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Abstract

The objective of this project is to reduce the operating temperature of
SOFC electrolyte. The selected base materials are La,,Sr,Ga;,Mg,Os.5 (LSGM),
Lay..Sr,Coq,Fe,055 (LSCF} and CeO,. The choice of cation dopants is based on the
lower charge and comparable size as compared to the substituted cation. The phase
detected by XRD and the microstructure revealed by SEM determine the phase
present and grain size with varying amount of dopants. The electrical conductivities,
dc 4-points and ac impedance measurements are examined as a function of
temperature. In addition, ac impedance measurements are investigated as a function
of frequency in different atmospheres, i.e. air, oxygen and carbon monoxide. The
stability after operating for 80 hrs. at 700 °C of some doped ceria is studied to

observe a change of impedance.

The results show that LSGM is unstable and difficult to reproduce.
The second phase detected by XRD is found in calcined LSGM powder.
Recailcination at higher temperature is required to remove the other phase. In
contrast, the single phase of LSCF can be obtained after calcination and sintering.
However, the diffusion of Co from the materials to the substrate cannot be controlled
during sintering. Also, the strong blue color on the substrate is found from the

composition with higher amount of Co.

The results of rare-earth cations doped into CeO, indicate that only
single phase of ceria can be existed within 30 mol% dopant. An increasing amount
of dopant reduces the impedance of ceria although the growth of grain depends upon
the type of dopants. The most effective dopants determined from their influence on

the lowest impedance are found in the following order; Sm > Gd > Dy > Er > Y.

The effect of atmosphere on the impedance of ceria shows that
oxygen can reduce the difference between bulk and grain boundary impedances as
compared to the measurement in air. Moreover, the impedance of doped ceria can

be altered after operating at 700 °C for 90 hrs in oxygen.

Keywords CeO,
SOFC electrolyte

Impedance measurement
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Introduction

When the high-efficiency power generation and pollution control are addressed,
fuel cell is one of the most interesting and promising technologies in the 21% century. It
is an environmentally clean, quiet and highly efficient method for generating electricity
and heat directly from a variety of fuels without conversion of chemical energy of fuel

into thermal and mechanical energies, as a bypass.

There ate several types of fuel cells currently under development, alkaline fuel
cell (AFC), phosphoric acid fuel cell (PAFC), proton exchanged membrane fuel cell
(PEMFC), molten carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC).

In this project, only SOFC is concentrated to be developed for an intermediate
operating temperature since the other fuel cells can be worked at lower than 650 °C.
Although at the high operating temperature, the external reformer, air compressor and
catalysts are not required, the material selection is limited and material compatibility can

be a serious problem.

A single SOFC consists of a solid oxide electrolyte sandwiched between two
electrodes, anode and cathode. Each component must have the proper stability (i.e. phase
and dimension) in oxidizing and/or reducing environments, chemical compatibility and

proper conductivity with other components.

Yttria-stabilized zirconia (YSZ) is the most common electrolyte used in
commercial SOFC because it possesses an adequate level of oxygen-ion conductivity and
exhibits desirable stability in both oxidizing and'reducing atmospheres. However, the
high operating temperature of 1000 °C is required for bulk material and 850 °C for thin
sheet of YSZ. To reduce this operating temperature, the alternative electrolyte materials

should be proposed and studied.

The objectives of this project are:
1. To synthesize the other electrolyte materials to operate at lower temperatures

(~700-850 °C)



2. To investigate the electrical conductivity of the synthesized materials in
reducing and oxidizing atmospheres
3. To study the stabilities of microstructure and phase after operating for a

certain period of time

Previous Work

In the first year of this project, LaGaO; and La;..SrxCoi.,FeyO15 (LSCF) were
selected as alternative electrolyte materials. LaGaOs, one of the promising candidates of
low-temperature electrolyte materials, has been intensively studied in Japan and Europe.
Sr and Mg partially doped into La-site and Ga-site respectively showed the good ionic
conductivity due to increasing amount of oxygen vacancies. The optimized composition
in La;.xSrxGa;yMg,03.5 (LSGM) with the highest bulk conductivity of 0.17 S/cm at 800 °
C was reported at x=0.20 and y=0.17 [1]. This composition remained a single phase
without any grain-boundary contribution in the impedance spectrum. The contour plot of

the bulk conductivity at 800 °C for this composition is shown in Fig. 1.

P
0.08 0.10 018 0.20 025 0.3
x
Fig. 1 Bulk conductivity of La;..StyGa;.,MgyO3.s measured at 800 °C in air
(the unit is S/cm) [1)



In addition, the effects of Fe and Co were investigated in LSGM [2]. Their
structures and activation energies (E,) of these doped compositions were studied and

listed in Table 1.

