrospinning

This method is also called electrospun. Fig. 2.4 shows the scheme of this method.

A solution (or suspension) with certain viscosity was carried by a syringe pump with

capillary. When applying a voltage onto the orifice of capillary, the pendant
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hemispherical drop at the orifice would carry the charge and form a conical shape
(Taylor cone). When a critical voltage is reached a critical value, the electronic force
from the charge on the drop would overcome the surface tension of the solution (The
Rayleigh instability), and a jet of solution could be ejected from one electrode (orifice)

to the otherlSubbiah et al. 2005]

. The solvent was evaporated during the spur, and the
polymer-ceramic green fibers could be formed. This process is a good method to
fabricate extreme long fibers and easy for manufacturing.

In Azad’S Study[Azad et al., 2005]

, a syringe pump was filled with solution consist of
Y*/Zr* or Gd¥*/Ce*" ions and PVP for electrospinning. High voltage ranging between
12 and 15 kV were applied onto the capillary of syringe pump to provide the electric
field on the solution, and the flow rate was controlled to be from 0.03 to 0.12 ml/h. The
fabricated fibers were then calcined at 1500°C (for YSZ fibers) and 1000°C (for GDC
fibers). The YSZ and GDC fibers remained their morphologies without any breaking
during the thermal treatment. The diameter of the 10GDC fiber was about 350 nm
showing polycrystalline by 1000°C and 1200°C treatments. Raman spectrum analysis
showed that there were no PVP polymers left in the fibers. Pure cubic fluorite structure
of zirconia and ceria was observed. The viscosity of precursor for Yang’s

electrospinning was also provided by PVA. In their study!Y™e ® @ 20051 the applied
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voltage was reduced to 7 kV, and the final diameter of ceria fibers was between 50 and
100 nm. The XRD analysis revealed that pure ceria was obtained after calcination at
500°C.

Besides electrospinning with solution, zirconia suspension could also be the
precursor for the electrospinning used in Zhang’s research/Zhane etal- 20061 “ ¢ which the
applied voltage would affect the morphology of the fiber product. With a voltage higher
than 11.6 kV, necking of as-prepared fiber was observed. This phenomenon got more
apparent with the increasing of applied voltage. In contrast, when the voltage was less
than 11.6 kV, the fiber could not be formed due to the unstability of conical drop (shown
in Fig. 2.4). The diameter of as-prepared fibers was linear proportion to the zirconia
powder content in solution. The fibers could not be prepared when the solid content was
lower than 1 wt%. On the other hand, due to the shrinkage of fiber during thermal
treatment, the fiber could not be fabricated when the solid content was higher than 10
wt%, either. After sintering at 1200°C, the grain size of zirconia grew from 5~10 nm to
about 150 nm. This final grain size limited the smallest diameter of the fibers to about

200 nm.
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2.2.4  Precipitation Method

One of the requirements for an electrolyte used for SOFC includes high sintered
density to maintain high ionic conductivity, and to avoid the cross-diffusion of oxygen
and fuel. In order to reduce the sintering temperature of the ceramic electrolyte, the
particle size of starting powders should be as small as possible. Besides, the spherical-
like morphology of the starting powder could also favor particle flowing in mold and
shape forming. In order to fabricate ultra fine powders with spherical shape,
co-precipitate synthesis has been widely used due to its homogeneous and nano-scale
particle synthesis. In addition, by using different synthesis conditions, different particle
morphologies of the precipitates can be made.

Wang et al.Vaneetal- 20031 gapicated spherical particles of SDC with a precipitant of
ammonium hydrogen carbonate (AHC, NH4HCO;). These SDC powders could be
sintered up to >99% theoretical density (T.D.) at 1200°C. In Peng’s research("®"e &2 20021
glycine (NH,CH,COOH) was used as a precipitant, a relative density higher than 95%
of SDC pellet was obtained if sintering at 1500°C.

Therefore, almost no researchers focus on the fabrication of fibrous ceria-based

[Huetal. 19881 "5 solution with Ce(SO4),

particles from solution. However, in Hsu’s study

and H,SOy aging at 90°C for 12 hr could appear Ce-contained rods, spheres, and the
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mixture of rods and spheres in different material concentration ranges. The average size
of spherical particles is in the range of 30 to 240 nm. Higher concentrations of cerium
ions and H,SO, increased the particle size. The effect of the addition of Na,SO4 was
investigated, which also influenced the average particle size. Besides, in a certain
concentration window of each starting species, Ce-contained rods with the dimension of
2 um in length and submicron in width could be obtained in the same aging period of

the spherical synthesis.
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Table 2.1 Compariion of three fiber fabrication procedures

Hydrothermal . e
Methods AAO template . Electrospinning Precipitation
precipitate
) Water based solution
ZrOCI1-8H20 alcohol | NaOH added cerium ) ) ) Ce(SOs),, H,SO4 and
Precursor ) ) with PVP/zirconia
solution with HC1 slurry ) Na,SO4
powder suspension
Aspect ratio up to 250 20~30 N/A N/A
Crystalline Polycrystalline Single crystalline Polycrystalline N/A
| S o Rods, spherical
i Higher CO oxidation | Possibility for long .
Nanowires or - particles, or the
Characters ) activity than CeO, fibers and easy )
nanotube fabricated : mixture could be
nanoparticles manufacture .
fabricated
[Zhang et al., 2006]
Reference [Xu et al., 2003] [Zhou et al., 2005] [Azad et al., 2005] [Peng et al., 2002]

[Yang et al., 2005]

18




Capillary

L ——Solution or Suspension

.

Conical Drop

+

\

Electrified Jet
High Voltage Supply

7

Collector

Fig. 2.4 Scheme of electrospinning of ceramic fibers.
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2.3 Electrical Properties of Cerium Oxide

2003][Kilner, 2000][Inaba et al., 1996]

2.3.1 Theory of Oxygen Transport!s et
The electrical conductivity (o) of an ionic conductor could be expressed by

Arrhenius equation as following,

E
T=A : 2-5
ol = Aexp(— ) (2-3)

where A is a pre-exponential factor, k is Boltzmann constant and E, is the activation
energy of electrical conduction. This equation is derived from Eq. (2-3). The mobility p
is related to the self-diffusion coefficient,

u-9p (2-6)
where q is charge, and D is the self-diffusion coefficient, which could be further

expressed by random walk theory in 3-dimension as shown below.

D= % f(1-c)alv, exp(— Akim ) 2-7)
where z is the coordination number of the diffusive ion, 1/6 is the geometry constant of
a simple cubic structure, f is correlation factor which presents the deviation from
randomness of the ionic jumping, a, is the jumping distance, vy is the jumping
frequency, AGy, is the free energy of migration. The equivalent sites for oxygen ions to
transport, in fact, are partially occupied by oxygen ions. The fraction of the occupied
sites is the term c, and (1-c) is the fraction of the unoccupied sites. According to thermal
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dynamic theory, AGy, = AHy, -TAS,,.. Eq. (2-7) could be expanded as following,

z AS, AH
D= o f(1-c)a v, exp( " )exp(— T ) (2-8)
Defining y as
z AS
_ L _2¥m 2-9
7= Texp-—") (2-9)

and substitute Eq. (2-8) and Eq. (2-9) into Eq. (2-6), the mobility could be expressed as

AH
1= %y(l ~0)ajv, exp(—— ) (2-10)

In a crystal with vacancy sites for vacancies to transport, there are N sites per unit cell.
In Eq. (2-3), n is the number of mobile oxygen vacancies, and this number is the

product of N and c. Thus

2

AH.
a:NyE—Tc(l—c)agvo exp(~~ ") 2-11)

Now replace the term (1-c) with [V ], the concentration of oxygen vacancies, then the
alternative expression of Eq. (2-11),
q 2

o o va2 AH,
E[VO 10-V5" Dagv, eXP(—F) (2-12)

o=Ny
It is noted that the term ([V5'](1-[V,']) will increase linearly with [VJ'] at

extremely low [VJ"] and reach a maximum at [V5']=1-[VJ"]. Therefore, an ideal

expression of the trend of ionic conductivity depending on [VJ"] is shown in Fig. 2.5.
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2.3.2 Dopant Effect

In an ionic conductive material, such as ceria, the charge carrier is oxygen ion
vacancy (or oxygen), which dominates the ionic conductivity of ceria according to Eq.
(2-12). For a pure ceria, the oxygen vacancy is coming from the intrinsic defects
(Frenkel or Schottky), of which the concentration is remarkable at high temperature
only. For this reason, the conductivity of pure ceria is poor.

Fig. 2.5 is the plot of the ionic conductivity of ionic conductor against the vacancy

[Kilner. 2000] "¢ js noted that the ionic conductivity shows linear behavior

concentration
with the [VS"] at extremely low [VJ'] region. According to Eq. (2-2), the
conductivity is also proportional to the concentration of dopant and mobility of the ions.
Fig. 2.5 depicts that the ionic concentration will reach a maximum value when [VJ"] is
around 0.5. But the experimental results showed that the maximum ionic conductivity
occurring at the dopant concentration apparently lower than the predicted value. In
Yahiro’s work! Yehir etal- 1988] \50SDC (Smg2Ceo5010, 10 mol% Sm,0; doping) exhibits
the highest ionic conductivity in SDC system. In this case, the concentration of oxygen
vacancies is only 5%. Similar doping amount of Gd,Os in ceria was reported by several

[Zha etal.2003][Zhang etal..2006] 'y} reported that the optimal content of Gd,O3 was

researchers

lied between 7 and 10 mol%. This phenomenon is explained by the formation of defect
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associations (or clusters), e.g., {Sm.Vs"}" and {Gd.VJ"}" . These associates
consume the vacancies and the linear relationship is no longer effective. Because of the
existence of the defect association, the mobility of associated defects is greatly reduced.
Therefore, the temperature dependence of the electrical conductivity of doped ceria
could be divided into at least two regions. In high temperature region, the energy in
lattice could overcome the binding energy of defect association and the oxygen
vacancies are free to diffuse. The activation energy (E,) for ionic conduction is only the
migration energy (E,). In low temperature region, the activation energy is including the
binding energy of defect association (Es) and the migration energies/Sne! etal- 20031 - o
slope transition could be found in a diagram of In(cT) against 1/T at a critical

Jung et al. 20021 ronorted that the critical temperature was also

temperature (Teir). Jung[
affected by the amount of dopant. 20SDC system could reduce its critical temperature
down to 591°C from 673°C of 5SDC system. The trend of E, varied with doping
contents was similar with the trend of critical temperature and showed the lowest E,
value in 20SDC system.

Originally, the substitutional defect with negative charge and oxygen vacancy with
positive charge are attracted to each other and form the defect association due to the

Coulombic force below the critical temperature. In this case, for the same charge of
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substitutional defect (ex: monovalent Gd., or divalent Ca.,), the binding energy of

defect association and the ionic conductivity should be at a similar level no matter what

[Skinner et al., 2003]

the doped ion is . However, the experimental results showed a lot

differences in conductivity for different kinds of additive treated at 800°C. The results in

Fig. 2.6 revealed that the ionic radii of dopant ions would apparently affect the ionic

[Yahiro et al., 1988]

.. . M ) . . .. ..
conductivity of doped ceria (Mogensen etal. 20001 'The information of ionic radii

[Shannon, 1976

were reported by Shannon I, From Fig. 2.6, the ionic conductivity first

increases with the increasing of ionic radius (from 0.0985 nm of Yb>" to 0.1079 nm of

Sm®") until the radius reach 0.109 nm, and then decreases. In the other Yahiro’s! Yhir etal-

1988] work, alkaline earth ion doped ceria was investigated. The same trend was found
that calcia doped ceria showed the highest conductivity where the radius of calcium ion
1s 0.112 nm. It could be concluded that for rare earth or alkaline earth oxides doped
ceria, the critical doping ionic radius which gives the highest conductivity of doped

o I L1
ceria is around 0.11 nm!™m2Pa el 1996

], The reason of this phenomenon was explained by
the effect of the elastic strain energy around the substitutional defect. After aliovalent
ions doping, there is elastic strain remained in the lattice. The remained strain is resulted
from the radius mismatch of the host cation and the doping one.

In general, the highest ionic conductivity would be exhibited when the radius of
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dopant ion is closest to the host ion, which results in the least elastic strain and the
minimal association energy between dopant ion and oxygen vacancy ™" etal., 1996] Fig.
2.6, however, reveals that Sm®" (0.1079 nm in radius) exhibits the highest electrical
conductivity. The ions such as Yb’" (0.0985 nm), Er’" (0.1004 nm) or Y>* (0.1019)
which have the ionic radii closer to Ce*" (0.097) show a lower electrical conductivity
comparing with Sm*>". The reason was provided by L. MinervinilMinerini étal. 1999]

In Minervini’s work, the binding energy of defect association was recalculated. The
association pair model was the substitutional defect to the first, second and third
neighbor oxygen vacancy. The plot of binding energy of these three association pairs
against ionic radii is shown in Fig. 2.7(a). Fig. 2.7(b) shows the schematic positions of
these oxygen vacancies in a unit cell of ceria.

In Fig. 2.7(a), the first and second neighbor lines of binding energy are associated
with different effects. Coulombic interaction between substitutional defect and vacancy
always favors the first neighbor position. Smaller ions show higher binding energy with
vacancy due to its higher charge density. On the other hand, the relaxation of lattice
(crystallographic effect) always favors the second neighbor position. The relaxation of
lattice is coming from the Ce*" ion adjacent to the second neighbor vacancy and it’s also

related to the dopant ionic radius. The ion in this configuration could relax the attractive

25



force between positive charge vacancy and negative charge substitutional defect. These
two effects cancel each other and form an equivalent binding energy for first and second
neighbor vacancies when the dopant ionic radius is about 0.105 nm. In Fig. 2.7 (a), the
equivalent binding energy which is also the minimum value is shown in the crossover
point of the lines of first and second neighbor oxygen vacancy. Gd*" ion has the closest
ionic radius with the position of the crossover point. The cations smaller than Gd*"
prefer to bind with the first neighbor vacancy. In contrast, the cations larger than Gd**
have higher binding energy with the second neighbor vacancy. According to Minervini’s
work, the optimal radius of dopant ion is around 0.105 nm (close to the radii of Gd*"
and Sm’") should have lowest binding energy of defect associate and result in the
highest ionic conductivity, which agree with the experimental results.

As mentioned above, for both rare earth and alkaline earth ions, the critical ionic
radius is around 0.11 nm that would give the highest conductivity. Therefore, Sm- and
Gd-doped ceria should have the highest ionic conductivity which was confirmed by

[Balazs et al., 1995]

Balazs However, Gd-doped ceria showed surprising low ionic

Yahiroetal. 1988] '\ hich was against the general trend. There

conductivity in Yahiro’s work!
is one possible explanation for this disagreement, which will be described in next

section.
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2.3.3  Grain Boundary/Impurity Effects

In order to reduce the grain interior resistance, Ralph et al Ratehetal 19971 tried to
reduce the strains in ceria lattice by a double-doping method. The results, however,
indicated that the local lattice strain around the substitutional defect was an important
issue that affected the bulk conductivity. Therefore, GDC system still showed a higher
grain interior conductivity comparing with the Ce-Sm-Y and Ce-La-Yb systems. On the
other hand, the double-doped system performed higher grain boundary conductivity
than that of GDC system. HRTEM analysis indicated that the high resistance of grain
boundary on GDC system is resulted from the segregation of Gd and Si, which is a very
common impurity in ceramics.

The segregation of Si would lead to the formation of an insulting, glassy film at the
grain boundary, which reduce the total ionic conductivity of doped ceria. The influence

[Zhang et al., 2006] The grain

of Si to grain boundary conductivity was investigated by Zhang
boundary conductivity apparently decreased as the impurity content of Si increased
from 30 ppm to 200 ppm. Besides, the amount of Si also affects the concentration of
doped Gd,Os that gives the highest ionic conductivity.

Moreover, Gd-rich boundary resulted in a space-charge layer at the grain boundary.

Inside the space-charger layer, the concentration of oxygen vacancies was depleted, and
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the negative charge Gd substitutional defects would restrict the crossover of oxygen
vacancies and lead to high grain boundary resistance. The same phenomena in yttria
doped zirconia and ceria systems were reported by Guo!“@'®: 17IGuo et al., 2003

Ralph’s work gave an explanation for the huge difference of the electrical
conductivity of GDC system mentioned in Section 2.3.2. Gd-doped ceria apparently
exhibited higher grain boundary resistance than the other systems, such as double-doped

ceria due to the segregation of Gd and impurity. For this reason, the sample preparation

procedure would be a very important issue for grain boundary conductivity.

2.3.4  Reduction Behavior of Ceria

It is well known that the main disadvantage of ceria is its reduction behavior at
high temperature and reduced atmosphere. The reduction will induce the electronic
conductivity and ceria will show an n-type conductive behavior as the reaction shown in
Eq. (2-2). The raising of electronic conductivity leads to the reduction of oxygen
transference number (t;). The value t; could be expressed as follow,

t = _% (2-13)

o, +0,

where o; is the ionic conductivity and . is the electronic conductivity. An equation

similar with o; (Eq. (2-3)) could be used to describe o,
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Ge = €Nelle (2-14)

where e is the charge of electron, n. is the concentration of electron and . is the

mobility of electron. The temperature dependence reductive reaction coefficient K is,

— AH
KT

K=[Vg"In;Po,” = K, exp( ) (2-15)

where AH is the enthalpy difference of the reduction reaction. Therefore, the

concentration of electron is,

— AH
2KT

N, = (K/Vg' D" P = (Ko V™)' Py, exp( ) (2-16)

Recalling Eq. (2-2), if dopant is added into ceria, [V;"] is independent of oxygen

partial pressure because that it’s dominated by extrinsic defect. Thus, n. and c. are

oxygen partial pressure dependence and proportional to. P;"*. Moreover, the mobility

of electron is given by,

b -E
== e 2-17
He =7 exp( T ) (2-17)

where b is a pre-exponential factor and E. is activation energy of the migration of
electron. Substituting Eq. (2-16) and (2-17) into Eq. (2-14), following equation could be

obtained,

ebK,"?
O = T iz
TIVg'1"?

and rewriting Eq. (2-13) with Eq. (2-18) and (2-5). A relationship between P, and /T

— AH - 2E,

Po—l/4 exp( 2kT

) (2-18)

could be obtained,
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tbeK,'’
A -t)IVs 1"

AH 1
InP, =41 —4(—+E,-E,)— 2-19
nP, =4In{ e (2-19)

From Eq. (2-19), in a diagram of InP, against 1/T, each value of t; gives a straight

line with a slope of — %(% + E, —E,) thatdivides the diagram into two regions. The

region above the line belong to the value of t; higher than a given onel ™!l etal- 1975 [Kudo

etal. 1971 For certain oxygen partial pressure sz , which gives an equal value of ionic

and electronic conductivity (ti = 0.5), sz is called “electrolytic domain
boundary,”Fattersen 19711 A Po, higher than PSZ gives an electrolytic domain of ceria,

and electronic domain occurs when P, is lower than sz !

It had been mentioned in Section 2.3.2 that the doping of aliovalent ions increase
the ionic conductivity of ceria. Besides, according to Eq. (2-2), since doping tri-valent

ions would induce the concentration of oxygen vacancy, the reduction of ceria was

Mogensen et al., 2000

suppressed! ] and the concentration of intrinsic oxygen vacancies could

be neglected due to the concentration of vacancies was dominated by the dopant[SUZUki e

al. 20021 The reduction behavior of ceria could be investigated by measuring the

electrical conductivity in different B, .

Rupp et al., 2007

In Rupp! I'and Suzuki’s researches, the electrical conductivity of GDC

thin film as a function of oxygen partial pressure was measured. In Fig. 2.8, the diagram

of logo vs. P, exhibited plateau at high P, region and a slope of -1/4 at low P, .

30



At high P, , ionic conductivity, which is independent upon P, according to Eq. (2-5),
dominates the electrical conductivity and plateau is shown. In the region of low P, ,
the reduction of ceria occurs and electronic conductivity would dominate the total
conductivity.

It had been mentioned that c. is oxygen partial pressure dependence, and
proportional to P;'"*. However, the slope of -1/6 was found in pure ceria system at
temperature higher than 800°C, as the higher temperature curves shown in Fig. 2.8(a).
The appearance of intrinsic oxygen vacancy was responsible for this transition. In the
intrinsic dominant region, the concentration of electron is two times greater than [V,"]

(ne=2[V5"]) to balance the local charge in the lattice. Therefore, K could be rewritten as

below.

K =[VgInERy.* =iy (2-20)
SO

n, =(2K) P (2-21)

and the slope of logo vs. P, diagram was -1 /6l Chinang etal., 1997]

The t; values of several dopant in ceria were reported by Yahirol¥*hr ¢tal- 19881 5nq

listed in Table 2.2. The t; value could be enhanced up to the value higher than 0.97 from
0.35 of pure ceria at 800°C. Yahiro also reported that electrolytic domain boundary
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would vary with the radii of dopant ions, the results are shown in Fig. 2.9Yahiroetal. 1989

It is obvious that the trend is very similar with the dopant radius dependence of ionic
conductivity shown in Fig. 2.6. The minimum of electrolytic domain boundary occurs at
a critical radius of dopant ion around 0.11 nm. Since the reduction of ceria will induce
the oxygen deficiency, the total ceria mass will loss in reduction atmosphere due to the

aS[Yahiro etal., 1988

formation of gaseous oxygen. Yahiro I report showed that SDC system has

the highest resistibility against the reduction atmosphere.
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Fig. 2.6 Ionic conductivity of aliovalent doped ceria at 800°C against the radius of dopant

Yahiro et al., 1988 Mogensen et al., 2000]

cation. (m) Yahiro’s work! 1 and (®) Mogensen’s work!
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Table 2.2 Tonic conductivities and ionic transference number (t;) of rare earth doped ceria
at Soooc[YahiI'O et aI., 1988]

Ionic conductivity | Ionic transference
Sample
(S/cm) number (t;)

CeO, 33107 0.35

Smy 20Ce0.8001.90 0.0945 1.00
Dy0.20Ce0.8001.90 0.0774 0.98
Ho20Ce0.8001.90 0.0639 1.00
Ndo20Ce0.8001.90 0.0593 1.00
Ero.20Ce0.8001.90 0.0574 0.97
Tbo.20Ce0.8001.90 0.0559 1.00
Tmyg20Ce0.8001.90 0.0559 1.00
Gdp20Cep.3001.90 0.0553 0.99
Lag20Ce0.8001.90 0.0416 1.00
Cap20Ce0 8001 .80 0.0428 0.99
Yo.16Z108401.92 0.0301 1.00
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dopant[Yahiro etal., 1989]
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2.4 Cathode Materials for SOFC

The cathode, where the oxidant (oxygen or air) is fed, has generally undergone
four reaction steps, including the adsorption and dissociation of oxygen molecules,
surface diffusion of oxygen atoms to the position of triple phase boundary (TPB), and

[Singhal etal. 2003] " complete these steps,

the electron transferring that forms oxygen ions
there are three basic requirements to the cathode materials in SOFC. First, the structure
of the cathode must be porous for gas diffusion. Second, the material must be electronic
and ionic conductive, so the collected electrons could be transferred to the dissociated
oxygen atoms. Then the oxygen ions diffuse through the cathode material and
electrolyte, reaching anode side. Finally, the material must be able to catalyst the
reduction of oxygen. In summary, the abilities of oxygen and charge transports are
important issues for the cathode material. Any negative effects to the mentioned issues
will induce overpotential, such as the concentration and activation polarizations, which
lead to poor performance of SOFC. In addition, due to high working temperature of
SOFC with YSZ electrolyte (higher than 600°C), the cathode material must hold
chemical stability as it contacts with YSZ. Besides, the coefficient of thermal expansion
(CTE) of the cathode should be closely match to the other components to avoid the
Singhal, 2000]

formation of interface crack during thermal cycle!
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241 LaMnOs; Materials

LaMnO;3, a perovskite oxide, exhibits orthorhombic structure at room temperature.
An orthorhombic-rhombohedral transition occurs at about 387°C [van Reosmalen etal., 1995]
The existence of the deficiency, excess and stoichiometry of oxygen in the lattice of
LaMnO; has been reported in literatures. The stoichiometry or non-stoichiometry of

[Kuo et al., 1990] . .

oxygen is a function of temperature and oxygen partial pressure
extremely reducing atmosphere, the deficiency of oxygen will lead to the reversible
dissociation of LaMnO; to La,0O3 and MnO phases. On the other hand, the excess of
lanthanum (that is, deficiency of manganese) will result in the unstability of LaMnO;
crystal.