Table 1. Spectrum from XRD data and activation energies (Ej) of the doped LSGM [2]

Composition Prep. T | Structure | Temperature  E, (eV)
(C) air Range (C)

LageSro1GagsMgo 2035 1450 Cubic 450-620 0.981

700-1000 0.727
Lag 9Sro.1(Gag.oFeo.1)0.s8Mg0203.5 1450 Cubic 450-1000 0.657
Lag 9S10.1(Gag sFeo2)0 sMgo2035 1450 Cubic 300-1000 0.368
Lag9Sto.1(Gag 7Feo3)osMgo20s-5 1450 Cubic 300-570 0.311
Lag 85510,1(Gao.oFeo.1)0.sMgo 2035 1450 Cubic 450-1000 0.578
Lag9Sro.1(Gap9C00.1)0.sMg02035 1450 Cubic 450-1000 0.707

Lag.9Srg.1(Gag,5C00.2)0.8Mgo 2035 1450 | Hexagonal 450-670 0.433
670-1000 | 0.310
Lag 9Sre.1(Gao.75C00.25)08sMgo203.5 | 1450 | Hexagonal 100-450 0.231
670-1000 | 0.192
Lag 9Sro.1(Gao.7C00.3)0.sMgo203.5 1450 | Hexagonal 100-450 0.201
500-780 0.265
Lao gs8r0.1(Ga09C001)0sMg02035 | 1450 | Hexagonal | 450-1000 | 0.694

From the results of Table 1 and Fig. 1, Fe was selected to be a dopant in LSGM
and 0.2 mole of Sr was used in the base material. The selected compositions in the first
year of this project were:

Lag 3Sro2Gap,sMgo303.5 (LSGM)
Lap 8Sr02Gag sMgoaFes, 1035 (LSGMF1)
Lag 8St92Gag 7Mgo.1Fep20:.5 (LSGMF2)
Lap gSro2Gag 7Feo 3035 (LSGF3)



The compositions were prepared by mixing La;0;, SrCOs;, Ga;03;, MgO and
Fe;03. Only LayO3 and MgO were calcined at 1000 °C to remove OH and CO3 before
weighing. Zirconia rods and absolute ethanol were used for the mixing of these oxide
and carbonate materials. Although all reaction peaks detected by DTA ended before
1000 °C, the calcined temperature of 1250 °C was applied to all compositions of LSGM

due to the remaining raw materials shown in XRD if firing below 1250 °C.

The calcined phases detected by XRD exhibited the other phases beside LSGM.
The powder was recalcined if the other peaks still appeared in the XRD patterns.
However, after sintering at 1500 °C with a soaking period for 2 hrs the single phase could
be obtained in LSGM and LSGMF1 compositions from XRD with a resolution limit of
diffractometer but not LSGF3 and LSGMF2. J. W. Stevenson et. al. [3] reported that the
phase development of (Lag ¢Srg)«GagsMgo 2035 and (LagsSrp2)xGagsMgo203.5 could be
different depending upon the firing temperature and the cations ratio between A-site and
B-site as given in Table 2 and 3. The results from this reference showed the fraction of
LSGM f)erovskite increased with increasing temperature and the cations ratio of 1.
However, all compositions based on lanthanum gallate synthesized from this project were
not reproducible, suggesting that LSGM compound was unstable. This was agreed with

Prof, Brian Steele’s opinion from Imperial College.

Because of a difficulty of reproducibility of LSGM and very expensive material of
(Ga0;, the proposed alternative material was changed from the project title. LSGM

based electrolyte materials was replaced by CeOs.

La;xSrCo1yFeyO35 has been investigated as the cathode of SOFC. However,
these compositions exhibited mixed electronic and ionic conductivity. Consequently, if
the appropriate cations were doped and/or the amount of Co and Fe was altered in the
proper way, the oxygen vacancies possibly increased and thus the ionic conductivity
dominated. During the first year of this project, Sr and Gd were used to partially
substituted into La-site as x=0.1 and 0.2 and the ratio of Co and Fe was adjusted to

0.3:0.7, 0.4:0.6 and 0.6:0.4.




The preparation of these base compositions was similar to LSGM. However, the mixed
powder was calcined at 1100 °C with soaking at each reaction temperature determined
from DTA. As shown in Fig. 2, the calcined phase of LSCF exhibited only one phase.
After sintering at 1300 °C these compositions still remained a single phase. Also, the
soaking times for 1 and 3 hrs insignificantly affected the density of these base
compositions. However, the sintering temperature at 1450 °C with a soaking period for 2
hrs gave higher density and the other phase still could not be observed from XRD pattern
as revealed in Fig. 2. The microstructure of sintered pellets after thermal etching in Figs.
3-4 was found that an increase of Fe dopant reduced the grain size. In addition, the
intragranular pores could be observed in Lag sSrg2Cop¢Fe0.403-5 as shown in Fig. 4. For
the thermal expansion coefficient, the results showed a trend of increasing with amount
of Co. In addition, the substrates appear to be blue around the sintered samples due to the
chemical unstability of cobalt in the compositions. Therefore, the base electrolyte was

changed to CeO; in the second year of this project.