Sr-doped LaMnO; ((LSM) has the similar crystalline structure as LM, but shows
better electric conductivity. However, there is one shortage reported in literature. The
diffusion of Mn ions from cathode to YSZ induced the formation of insulating La,ZrO-
and SrZrO5Yene et al. 2003][Ostergird, et al. 1995][Hagiwara et al. 2007] Tperofore the lanthanum
deficient (manganese excess) La;xMnOs was usually used in the application of SOFCs

to suppress the influence of the reaction between cathode material and Yy §zMinh.

1993]{Poulsen. 2000] ‘Thig A -site deficiency gives the p-type perovskite conductor behavior of

the La; xMnOs.
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With the substitution of A-site cations (La>") by lower valence cations, e.g. Sr*,

the electrical conductivity of LaMnOs is enhanced. In high oxygen partial pressure

atmosphere, LSM performs suitable electrical conductivity for the needs of SOFC "¢

al., 1990][Mori et al., 1999][Hwang et al., 20001 ' The expression of LaMnO; lattice substituted with

SrO dopant can be written as follow Minh 1993][Singhal etal. 2003]

LaMnO, —2° 5 La’* Sr>*Mn>" Mn! O, (2-22)
It is noted that the tetravalent Mn ion is formed to maintain the local balance of
electro-neutrality around the point defect of Sr7,. When a La’" ion is replaced by a Sr*
ion, the accompanied formation of hole (h*) or oxygen vacancy (V;") is expressed as

i LY I
following equations "¢ & a!- 20031

2Sr0O + Mn, 0, +%oz(g)%2sqa +2Mny,, + 605 +2h° (2-23)
and
2Sr0 + Mn,0, —2%%% 528 +2Mn7, +505 +VJ* (2-24)

According to following redox-reaction,
%Oz(g)+VO" < 05 +2h° (2-25)
The oxidation or reduction reaction between Mn® " and Mn*" could be expressed as
2Mn* +0} <—>%Oz(g)+vo” +2Mn** (2-26)
Therefore, the doping of SrO induces the concentration increasing of h* or VJ°.
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Moreover, with the redox reaction of multi-valence Mn ions, the electrical conductivity
of LaMnOj could be enhanced to a level higher than 100 S/cm at 1000°CHKuo etal- 19901

It had been mentioned that CTE is another important property for cathode
materials. The CTE value of 8YSZ material is 10.5 ppm!Sinehal etal 20031 1(Mori etal., 1999]
reported that the CTE of LSM increased from 10.0 ppm to 11.6 ppm as the doping
amount of Sr** increasing from 0.0 mol% to 30 mol%, which is very close to YSZ, and

suitable for using in YSZ-based SOFC.

2.4.2  Synthesis of LSM Powders

Several methods to fabricate the LSM powders are listed in Table 2.3. Owing to the
advantages of low cost and simple processes, solid state reaction is a typical method to
fabricate ceramic powders. This route is normally applied by mixing metal oxides or
carbonates directly, and followed with thermal treatment at high temperature to form
desirable crystalline phase. However, several issues, such as relative higher processing
temperature and poor composition distribution, may deteriorate the quality of the
ceramic products. In the case of LSM powders, the synthesis of this tri-elements system
meets an even more serious problem of composition distribution, and results in multiple

1999]

phases. In Mori’s research™" © al, , pure LSM phase could be fabricated at
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temperature higher 1400°C for more than 20 hr.

Gas phase synthesis, such as spray pyrolysis, chemical vapor deposition (CVD),
and electrostatic spray-assisted vapor deposition (ESAVD) were reported by several
researchers. In Hagiwara’s reports/egivara etal. 2007][Hagiwara etal.. 20071 1 qN1/ScS7 composite
powder was fabricated by spray pyrolysis procedure. The spherical LSM/ScSZ
composite powders were fabricated in four temperature zones which associated with
evaporation, dehydration, decomposition and crystallization procedures.

Pinard["gnrd e al 1991 yenorted the LaggMnOs.s thin film deposited on MgO,
LaAlQ;, and SrTiO; single crystals at 650°C via CVD technology. The results of XRD
and channeling electron patterns revealed that the smaller the lattice mismatch was, the
higher the quality of the crystal could be obtained. Through electrostatic spray-assisted

Yanetal., 20081 "5 porous layer of pure LSM or LSM-YSZ composite with

vapor deposition!
a thickness of 40 um was fabricated on dense YSZ substrate where the deposition
temperature was 470°C. The as-deposited layer exhibited amorphous phase. After 900°C
thermal treatment, the LSM and LSM/YSZ crystalline phases were observed without
other phase existence.

Due to high cost of gas phase deposition process, wet chemical synthesis was

adapted because the method also supply atomic-scale mixing of La’", Sr*" and Mn’" to
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hfse 2051 taking metal

fabricate pure and homogeneous LSM phase. In Hsu’s researc
nitrates as starting materials and PAA as gelling agent, pure LSM phase was synthesized
at temperature as higher as 500°C with the molar ratios of PAA vs. LSM larger than 2.
With less amount of PAA, the second phase, La;03, was found.

Another chemical synthesis method, “Pechini Method,” was also investigated by
many researchers. This method was first proposed by Pechini®*™™ 7] in 1967, who
used citric acid (CA) as chelator and ethylene glycol (EG) as monomer. Single-phase
ANb,Og, ATiOs, and BZrO; (A=Ba*",Sr*", Ca’’, Mg”>", and Pb*"; B= Ba*",Sr*", Ca®’,
and Pb>") powders were successfully synthesized. In this method, the stock solution
containing all the starting materials, such as metallic ions, CA and EG were heated to
remove the solvent. The polymerization of EG occurred during the heating procedure
and forms “resin.” The ceramic powders were obtained by calcination of the resin.
Other than the above ceramics, lots of ceramic powders were synthesized by this
method, including LSM. In Chen’s(he" ¢t & 20011 5n4q Gaudon’s!Gudon & al-2002] gt dies,

LSM powders in average article size of 50-110 nm were obtained by the thermal treated

at =600°C.
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Table 2.3 Comparison of LSM fabrication procedures

Electrostatic
Solid State . Chemical Vapor Spary Assisted Sol-Gel .
Methods . Spray Pyrolysis . Pechini Method
Reaction Deposition Vapour Method
Deposition
La(thd); and ] o
, , Metal nitrates, citric
Metal oxides or ) Mn(thd);, ) Metal nitrates )
Precursor Metal nitrates Metal nitrates acid and ethylene
carbonates thd=2,2,6,6-tetrame and PAA
| glycol
thylheptanedione
Thermal Treated o 'y L o o o
1400°C Less than 900°C 650°C 900°C 500°C 600°C
Temperature
Grain Size N/A 100~200 nm N/A N/A ~50 nm 50~110 nm
) Deposited at
Small lattice 470°C PAA/LSM
0.5~1.5 um in diameter | mismatch between ) ratio must Grain size decreased
: As-deposited film _ ‘
Characters N/A spherical LSM/ScSZ substrate and LM ) i larger than 2 | with the increase of
) ] ) ) with thickness of ] s
composite particle gave high quality . to obtain pure Sr°” content
) 40 um exhibited
crystalline growth LSM phase
amorphous phase
[Mori et al., [Hagiwara et al., 2007] [Pignard et al., [Chen et al., 2001]
Reference . [Yan et al., 2008] | [Hsu, 2003]
1999] [Hagiwara et al., 2007] 1999] [Gaudon et al.,2002]
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Chapter 3 Experimental
3.1 Materials

In this research, three types of fuel-cell-related components were prepared,
including doped CeQO, fibers, LSM porous cathode layer, dense 8Y-stabilized ZrO,
(8YSZ) electrolyte.

(1) Gd-doped CeO, (GDC) and Sm-doped CeO, (SDC) fibers were synthesized
by chemical co-precipitation method. The starting materials were cerium (III) nitrate
hexahydrate (Ce(NOs)s-6H>0, 99.5%, ACROS, U.S.A.), gadolinium (III) nitrate
hexahydrate (Gd(NOs); - 6H20, 99.5%, ACROS, U.S.A.), samarium (III) nitrate
hexahydrate (Sm(NO3);:6H,0, 99.5%, ACROS, U.S.A.), sodium hydroxide (NaOH,
96%, Showa Chemical Co. Ltd., Japan), and anhydrous citric acid (C¢HgO7, 99.5%,
ACROS, U.S.A)).

(2) LSM powders were synthesized by two wet chemical processes. First was
chemical co-precipitation with polyacrylic acid (PAA, Showa Chemical Co. Ltd., Japan)
as gelling agent!™" 2°] The other was synthesized by Pechini method, in which
anhydrous citric acid was used as chelator, and ethylene glycol (EG, 99.5%, Riedel-de
Haén, Germany) was monomer. In both cases, the starting materials were lanthanum
nitrate (La(NO3)3'6H,0, 99.9%, ProChem Inc., U.S.A.), strontium nitrate (Sr(NOs3)a,
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98.0%, Showa Chemical Co. Ltd., Japan), and manganese (II) nitrate hexahydrate
(Mn(NOs3),'6H,0, 98.0%, Showa Chemical Co. Ltd., Japan). The commercial LSM
powder (Lag75Sr02MnQO;, Lot# 04/06-8.2, B.E.T.=10.27 mz/gm, dsp=1.12 um, H. C.
Starck, Germany) was selected as standard powder used to analyze the composition of
synthesized LSM powders. In addition, the standard powder was also used for the
preparation of the paste for screen printing. There were several additives in the LSM
aqueous paste, including polyvinyl alcohol (PVA, Grade BP-14, Chang Chun
Petrochemical Co., Ltd, Taiwan) as a binder, and Darven-C (Ammonium salt of
polymethyl acrylic acid, Venderbilt, USA) as a dispersant.

(3) YSZ tape fabricated by tape casting was made by YAGEO, (Taiwan) and the
source powder of YSZ was 8 mol% YSZ (TZ-8Y, density=5.90 gm/cm’, specific surface
area=1613 m*/gm, Tosoh, Tokyo, Japan). The NiO/YSZ paste (40 vol% Ni) in organic
solvent used for screen printing for the anode was supplied by YAGEO as well. The
solid loading of the paste was 48 wt%. The mentioned LSM aqueous paste was also

used for screen printing for the cathode.

3.2 Synthesis of Doped/Undoped Ceria Fibers
Fig. 3.1 shows the flowchart of the fiber synthesis. Two starting concentrations,

0.025 m. and 0.1 m, (molar concentration, moles of solute per kilogram solvent), of
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Ce® ions were used in this study. The detail formulas are listed in Table 3.1 and Table
3.2. A solution of Ce(NOs3); was dissolved in citric acid solution first. NaOH was finally
added into the mixture with an appropriate ratio of [NaOH]:[citric acid]. The stock
solution was then aged at 90°C for 24 hr until cerium hydrocarbonate fibers were
obtained. With different ratios of [NaOH]:[citric acid], four types of the precipitates
were obtained, including colloidal particles, fibers, stick-in-bundles and flakes. Cerium
hydrocarbonate fibers were further thermally treated at high temperature to form ceria
fibers. Gd-doped or Sm-doped ceria fibers were fabricated with the same procedure
except the addition of either GA(NOs); or Sm(NOs); in the starting solution, of which

the molar ratios of Ce*":Gd”>" and Ce*":Sm’" were kept at 4:1.

3.3 Fabrication of Cathode Powders
3.3.1 Sol-Gel Synthesis

Fig. 3.2 shows the flowchart of LSM synthesis by sol-gel method with PAA as
gelling agent. La(NOs);, Sr(NOs),, and Mn(NOs), were added into deionized (D.I.)
water in a ratio of La’":Sr*":Mn?'=0.8:0.2:1.0, then stirred for 30 min. PAA was then
added into the stock solution with a molar ratio of PAA/LSM=2. After 30 min stirring,

the solution was drying at 105°C for 48 hr. The formed “cake” was ground and calcined
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to obtain first LSM powder (expressed as A-LSM).

3.3.2  Pechini Method

Fig. 3.3 shows the flow chart of LSM synthesis by Pechini method. La(NOs)s,
Sr(NOs),, and Mn(NOs), were dissolved in D.I. water in a ratio of La’":Sr*":Mn”*'=
0.8:0.2:1.0. The acidic mixture was heated to 70°C. Then citric acid was added with
stirring of the mixture. After 1 hr stirring, EG was finally added into the mixture. The
temperature of the mixture was further heated to remove the solvent. As the solvent
evaporated, the polymerization of EG occurred and brown resin was formed in 3 hr. The
resin was further dried at 105°C for 48 hr. The dried resin was ground and calcined at

specified temperature to obtain second LSM powder (expressed as P-LSM).

3.4 Single Cell Fabrication
3.4.1 Fabrication of Dense YSZ Thin Plate

100 um thick green tape produced by YAGEO was cut into suitable size first. Then
the thin plate was sintered at 1500°C for 1 hr in air. The relative density achieved is
nearly 100% theoretical density (T.D.). To avoid the warpage of the plate, a Y-ZrO;
block placed on the plate during sintering was necessary. This procedure was applied by
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putting the plate between a ZrO,-block (10 cm x 10 cm x 5 mm in dimensions, Bell

New Ceramics Co., Ltd, % /& % %, Taiwan) as a bottom, and a porous ZrO,-piece (26

g, 6.8 cm x 6.8 cm x 2 mm in dimensions, Tai Yiach Enterprise Co., Ltd, 5% & ¥,

Taiwan) as a cover. The block made by 3YSZ was chosen to prevent contamination

during sintering procedure.

3.4.2 Anode and Cathode Thin Film Fabrication

Through screen printing, the NiO/YSZ anode and LSM cathode thin film were

fabricated on the YSZ plate. The commercial LSM powder was added in the mixture of

Darven-C dispersant and water. The paste was then ball-milled with 3YSZ media for 24

hr. A 10 wt% PVA solution was added into the slurry and underwent additional

ball-milling for 72 hr. The obtained LSM paste consisted of 60 wt% LSM powder, 2

wt% Darven-C (based on powder), and 3 wt% PVA. The anode and cathode pastes were

screen-printed through a 150-mesh screen on YSZ plate with designed pattern. After

drying at room temperature, the single cell was thermal treated at 1200°C for 1 hr in air.

3.5 Characterization

3.5.1 ICP-AES Analysis
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The residual concentration of metallic ions (Ce, Gd, and Sm) in the supernatant of
fiber synthesis was analyzed by inductive coupled plasma with atomic emission
spectroscopy (ICP-AES, JOBIN YVON, Ultima 2000, France). The testing solutions
were sampled from the aging solution and filtrated to remove all the suspended particles
before measurement. A further dilution of the filtrated solution to reduce all the ionic
concentrations down to the appropriate values (less than 100 ppm) was conducted
before the test by ICP-AES. A standard solution (10 pg/mL, Multi element Solution
Standard 1, Matrix per Volume: 5% HNO; per 125 mL, SPEX CertiPrep, U.S.A.) was
used to calibrate the concentration of Ce, Sm and Gd ions in samples. Besides, the
composition of GDC and SDC fibers were also quantified with this ICP-AES
technology. A known quantity of hydrocarbonate fibers was first dissolved in nitric acid
(HNOs, 65%, Riedel-de Haén, Germany) under the hydrothermal condition of 240°C,
60 bar for 100 min by microwave digest system (Multiwave 3000, Anton Paar GmbH,
Graz, Austria). Then the transparent solutions were further diluted before ICP-AES

analysis.

3.5.2 Density Measurement
The relative density of sintered 8Y-YSZ plate was measured by Archimedes
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method. The sintered 8Y-YSZ plate was immersed in D.I. water. A few drops of
n-pentyl alcohol (98.0%, Hanawa, Osaka, Japan) were added into the water as
defoaming agent, and vacuumed for 4 hr to eliminate the bubble trapped on surface of
sintered body. The total porosity f, (in fraction) is obtained according to following

. Ki 1
equation M- 19761,

o
|

o
o

o

f, = —1-—0 3-1
P d, d, 3-1)

where dy, is bulk density and d; is true density. The relative density could be calculated

by subtracting f, from 1. The d; value of 8Y-YSZ is 5.90 gm/cm’ provided by Tosoh. dj

is calculated from the equation below.

total mass w

- = 2 3-2
total volume, including pores — (w, —w,.)/d, (3-2)

ds

where Wj, is the mass of dried body in air, Wgs is the mass of sample suspended in water,

Waat 18 the mass of sample whose open pores are full of water in air, and dy, is the density

of the water.

3.5.3 Thermal Analysis

To identify the appropriate calcination temperature of GDC fibers and LSM

powders, differential thermal analysis (DTA)/thermogravimetic (TG) analysis (Seiko

Instruments Inc., EXSTAR 6000 TG/DTA, Japan) were conducted. The sample powder
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and reference material (Al,O3) were individually put in two Pt crucibles and sent into a

heating chamber. The mass changes and temperature difference between sample and the

reference were recorded during the heating. The measurement was conducted in

atmosphere. The flow rate of air was 150 mL/min. The temperature ramp rate was either

10°C/min or 3°C/min depending on different samples. The sample was cooled down to

room temperature in the chamber.

3.5.4 BET Measurement

The specific surface area of thermal treated GDC fibers and LSM powders was

measured by Brunauer-Emmett-Teller, (B.E.T.) method with the instrument

(Micromeritics, ASAP2000 and TriStar 3000, U.S.A.). The sample was put in a quartz

tube. After de-gassing procedure (150°C in vacuum for 10 hr), the sample was cooling

to the temperature of liquid nitrogen. Specific surface area could be calculated by

single-point method from the adsorption amount of N, gas adsorbed on the surface of

sample.

3.5.,5 Residual Carbon Analysis

The residual carbon of thermal treated LSM powders were analyzed by

Carbon/Sulfur analyzer (EMIA-220V, HORIBA, Kyoto, Japan). The sample was placed
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in a ceramic crucible with the mixture powder of tungsten, tin, and iron particles as flux.

The mixture was heated by a high frequency induction furnace with the input of pure O,

to oxidize all the residual carbon and sulfur to gaseous carbon dioxide and sulfur

dioxide. The gases were detected by infrared analyzer to measure the amount of

vaporized carbon and sulfur in the sample.

3.5.6  Microstructural Analysis and Phase Identification

(1) SEM Observation: Fibrous, flake-shape, and stick-in-bundle precipitates

were washed by D.I. water for 5 times to remove residual metallic ions and citric acid

before observation. The naked sintered YSZ plate was ultrasonically washed in D.I.

water, then in ethanol for 3 times to remove surface contamination before observation.

Grain size of YSZ was measured by lineal intercept method. The morphologies of

electrolyte supported SOFC, including top views and fracture surface were directly

observed without other treatments. The morphologies and chemical composition of

GDC precipitates were observed by scanning electron microscopy (SEM, field emission,

model 1530, LEO Instrument, England) equipped with energy-dispersive spectroscopy

(EDS, EDAX Corp., U.S.A.).

The composition of LSM powders were analyzed by quantitative analysis with
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SEM-EDS. The standard for quantitative analysis was prepared by the commercial LSM
powders (H. C. Starck, Germany). The commercial powder was uniaxially die-pressed
with 100 MPa pressure into a disc with 6 mm in diameter and then sintered at 900°C for
1 hr in air. The synthesized LSM powders were calcined at 400°C for 1 hr first. The
following preparation procedures of specimens were the same with the standard sample.

The conditions of quantitative analysis were set as below, 15 kV of e-beam voltage,
the electron probe size was about 1~1.5 nm, the tilt angle of sample was 15°, the
intensity (counts per second, CPS) was controlled at about 1000-1200, and the working
distance (WD) was kept at 8.5 mm. The X-ray intensity for the analysis was L peak for
Sr and La, K peak for Mn.

(2) TEM Observation: Oxide fibers and LSM powders were dispersed in pure
ethanol (99.5%, Shimakyu’s Pure Chemicals, Japan). A copper grid covered by carbon
film was dipped in the suspension for sampling. The copper grid was dried in air, and
then vacuumed to eliminate all the remained solvent before observation. The
microstructures of the powders on carbon film were observed by transmission electron
microscopy (TEM, 100 CXII, JEOL Co., Japan). The operation voltage was 100 keV.

The crystalline phases of the powders were identified from diffraction pattern.
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3.5.7 XRD Analysis

The crystalline phase of hydrocarbonate fibers, thermal treated ones, and LSM
powders were analyzed by X-ray diffraction (XRD, Philips PW1830, Philips Instrument
Corp., Netherlands) using Cu K, radiation, of which the wavelength of X-ray was
1.5406 A. The scanning rate was 4°/min, the applied voltage and current were 40 kV

and 30 mA, respectively. The crystalline size of powder samples was calculated with

Scherrer formula[cu“ity etal., 2001]

. 094 (3-3)
Bcosé,

where t is the average crystalline size, A is the wavelength of X-ray (1.5406 A), B is full

width at half maximum (FWHM, in radian), and 0y is Bragg angle (in radian).

3.5.8 Electrical Properties Measurement
(1) DC Electrical Measurement
The area-specific resistance (ASR, Q-cm”) of cathode polarization was measured

Barsoukov etal., 2005][Yang. 2003] ' AQR ig a dimensionally dependant

by 3-terminal measurement!
material property. The scheme of electrodes and fixture of the measurement is shown in
Fig. 3.4. The electrode material of working electrode (WE) was the coated LSM layer

been thermally treated at 1200°C for 1 hr in air. The material of counter electrode (CE)
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and reference electrode (RE) was silver paste which was pre-treated (baking) at 500°C

before testing. The role of RE was to isolate the overpotential of WE from the entire

half cell. Therefore, the voltage drop of WE itself and the interface of WE and

electrolyte could be measured.

The 8YSZ electrolyte was fabricated by uniaxially die-pressed at a pressure of 30

MPa into a disc with 20 mm in diameter. The green disc was sintered at 1500°C for 1 hr

in air. The LSM was coated on the electrolyte by spray coating. To control the remained

carbon content of LSM powders, the A-LSM and P-LSM powders were thermal treated

with different conditions, as shown in Fig. 3.5. The 400°C calcined LSM powders were

prepared as a suspension with solid loading of 20 wt%, and followed with ball-milling

for 20 hr with 3YSZ media. After spray coating, the LSM film was thermal treated at

1200°C for 1 hr in air to form a LSM/Y SZ half cell.

A current source (Keithley 224, Keithley, U.S.A.), a digital multimeter (7555,

YOKOGAWA, Japan), and an electronic load (E-load, Agilent N3301A, Agilent, U.S.A.)

were connected to the specimen with silver wires (0.5 mm in diameter) to carry out the

measurement. The current input was manual control. The voltage variation was

monitored and recorded by personal computer via general purpose instrumentation bus

(GPIB) interface. The monitoring and recording software was written with laboratory
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virtual instrument engineering workbench (LabVIEW) program. The original code of

the software is shown in Fig. 3.6.

(2) Electrochemical Impedance Spectroscopy Measurement

Electrochemical Impedance Spectroscopy (EIS) is a technique to investigate the
properties of fuel cell. A small amplitude of alternating current (AC) signal is applied to
the cell under test. The response signal was detected and analyzed to obtain the
impedance of the cell. The EIS of 1500°C sintered YSZ plate was measured by
frequency response analyzer (FRA, Solartron Analytical Co., UK). The measured
frequency range was from 0.01 Hz to'1 MHz with the amplitude of AC voltage of 10
mV. The measurement was performed in the temperature range between 300°C and

700°C.
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Fig. 3.1 Experimental flowchart of GDC fiber synthesis.

59



Table 3.1 Formulations of the synthesis of cerium hydrocarbonate fiber, [Ce®']= 0.025 m,

concentration(M)
CE(NOg)g CsHgO4 NaOH
1 0.025 0.1 0.01 0.1 stick-in-bundle

NaOH/CgHgO; morphology

3 0.025 0.1 0.06 0.6 flake

5 0.025 0.1 01 1 flake

7 0.025 0.1 WV ¥Ha B 1.4 flake
9 0025 o2 [ [ee2dfl] ) . oh stick-in-bundle
11 0.025 0.2\ b\ [.087 Wl [ow 03 stick-in-bundle

o e L

Jel 2 el 0.6

s,

13 0.025 0.2 flake

=
|

15 0.025 0.2 0.16 0.8 flake

17 0.025 0.2 0.2 1 flake

19 0.025 0.3 0.075 0.25 stick-in-bundle

Note: all samples were aging at 90°C for 24 hr.
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Table 3.1 Continued

concentration(M)

No. NaOH/CgHgO+ morphology
Ce(NO3)3 CsHsOy NaOH

21 0.025 0.5 0.02 0.04 stick-in-bundle
22 0.025 0.5 0.04 0.08 stick-in-bundle
23 0.025 0.5 0.06 0.12 stick-in-bundle
24 0.025 0.5 0.075 0.15 stick-in-bundle
25 0.025 0.5 0.1 0.2 stick-in-bundle
26 0.025 0.5 0.12 0.24 stick-in-bundle
27 0.025 0.5 0.14 0.28 stick-in-bundle
28 0.025 0.6 0.02 0.033 stick-in-bundle
29 0.025 0.6 0.075 0.125 stick-in-bundle
30 0.025 0.7 0.02 0.029 stick-in-bundle
31 0.025 0.7 0.075 0.107 stick-in-bundle
32 0.025 0.8 0.02 0.025 stick-in-bundle
33 0.025 0.8 0.04 0.05 stick-in-bundle
34 0.025 0.8 0.075 0.094 stick-in-bundle

Note: all samples were aging at 90°C for 24 hr.
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Table 3.2 Formulations for the synthesis of cerium hydrocarbonate synthesis, [Ce*']=0.1
m

Concentration (m
(m) NaOH/CsHgO7  Morphology

CG(NOg)s CeHsO7 NaOH
1 0.1 0.5 03 0.6 fiber
3 0.1 Ve Oan i, 0. fiber

stick-in-bundle

stick-in-bundle

11 0.1 1 0.5 0.5 fiber
13 0.1 1.1 0.5 0.45 fiber
15 0.1 0.5 0.4 0.8 flake

Note: all samples were aging at 90°C for 24 hr.
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[Stin'ing for 30 min]
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[ Drying at 105°C for 48 hr

[ Therobal Treatodent ] ' —@
B
LSMPowder @

Fig. 3.2 Experimental flowchart of LSM powder synthesized by sol-gel process with PAA

as gelling agent.
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EG —'[ St:mng at 90°C/Polymenzation ]
¥
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[ Drying at 105°C for 48 hr ] _ DTA/TG
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LSM Powder @
T

Fig. 3.3 Experimental flowchart of LSM powder synthesized by Pechini method.

64



(b)

Fig. 3.4 (a) Top view of the electrodes, and (b) side view of the configuration scheme of

3-terminal electrical measurement.
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in atmosphere. The procedure of P-LSM and A-LSM was 2°C/min to 400°C, than holding
for 1 hr. The ramp rate of P-LSM-S and A-LSM-S was 1°C/min, and the isothermal
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Chapter 4 Results and Discussions
4.1 Synthesis of CeO, (GDC and SDC) Fibers
4.1.1 Effects of Sodium Hydroxide/Citric Acid

There were three kinds of Ce-precipitations could be obtained after 24 hr aging at
90°C, including fibrous, flake-shape, and stick-in-bundle precipitates. Fig. 4.1
schematically shows the evolution of starting solutions during the aging period, and the
precipitates growth in three cases.

In the synthesis of fibrous precipitates, there were several morphologic changes of
the starting solution during the aging period. The colorless transparent solution first
turned to turbid suspension in less than 1 hr. As the solution aging, the suspension
formed some precipitates to the bottom of container, and the supernatant solution
became transparent. The sediment, which covered the entire bottom of glass container,
underwent next transition from porous precipitates to loose agglomerates, which were
visual by naked eyes. If agitating by ultrasonic bath, the matter coming off the
agglomerates was fibers, as observed by SEM. In other words, the fiber was “growing”
from the loose agglomerates possibly by dissolution-precipitation process on the bottom
of the container.

In the case of the synthesis of flake-shape precipitates, the change of starting
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solution was similar with the previous one. No precipitates and loose agglomerates were
found in the turbid suspension. Instead, flake-shape precipitates could be observed after
washing and drying of the suspended particles obtained from the suspension. The
morphologies of flake-shape precipitates are shown in Fig. 4.2(a).

Finally, the evolution of the solution for growing stick-in-bundle precipitation was
different from the others. Lots of the bundles were formed, and became larger as the
aging proceeded. The transparent solution stayed the same as it was in the whole aging
period. The microstructure of the bundles is shown in Fig. 4.2(b), of which these sticks
grow radiantly from centers.

Fig. 4.3 shows the composition domains for synthesizing cerium hydrocarbonate
precipitates. Two starting concentrations of cerium (0.025 m, and 0.10 m.) ions were
tried, and the aging time was kept for 24 hr. It is apparent that the shape of the cerium
hydrocarbonate precipitates was closely affected by the ratio of [NaOH]:[CsHgO7].
Taking the ratio equals to 0.5 as an example, the domain in Fig. 4.3(a) was separated
into two main regions only, which contain either the stick-in-bundle or the flake-shape
precipitates, as shown in Fig. 4.2. As the aging time lasting longer, e.g. 35 hr, the
solutions of the [NaOH]/[C¢H3O~] ratio between 0.5 and 0.8 grew fibrous precipitates,
Sung et al., 2007]

instead of flakes!
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In order to understand the effect of cerium concentration and to increase the
quantity of fibrous precipitates, the concentration of cerium solution was increased to
0.10 m,. The precipitation result is shown in Fig. 4.3(b). The detail formulas of the
samples have been listed in Table 3.2. With a higher concentration of starting Ce
precursor, the time required to form the fibrous precipitate was shortened to less than 12
hr. Besides, the processing window of fiber synthesis was enlarged. The stick-in-bundle
and flake-shape precipitates were only observed in the extremely low or large
[NaOH]/[C¢HgO+] ratios. In Fig. 4.4(a), the fibrous precipitates were synthesized in 12
hr with the ratio equal to 0.6. When the ratio was 0.8, flake-shape precipitate was
observed in 24 hr as shown in Fig. 4.4(c). In Fig. 4.4(d), fibrous precipitate could be
synthesized with a longer period of aging 62 hr for the case with the ratio of 0.8. On the
other hand, since the fibers appeared, the precipitate had reached their stable state.

There were no other kinds of Ce-precipitate could be found within 60 hr aging period.

4.1.2 Kinetic Analysis of Fiber Synthesis

Fig. 4.5 shows the doped cerium hydrocarbonate fibrous precipitates with Gd** and
Sm’”, respectively. There was a limited effect of the additives to the fibrous morphology.
The result of quantitative analysis of two fibers by ICP-AES is listed in Table 4.2. The
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contents of Gd and Sm in doped cerium hydrocarbonates fibers are 17.3 mol% and 16.0
mol%, respectively, less than the original quantities of 20 mol%. Loss of Gd and Sm
content is occurred for both doping system. The slower deposition rate of Gd and Sm
ions than Ce ions during the aging period was responsible for this content deficiency.

The residual concentrations of Ce ([Ce]) and Gd ([Gd]) ions in the supernatant are
shown in Fig. 4.6. The linear decrease of the [Ce] and [Gd] species indicated the
zero-order reaction of the precipitation. The deposited fractions of Ce and Gd ionic
concentrations from the solution were about 91.1% and 83.8%, respectively.

The residual [Ce] in supernatant of three different solutions (samples 1, 14, and 10
in Table 3.2) growing their Ce-precipitates were also analyzed by ICP-AES. The results
are shown in Fig. 4.7, of which shows different time dependence of [Ce] content. The
sample 1 keep constant precipitation rate. 10 hr later, the concentration of [Ce] turns
constant at 450 ppm. For this zero-order reaction, the reaction rate is independent of the
concentrations of reactants. As a result, reaction time is the only controlling fact to the
residual concentration. The relationship between residual concentration and time could
be expressed as follow.

R= —% =k 4-1)

where R is reaction rate, [C] is the concentration of Ce, t is reaction time, and K is
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reaction rate coefficient. In this investigation, the units of [C], t, and k were ppm, hr, and

ppm/hr, respectively. Integrating Eq. (4-1), the following equation is obtained.

[C], =[C], —k(t-1,) (4-2)

where [C]; is reactant concentration at time t, [C]y is original reactant concentration, and

to is starting time which is normally zero. The linear relationship between [C]; and t is

obtained. The minus slope of the [C]; plotted against time gives the reaction rate

coefficient, K. From the results of ICP-AES, the value of k was 1371 ppm/hr in the case

of fiber synthesis. On the other hand, the value of k was 172 ppm/hr for the

stick-in-bundle precipitates, which was much lower than that of fibrous precipitates.

The flake shape precipitate, however, showed an abnormal trend of concentration

variation against aging time. The residual [Ce] seemed to be independent of the aging

time. Fig. 4.1(b) shows that the as-prepared samples for ICP-AES analysis were entirely

turbid. When the suspension was removed from the 90°C water bath, the turbid

disappeared and the solution returned to transparent. The remained precipitate from the

turbid showed flake-shape morphology. Therefore, the solubility of the particles in the

suspension was the cause of turbidity change. As a result, the re-dissolving of the

particles in the suspension during the room-temperature filtration procedure of the

sample is a reasonable explanation for the abnormal trend of [Ce] concentration shown
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in Fig. 4.7.

The morphology of sample 1 varied with aging period is shown in Fig. 4.8. Two

kinds of morphologies were observed during the synthesis, including spherical particles

and fibers. The plot of aspect ratio of the grown precipitates against aging time is shown

in Fig. 4.9. After 10 hr aging, the aspect ratio of fibers dramatically increased from 1 to

110, and reached stable state. This turn point of 10 hr aging was also the linear

decreasing region of [Ce] showing in Fig. 4.7. After 10 hr aging, [Ce] consumed to

nearly empty and reached stable value.

Recalling Fig. 4.1(a), the starting solution turned to turbid first, and then deposited

to sediment. In concentrated case of 0.10 m. of cerium ions, the first two steps

completed in couple hr. The following two steps would complete in less than 8 hr. The

whole precipitate procedure completed in less than 10 hr.

The morphology of sediment showing in Figs. 4.8(a), 4.8(b), and 4.8(c) was

spherical particles, which could only be observed when the aging time was less than 10

hr. After that, only fibrous precipitate was observed. Loose agglomeration started to

form after the formation of sediment. The fibrous morphology of the precipitates

indicated the co-existence of the porous particles and fibers before 10 hr aging.

Therefore, in the step 3 of Fig. 4.1(a), the colloidal particles re-dissolved and the fibers
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formed at the same time until the colloidal particles disappeared entirely.

Water solubility of various hydrates on the particles in suspension led to the
deviation of ICP-AES result. The re-dissolving of the colloidal particle also resulted in
different morphology observation of the precipitate. As shown in Fig. 4.10, it is noted
that the morphology of the spherical colloidal particles to be very porous due to the
re-dissolving when the particles were treated in D.I. water. The porous morphologies are
preserved by dilution of the solution with pure ethanol. The SEM micrographs shown in

Figs. 4.8(a) to 4.8(c) are different from those shown in Fig. 4.10.

4.1.3 Morphology Evolution by Thermal Treatment

Fig. 4.11 shows the XRD patterns of pure, Gd*"-doped and Sm’"-doped cerium
hydrocarbonate fibers. These patterns indicated the similar crystalline phases (Ce(CO3)s,
Ce(OH);s and residual citric acid phases) of the hydrocarbonate fibers were identified.
However, there were still several other peaks that could not be identified. These peaks
might be contributed by the other hydrated Ce-species.

In the following sections, only GDC fibers were chosen for test. Fig. 4.12 shows
that the hydrocarbonate fibers transforms to oxide if calcined higher than 300°C. In Fig.
4.12, there is an endothermic peak at 150-200°C, and an obvious exothermic peak above
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250°C. Two peaks agree with the two stages of mass loss during the thermal treatment

in DTG results. The first endothermic peak corresponds to the loss of physical water.

The second peak is the transformation of hydrocarbonate to oxide, resulting in an

extremely strong exothermic reaction (burning) between 250°C and 350°C. It indicates

that the combustion of the hydrocarbonate fibers occurs in the temperature range.

Therefore, the thermal treatment of the hydrocarbonate fibers should be carefully

controlled, either by very slow ramping rate, or holding at temperature less than 250°C

before reaching the maximal exothermic temperature so to avoid rapid combustion.

Fig. 4.12 shows that the strong exothermic peak 'starts at 220°C. Therefore, the

holding temperature of 220°C is an appropriate temperature that allows to completing

the decomposition of hydrocarbonate fibers. Fig. 4.13 shows the results of DTA/TG

analysis with an isothermal treatment at 220°C or 200°C for 1 hr. Fig.4.13(a), however,

shows a temperature surge during the isothermal period of 220°C. An associated mass

drop could also be observed from Fig. 4.13(a). This result reveals that the reaction

produces heat from the decomposition of carbonate species able to heat-up the test

material. The reaction of these fibers was accelerated as temperature increased, similar

to a chain reaction. As a result, the combustion occurred, and the carbon-contained

compounds were decomposed. In Fig. 4.13(b), the exothermic peak was not observed
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during the isothermal procedure at 200°C. A continuous mass loss during the isothermal

treatment indicated that continuous decomposition of hydrocarbonate fibers proceeded.

Therefore, the holding temperature at 200°C was confirmed to be appropriate for the

purpose from Fig. 4.13(b). It was noted that the decomposition of hydrocarbonate fibers

was not completed in 1 hr from Fig. 4.13(b). An exothermic reaction was still observed

at 240°C. The phenomenon reveals that a longer period of fiber decomposition by a

thermal treatment at 200°C is necessary to avoid combustion.

Fig. 4.14 shows XRD patterns of GDC fibers thermal-treated at several

temperatures. It shows that, the decomposition of hydrocarbonate fibers completed after

200°C calcinations and the fibers |with | amorphous phase were observed. The

crystallization of CeO; phase could be observed starting at 300°C. It can be seen from

Fig. 4.14 that there are no other phases remained after calcination. According to

Scherrer formula, Eq. (3-3), the crystalline size of GDC fibers was growing from 3 nm

to 16 nm when thermal treated temperature increased from 300°C to 600°C.

Fig. 4.15 shows the bright field (BF) and centered dark field (CDF) TEM

microstructures of GDC fibers thermal treated at 600°C. Fig. 4.15(a) shows a diffraction

pattern (ring pattern) indicating that the GDC fibers are polycrystalline with a cubic

ceria structure (JCPD file [34-0394]), and no other phases remained. The average grain
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size of GDC is 15 nm which is measured from the CDF image. After 1200°C thermal
treatment, the grain of GDC grew to 150 nm from the SEM and TEM microstructures in
Figs. 4.16(a) and 4.16(b). The grain growth of GDC fibers against thermal treatment
temperature was shown in Fig. 4.17.

In the very first time that the fiber was synthesized, the fiber exhibited serious
agglomeration, as shown in Fig. 4.16(c). The agglomerated fibers which were thermally
treated at 1200°C (Fig. 4.16(d)) led to a lost of the surface area of GDC fiber. Through
B.E.T. measurement, the specific surface area of GDC fiber was 0.71 m?/g. It implies
that, the surface area of fiber-modified electrolyte could be at least 7000 times larger

than the naked electrolyte with 1 g of GDC fiber modification.
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Fig. 4.1 Schematic diagram showing the change of reacting solution growing (a) fibrous, (b) flake-shape, and (c) stick-in-bundle precipitates.
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Fig. 4.2 As-prepared cerium hydrocarbonate precipitates with the [NaOH]/[CsH3O7] ratio
equal to (a) 0.8, in a flake shape, (b) 0.2, in a shape of stick-in-bundle. The solutions were
aged at 90°C for 24 hr.
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cerium hydrocarbonate precipitates aged at 90°C for 24 hr. The starting concentration of
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Fig. 4.4 As-prepared cerium hydrocarbonate fibrous precipitates with a [NaOH]/[C¢HgO7]
ratio of 0.6 (sample 1) aging for (a) 12 hr and (b) 60 hr, respectively, and ratio of 0.8
(sample 15) aging for (¢) 24 hr and (d) 62 hr, respectively.
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Fig. 4.5 SEM micrographs showing the fibrous microstructures of 20 mol% (a) Gd**
doped and (b) Sm®** doped cerium hydrocarbonate fibers.
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Table 4.1 ICP quantitative results of Gd and Sm doped cerium hydrocarbonate fibers and
correspondent formulation of GDC and SDC

Ce (ppm) Gd (ppm) Sm (ppm)
GDC 6.07 1.43 N/A
SDC 6.18 N/A 1.26
GDC Ce0.83Gdo.1701.915
SDC Ceo.84Smg 1601.925
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Fig. 4.6 Residual concentrations of Ce** and Gd*" ions during aging period by ICP.
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Fig. 4.7 Residual concentrations of Ce*" ions of fibrous, flake, and stick-in-bundle
precipitates synthesis during aging period by ICP. The labeled numbers represent the
sample numbers in Fig. 4.3.
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Fig. 4.8 SEM micrographs of Gd doped cerium hydrocrabonate precipitate with (a) 2 hr,
(b) 5 hr, (¢) 7 hr 20 min, (d) 10 hr, (e) 12 hr, and (f) 24 hr aging period.
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Fig. 4.9 Aspect ratio variation of Gd doped cerium hydrocarbonate precipitation (sample

1 in Table 3.2) against aging time.
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Fig. 4.10 SEM microstructure of Gd doped cerium hydrocrabonate precipitate with 1 hr

aging period, in which the specimen was sampled in D.I. water.
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Fig. 4.11 XRD patterns of as-prepared (a) pure cerium, (b) gadolinium doped, and (c)

samarium doped hydrocarbonate fibers.
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Fig. 4.13 DTA/TG analysis results of GDC fibers with a ramp rate of 3°C/min to (a)
220°C and (b) 200°C, then holding for 1 hr.
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Fig. 4.14 XRD patterns of GDC fibers thermal treated at (a) 200°C, (b) 300°C, (c) 400°C,

and (d) 600°C for 1 hr.
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200 nm . .

Fig. 4.15 (a) BF image and (b) negative CDF image of GDC fibers thermal treated at
600°C for 1 hr.
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29
Fig. 4.16 SEM images of 1200°C thermally treated GDC (a) single fiber and (b) TEM
bright field image revealing polycrystalline character, (c) SEM image of as-prepared
GDC hydrocarbonate fibers with some agglomeration, and (d) fibrous morphologies in

bundle.
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Fig. 4.17 Average grain size of GDC fiber plotted against thermal treatment temperature.
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4.2 Properties of LSM Powders

This section reports several properties of LSM powders synthesized either with
Pechini method or a sol-gel process with PAA. Their properties, including their
crystallization, chemical composition uniformity, and electrical properties of LSM/YSZ

interface will be compared with a commercial product made by H. C. Starck, Germany.

4.2.1 Phase Formation of LSM

Fig. 4.18 shows the DTA/TG results of LSM powders synthesized by Pechini
method (P-LSM). The DTA/TG curve profile of P-LSM was similar with the results
from Gaudon’s report9®don &l 2002 mhere were three main exothermic peaks, found at
135°C, 260°C, and 380°C, respectively. Besides, the associated mass losses were
observed in TG result. According to the interpretation on the mass spectra reported by
Gaudon, all the exothermic reactions were related to the decompositions of carbon and
nitrogen contained compounds. In addition, the maximal exothermic peak at 380°C
associated with the obvious consumption oxygen indicated the occurrence of
combustion. The final mass loss after 500°C was due to the production of CO, gas.

The XRD patterns of P-LSM powders thermal-treated at different temperatures are
shown in Fig. 4.19. It is noted that the as-prepared P-LSM powders were not amorphous

96



phase, in fact, might be the crystals of polymerized EG. After 400°C calcination, which
was higher than the maximal exothermic peak in Fig. 4.18, the decomposition of C-N
compounds resulted in amorphous state. From Fig. 4.19, a carbon contained phase of
La,COs was formed after 500°C calcination. This undesirable phase could only be
detected in the P-LSM powder that was thermal-treated at 500°C and 600°C. The
crystallization of LSM started at 600°C calcination, by which the La,COs phase
co-existed with the LSM phase. After 700°C thermal treatment, pure LSM phase could
be obtained without any La,COs phase. The TG result indicated that the mass loss was
completed at thermal treated temperature >700°C. This TG result agreed to the XRD
result.

Fig. 4.20 shows the DTA/TG results of LSM powders synthesized by sol-gel
method with PAA (A-LSM). From Hsu’s report™™" 2*®*] pure LSM phase could be
synthesized with the ratio of PAA and LSM higher than 2. Therefore, the ratio of 2 was
used in this study. In Fig. 4.20, the endothermic peak at temperature lower than 100°C
was the vaporization of adsorbed water. During the thermal treatment of A-LSM, a lot
of gas with brown color emitted after the temperatures greater than 230°C. From the
DTA result, there was a broad exothermic peak between 230°C and 320°C. The
formation of NO, was associated with the exothermic reaction.
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Fig. 4.21 shows the XRD patterns of A-LSM powders thermal treated at different
temperatures. Comparing with the XRD results of P-LSM powders, the crystallization
of LSM phase occurred at 600°C calcination. In addition, there was no other phases
could be detected at all calcination temperatures. The TG result, however, indicated that
the mass loss completed after the thermal treatment at temperatures higher than 750°C,
which was 50°C higher than that of P-LSM.

Fig. 4.22 shows TEM micrographs of P-LSM and A-LSM powders thermal treated
at 800°C for 1 hr. According to the diffraction patterns, crystalline LSM phase of both
powders was confirmed. From the negative CDF images, the average crystalline size of

P-LSM was 27 nm, and that of A-LSM! was 38 nm.

4.2.2 Quantitative Analysis of Composition

Table 4.2 shows the quantitative EDS results of P-LSM and A-LSM powders by
SEM-EDS. The samples and standard LSM powders were uni-axially die-pressed at 100
MPa pressure and thermal treated at 900°C for 1 hr. The chemical composition of LSM

[Harris, 2001] Student’s

powders and its distribution were analyzed by Student statistics
t-distribution is a statistical method to express the confidence interval (CI) of the

experimental results. The CI of true population mean value () is expressed as
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s
n

where X 1is the mean value of measured data, s is measured standard deviation, n is the

u=xt (4-3)
number of measurements, and t is Student’s t, which is taken from t-table according to
degree of freedom (n-1) and used CI. As the increase of the n (for instance, >30), X
and s are approaching to the true average value and true standard deviation (o). In this
study, the CI of 95% was used. The chemical distribution of commercial LSM
(expressed as H-LSM) was also analyzed by t-distribution. In the CI of 95%, the results
indicated a very narrow distribution of each composition (25.0%+0.2% for La,Os,
12.2%+0.2% for SrO, and 62.8%=+0.3% for MnOy). The quantitative analysis results of
P-LSM and A-LSM are shown in Table 4.2, indicated the deviation (in %) of three
oxides was narrower (a better composition) distribution of the P-LSM powder.

True chemical composition of the P-LSM was (Lag 79S1921)MnO3. The A-LSM was
(Lag.76S19.24)MnOs. The true composition was close to the original one, (Lag sSto2)MnOs.
P-LSM, however, still showed the smaller composition deviation from the original one.
Therefore, comparing the composition made by Pechini method with that of sol-gel
method, Pechini method could serve a better chemical accuracy and precision in

practice.
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4.2.3 Reduction of Surface Area

In general, the sol-gel process could give a narrower composition distribution,
smaller particle size, and larger surface area of ceramic powders comparing with the
powder by solid state reaction. Table 4.3 and Fig. 4.23 show the specific surface area of
P-LSM and A-LSM powders thermal treated at different temperatures. The surface area
of both LSM powders decreased with the increase of thermal treatment temperature.
Before the 700°C treatment, the surface area of P-LSM powder was larger than that of
A-LSM. After 700°C treatment, however, A-LSM showed smaller specific surface area.
In the TEM microstructures shown in Fig. 4.22, it is noted that the crystalline size
distribution of P-LSM was broader than that of A-LSM. The hard agglomeration of
grains induced the abnormal grain growth. Therefore, since the grain growth occurred,
the grains inside the hard agglomeration would grow easier than the others, and led to
the loss of surface area.

In Hsu’s report™" 2! the addition of PAA could result in smaller grain size and
larger specific surface area due to the steric hindrance from PAA. The surface area of
LSM increased from 5.6 to 25.2 m*/g if the ratio of PAA/LSM increased from 0 to 10.
In Pechini method, the chelator was citric acid, which was a smaller molecule
[Abreu Ir. etal.,

comparing with PAA. The chelating model is shown in the report by Abreu Jr.
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20031 Weaker steric hindrance might result in agglomeration of LSM in the stage after
the resin formation, and further lead to larger agglomeration.

Besides, the as-prepared P-LSM has a higher specific surface area, which implies
the particles is in smaller size and higher driving force to grow as thermally treated at
higher temperature. Without the growth limitation (for instance, residual carbon), the
particle size increases dramatically as the surface diffusion is apparent. As the opposite
case, A-LSM has more carbon residual, resulting in grain growth inhibition. The
specific surface area of high-temperature treated (>700°C) of A-LSM was slightly

greater than the other case.

4.2.4  Electrical Properties of LSM Powders

In the application of SOFC, the ohmic polarization from electrolyte had been

Chen et al., 2006]

reduced by decreasing the thickness of electrolyte! or using the alternative

[Zhang et al., 2007

material, such as doped ceria 1. As a result, the polarization contributed from

electrodes becomes an important issue that determines the performance of SOFCI“""
al. 2007] Therefore, the electrical property of the interface between LSM and YSZ was
analyzed in this section.

The synthesized and commercial LSM (H. C. Starck) powders were coated on
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sintered YSZ electrolyte by spray-coating and thermal treated at 1200°C for 1 hr before
measurement. The detail thermal treatment procedures of every LSM powders are
shown in Fig. 3.5.

Fig. 4.24 shows the fracture surfaces of the interfaces between LSM and YSZ
thermal treated at 1200°C. After thermal treatment, the thickness of LSM thin films was
6 um for all the synthesized LSM layers. The microstructure of the fracture surface of
P-LSM porous layer is also shown in Fig. 4.25. The thickness of the porous layer from
H-LSM is shown in Fig. 4.24(c), which is only 3 um. In addition, the porosity of two
synthesized LSM thin films was obviously greater than H-LSM thin layer from the
SEM microstructures. To calculate the length density (La) of TPB between LSM and

Harri s el
[Harrigan et al., 1984] is 1ntr0duced,

YSZ, Saltykov equation

LA:%PL:%NL (4-4)
where L, is length per unit area, Py is contact points per unit length, and Ny is the
number of objects or interceptions per unit length. The TPB zone is counted based on
the corner effects of conducting flux of LSM materials in contact with YSZM™® al. 2004]
The results of the measured TPB are shown in Table 4.4. It can be seen that the
synthesized LSM films showed similar Ly of TPB, around 1.5 pm/pum®. H-LSM film

showed 30% higher La of TPB (2 um/pum?) than synthesized LSM powders, implying
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the possibility of a lower activation polarization for H-LSM powder.

The residual carbon content was also analyzed to identify the effect on electrical
conductivity. The carbon contents of all the LSM powders are listed in Table 4.5. The
residual carbon content of A-LSM powders was much greater than P-LSM powders
after 900°C thermal treatment. With carefully thermal treatment control, the residual
carbon content in P-LSM powders could be reduced to half (from 470 ppm to 212 ppm).
A-LSM powders, however, the thermal treatment of slow heating didn’t result in an
obvious reduction of residual carbon content.

The interface resistance between LSM and YSZ was measured by 3-terminal
electrical measurement. The electrodes and attachment configurations had been
mentioned in Section 3.5.8. In practice, the voltage signal needed a few min to reach
stable since the constant current was inputted. One example is shown in Fig. 4.26(a).
Therefore, to get the stable voltage signal, the voltage value was obtained from the
average of the voltage signal from 200 s to 400 s. As the increase of the input current,
the measured voltage increased, as shown in Fig. 4.26(b). The interface resistance was
calculated from the slope in the linear region of I-V curve.

The area of working electrode was kept at 0.38 cm? in this study. Table 4.6 lists the
interfacial ASR of the specimens of P-LSM, P-LSM-S, A-LSM, A-LSM-S, and H-LSM
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layers. The Arrhenius plot is shown in Fig. 4.27. The resistance from LSM film itself
was neglected in this study. According to Hsu’s research!™" 2*®! the electrical
conductivity of LSM thin film with PAA/LSM = 2 was 2.1 S/cm at 1000°C. In other
word, the ASR of the LSM thin film with 6 pm in thickness was only 0.3 mC2, which
could be ignored if comparing with the interfacial resistance of a few Q in this study.
For all the LSM layers, the ASR decreased as the increasing of testing temperature from
~10 kQ at 300°C down to ~5 Q at 800°C. From the ASR results, there was no apparent
difference in all the LSM layers. The reasons for the similar electrical properties can be
several folds. Similar chemical composition, close residual carbon content in the LSM
films and porous microstructures are considered.

In order to offer the appropriate interface strength between LSM grains and YSZ
electrolyte plate, the thermally treated temperature must be higher than 1200°C, as
shown in Fig. 4.28. The P-LSM-S film thermally treated at 1100°C was easily removed

from YSZ plate by external physical force.
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Fig. 4.18 DTA/TG results of P-LSM powders. The temperature ramp rate was 10°C/min.

105



(a) ® Lao.gsro,le’lO3 [53-0058]
B [La,COs[23-0320]
As-prepared
(b) prep
M
(c) '
M
(d) m
- [
n-. 500°C
> °
= ©)
- (]
Sl e w] N it 600°C
I ° °
(") l 700°C
(©) 800°C
(h) O
900°C
L - :‘A SRS
I | I | I | I | ] l )
20 30 40 50 60 70 80

20 (degree)
Fig.4.19 XRD patterns of P-LSM powders (a) as-prepared, and by different thermal
treatment at the temperature of (b) 300°C, (c) 400°C, (d) 500°C, (¢) 600°C, (f) 700°C, (g)
800°C, and (h) 900°C.
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Fig. 4.20 DTA/TG results of A-LSM powder. The temperature ramp rate was 10°C/min.
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Fig.4.21 XRD patterns of A-LSM powders (a) as-prepared, and by different thermal
treatment at temperature of, (b) 300°C, (c) 400°C, (d) 500°C, (e) 600°C, (f) 700°C, (g)

800°C, and (h) 900°C.
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Fig. 4.22 TEM micrographs showing (a) BF and (b) negative CDF of 800°C thermal

treated P-LSM powders, and (c) BF and (d) negative CDF of A-LSM 800°C thermal
treated powders.
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Table 4.2 Quantitative analysis of P-LSM and A-LSM

P-LSM A-LSM
mol% mol%
Compound La,O; SrO MnOy Compound La,O;  SrO MnOy
24.7 12.1 63.2 28.3 10.4 61.4
24.8 13.4 61.9 22.9 15.6 61.5
25.3 11.7 63.0 24.9 11.0 64.1
24.6 13.6 61.8 21.5 17.9 60.6
25.6 11.2 63.2 24.5 14.8 60.7
26.0 11.6 62.4 22.6 18.0 59.4
values (%) values (%)
25.7 12.4 61.9 23.9 14.7 61.4
243  13.93 61.8 22.9 17.3 59.8
23.3 15.4 61.3 23.8 15.4 61.0
22.4 15.4 62.3 24.2 12.7 63.1
25.6 12.3 62.1 23.4 15.8 60.8
24.5 14.4 61.1 24.7 14.7 60.6
mean 247  13.13 62.2 mean 2397 14.83 61.2
STD 1.05 1.46 0.69 STD 1.66 2.45 1.29
95% Confidence Interval (CI) LaOs3 SrO MnOy

P-LSM 24.7%+0.5% 13.1%+0.8% 62.2%+0.3%
A-LSM 22.0%+0.9% 14.8%+1.3% 61.2%+0.7%
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Table 4.3 BET specific surface area of P-LSM and A-LSM thermal treated at various

temperatures

T (°C) 500 600 700 800 900

P-LSM 36.8 28.4 16.5 4.34 1.37

BET (m%/g)
A-LSM 26.0 18.1 15.9 12.8 4.05
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Fig. 4.23 Plot of specific surface area against thermal treated temperature of P-LSM and
A-LSM.
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Fig. 4.24 SEM microstructures showing fracture surfaces of sintered (a) P-LSM-S, (b)
A-LSM-S, and (c¢) H-LSM layers on YSZ substrates thermal treated at 1200°C for 1 hr.
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Fig. 4.25 SEM micrograph showing fracture surface of porous P-LSM layer on YSZ
electrolyte thermally treated at 1200°C for 1 hr.
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Table 4.4 Characteristic length of TBP of YSZ and all the LSM thin layers calculated

according to Saltykov equation

H-LSM P-LSM P-LSM-S A-LSM A-LSM-S

Pr (1/um) 1.29 1.07 0.914 0.914 0.876

La ( pm/pm>) 2.03 1.66 1.44 1.44 1.38

115




Table 4.5 Carbon content of LSM powders by the treatment in specified conditions

900°C thermal treatment

P-LSM P-LSM-S- | A-LSM | A-LSM-S |H.C. Starck
average C (ppm) 470 23 923 825 N/A
1200°C thermal treatment
P-LSM P-LSM-S | A-LSM | A-LSM-S |H.C. Starck
average C (ppm) 103 182 108 193 134

116




(@)

Voltage (V)
! |

|
|

Current Input
0 I | ! | ! | I

0 100 200 300 400 500
Time (sec)

Voltage (V)
l

0 T | T | T
0 0.004 0.008

Current (A)
Fig. 4.26(a) Voltage curve profile with 7.5 mA current input and (b) linear I-V curve of

1200°C thermally treated A-LSM-S/YSZ half cell at 500°C.
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Table 4.6 ASR results of all the LSM layers on YSZ electrolyte thermal treated at 1200°C

ASR2 300°C 400°C 500°C 600°C 700°C 800°C
(Qcm”)
H-LSM 13.5k 688 82.7 28.8 7.25 N/A
P-LSM 7.12k 500 76.8 18.8 9.47 5.25
P-LSM-S 13.4k 514 84.0 16.1 11.0 6.36
A-LSM 9.28k 690 132 24.6 10.0 5.43
A-LSM-S 7.50k 516 110 15.0 9.07 5.82
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Fig. 4.27 Arrhenius plot of log(T/ASR) of various LSM layers prepared by spray coating,
then thermal treating at 1200°C for 1 hr.
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Fig. 4.28 SEM micrographs showing fracture surfaces of sintered P-LSM-S layers and
YSZ thermally treated at (a) 1100°C and (b) 1200°C for 1 hr.
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4.3 Fabrication and Properties of Electrolyte Supported SOFC Single Cell
In this section, the properties of 8Y-YSZ electrolyte were discussed, including its
sintering behavior and electrical property. In addition, the microstructure of electrolyte

supported solid oxide fuel cell was also reported.

4.3.1 Sintering Behavior and Electric Properties of 8YSZ Plate

In order to avoid the warpage of YSZ plate during sintering, sintering with
gravitational load of 26 g was adopted in this study. After the sintering, the thickness of
the sample shrank from 100 um to 75 um. The relative density and grain size of 8YSZ
at several sintering temperatures are shown in Fig. 4.29. The relative density increases
with the increase of the sintering temperature. The density of the electrolyte is higher
than 99% theoretical density (T.D.), which is valid for the operation of SOFC, and could
be achieved with the sintering temperature higher than 1500°C. Fig. 4.30 shows the top
view images of the surface of several 8YSZ plates. The average grain size grew up to 3
um and 9 pm with sintering temperature at 1500°C and 1600°C for 1 hr, respectively.

Fig. 4.31 shows the results of electrochemical impedance spectroscopy (EIS) of
1500°C sintered YSZ plate tested in static air at temperatures between 300°C and 700°C.

[Minh, 1993

From the literature ] the electrical conductivity of zirconia based electrolyte
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system is independent of oxygen partial pressure when the oxygen partial pressure is
higher than 10° atm. Therefore, the electronic conductivity of the YSZ is negligible in
air atmosphere condition. In Fig. 4.31(a), three semi-circles were observed on the
spectrum measured at 300°C. The semi-circles of high frequency and intermediate were
associated with the contribution of grain interior (R,) and grain boundary (Ry),
respectively. The semi-circle of lowest frequency was attributed by the resistivity of

B k I, 2 1
arsoukov et al., 2005] A ¢ the testing temperature

silver electrode-electrolyte interface (Re)
increased, the semi-circles from grain interior and grain boundary disappeared. At the
temperatures higher than 600°C, only the semi-circle of electrode-electrolyte interface
was observed, in which the intercept of high frequency spectrum represents the ionic
impedance (R;). On the other hand, the ionic impedance was obtained from the addition
of R, and Ry at the temperature lower than 600°C. It can be seen that the ionic
impedance of YSZ decreased with the increase of temperature from 3700 Q-em?® (300°C)
to 3 Q-cm? (700°C), which are in the same order of ASR reported in Table 4.6.

The Arrhenius plot of ionic conductivity of 1500°C sintered YSZ plate is shown in
Fig. 4.32, also comparing with the results in Yang’s report! "¢ @'-20051 " A glope change
at 550°C, which indicated the change of conductive mechanism, was observed. The

association of the defects, i.e. {Y,VS'}", was explained for the mechanism change. The
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activation energy of migration of associated defect could be derived from the slope of
the Arrhenius plot. The activation energy of YSZ plate in the temperature range of
300°C and 600°C was 109 kJ/mol, which was close to the activation energy 103 kJ/mol

reported by Yang et alYaeetal- 2003

4.3.2 Fabrication of Anode and Cathode Layers

LSM paste for cathode and NiO-YSZ paste for anode were screen-printed on the
1500°C sintered 8Y-YSZ plate through a 150-mesh screen with a designed square
pattern (1.3 cm x 1.3 cm in dimensions). After. de-binding, several sintering
temperatures were conducted. Fig. 4.33 shows the fracture surfaces of the H-LSM
cathode layer on YSZ plate. The higher the sintering temperature is, the higher the
relative density and larger grain size of the cathode structure appear. In addition, the
sintering behavior between LSM and YSZ started at the sintering temperature of 1100°C
and got more obvious at higher temperature. The occurrence of interfacial sintering
results in an easily diffusion of oxygen ions between LSM and YSZ, which would
reduces the resistance from cathode/electrolyte interface. At the thermal treatment of
1300°C, the relatively lower relative density would lead to the concentration
polarization. Therefore, 1200°C was chosen to be the suitable sintering temperature for
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the single cell.

The fracture surface of LSM/YSZ/NiO-YSZ single cell sintered at 1200°C is

shown in Fig. 4.34(a), which shows the fracture surface of 1500°C sintered 8YSZ

electrolyte, on which submicron-sized pores (Fig. 4.34(d)) enclosed in the plate are

observed. The thickness of sintered LSM cathode, NiO/YSZ anode film and YSZ are 5

um, 8 um and 75 um, respectively. Figs. 4.34(b) and (c) show the top views of the LSM

film and the NiO/YSZ film of the single cell. Highly porous structure of cathode and

anode provides gas flowing channels for air and fuel. The cell shows the potential used

as on component of SOFC.
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Fig. 4.30 SEM micrographs showing the top microstructures of 8Y-YSZ tape sintered
at (a) 1200°C, (b) 1300°C, (c) 1400°C, (d) 1500°C, and (e) 1600°C for 1 hr in air.
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Fig. 4.31 AC impedance results of 1500°C sintered 8Y-YSZ plate in static flowing air at
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Fig. 4.33 SEM microstructures of fractures of LSM/YSZ interface co-sintered at (a)
1000°C, (b) 1100°C, (c) 1200°C, and (d) 1300°C for 1 hr.
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Fig. 4.34 SEM microstructures of (a) the fracture surface of LSM/YSZ/NiO-YSZ single
cell final-treated at 1200°C for 1 hr, the top views of (b) LSM and (¢) NiO-YSZ layers,

and (d) closer-view of the fracture surface of YSZ electrolyte
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Chapter 5 Conclusions
Properties of CeO, (GDC and SDC) Fibers

Gd,03 and Sm,03; doped ceria fibers with aspect ratio of 110 were synthesized by
chemical co-precipitate method at 90°C with the addition of citric acid and sodium
hydroxide. With different ratio of sodium hydroxide and citric acid, additional three
types of Ce-contained precipitates were formed, including spherical colloidal particles,
stick-in-bundle, and flakes.

The kinetic reaction of the fiber synthesis was analyzed by ICP-AES technology.
Zero-order reaction of the fiber and stick-in-bundle synthesis was confirmed, in which
the reaction rate coefficient were 1371 ppm/hr and 172 ppm/hr, respectively. With
starting concentration of 0.1 m. of Ce®’, the reaction of fiber synthesis completed in less
than 10 hr. Before the appearance of fiber, there were water soluble colloidal particles
found in reaction bath. With calcination at temperature higher than 300°C, the cubic
ceria phase formed. Crystallinity of the doped ceria fibers was identified by TEM

technology.

Properties of LSM Powders
Two LSM powders were synthesized either by sol-gel routs, including Pechini
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method (P-LSM) and the method with PAA as gelling agent (A-LSM). For both cases,
the LSM phase formed at calcination temperature higher than 600°C. A carbon
contained phase of Lay;COs was found in P-LSM that thermally treated at 500°C or
600°C. After 700°C calcination, pure LSM phase was obtained for both LSM powders.
The quantitative analysis by SEM-EDS revealed a better chemical composition
distribution and homogeneity of P-LSM powder. The microstructure, however,
indicated a better grain size distribution of A-LSM due to carbon content.

Porous LSM layer with a thickness of 6 um was fabricated by spray coating. In
order to offer enough interface strength between LSM and YSZ, the sintering
temperature of LSM/YSZ half cell must be higher than 1200°C. The length of TPB was
about 1.5 pm/ umz after the 1200°C thermal treatment. The residual carbon content was
successfully reduced by careful control of thermal treatment procedure for P-LSM with
thermal treatment at 900°C. After the 1200°C thermal treatment, the residual carbon
content in all the LSM powders was reduced to less than 200 ppm. The ASR between

LSM and YSZ is low, but does not show a strong correlation with the residual carbon..

Fabrication of Electrolyte Supported SOFC Single Cell
A dense 8Y-YSZ electrolyte plate with thickness of 75 pum could be obtained by
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1500°C sintering. Its activation energy for the diffusion of oxygen was 109 kJ/mole.
Through screen printing, porous LSM cathode layer with 5 pum in thickness and

NiO/YSZ anode in a thickness of 8 um could be fabricated on the YSZ electrolyte plate

by 1200°C sintering.
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