Table 2. Phase development of (Lag sSro 1 )xGaosMgo 2035 [3]

Heat treatment A/B cation ratio (x)
In air 0.90 0.95 0.98 1.00 1.02
1200°C2h ~93%Perovskite ~92%Perovskite ~96%Perovskite ~96%Perovskite ~96%Perovskite
~1%Tetragonal ~2%Tetragonal ~2%Tetragonal ~3%Tetragonal ~4%SrLaGaO,
~5%SrLaGa;0; ~3%SrLaGa;0; ~1%SrLaGa;0; ~1%MgO
~1%MgO ~1%MgO ~1%MgO
~2%La,Ga,0q
1400°C2h ~95%Perovskite ~909%Perovskite Perovskite Perovskite ~99%Perovskite
{1450 °C for ~4%SrLaGa;0; ~1%MgO ~1%SrLaGa0,
x=1.02) ~1%MgO
1500°C2h ~95%Perovskite ~99%Perovskite Perovskite Perovskite N/A
~4%8S1LaGa;0; ~1%MgO
~1%MgO
1500°C2h ~94%Perovskite ~99%Perovskite Perovskite Perovskite ~99%Perovskite
~5%S1LaGa;0;  ~1%MgO ~1%SrLaGaC4
~1%MgO
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Fig. 2 XRD patterns of calcined powder and LSCF pellet after sintering at 1450 °C

Fig. 3 SEM micrograph of LaggSrp2Cop4Feo 035 sintered at 1300 °C
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Table 3. Phase development of (Lag 3Sro2)xGag sMgo 2055 [3]

Heat treatment A/B cation ratio (x)
in air 0.95 0.98 1.00

1200°C2h | ~70%Perovskite ~70%Perovskite ~72%Perovskite
~15%S1LaGas Oy ~15%S1LaGa; 0, ~13%SrLaGa;0,
~15%SrLaGaQ, ~15%8rLaGa0, ~15%8rLaGa0,

1400°C2h | ~B9%Perovskite ~91%Perovskite ~91%Perovskite
~0%SrLaGa;O4 ~4%S1LaGa; O ~3%SrLaGa;O,
~5%8rLaGa0, ~5%8rLaGa0, ~6%SrLaGa0,

1500°C2h | ~96%Perovskite ~99%Perovskite Perovskite
~3%SrLaGa;0, ~1%SrLaGa;O;

] ~1%SrLaGa0,

Ceria-based electrolytes show an ionic conductivity at 700 °C similar to ZrO; at
1000 °C [4], however they are not pure ionic conductors. In addition, ceria is not stable

under the hydrogen environment.

Cerium [5] can exhibit both the +3 and +4 oxidation states and the oxide
compositions in the range of Ce;03 and CéOz can be formed. The final form is strongly
dependent upon temperature and oxygen pressure. Pure CeQ, is yellow in color and
CeOy is blue and turns almost black when it is grossly nonstoichiometric [6]. CeO;
crystallizes in the fluorite structure, FCC unit cell with space group Fm3m (a=0.5411 nm
from JCPDS 34-0394 in Appendix A) and is reduced at elevated temperatures and low
oxygen pressures to form an oxygen deficient nonstoichiometric oxide. Defects in ceria
can be either intrinsic attributing to thermal disorder and atmosphere or extrinsic formed

by dopants. These defects affect the electrical conductivity of this material.

Ceria can be classified as a mixed conductor showing both electronic and ionic
conduction. At high temperatures and low oxygen partial pressures, ceria behaves as an
n-type semiconductor. Ionic conductivity resulting from the oxygen vacancies depends
on the amount of dopants. It increases significantly when ceria is doped with aliovalent
oxides such as CaQ, Y203 and various rare earths. However, an increasing amount of

dopants tends to form a second phase. G. B. Balaza and R.S. Glass reported that the



Fig. 4 SEM micrograph of Lag gSro2Co0sFeo40Os5 sintered at 1300 °C

Table 4: Evidence of second phase from x-ray spectrum for ceria doped with 10 mol%

rare earth oxides in order of decreasing ionic radii. [7]

Rare earth dopant Evidence of second phase in X-ray spectrum? -
La;0s Yes
Pry05 No
Nd20s ' Yes
Sm;04 No
Eu,O3 Yes
Gd»04 No
Tb,05 No
Dy;0s3 _ No
Ho,03 No
Y503 No
Er:0; No
Tmy0s Yes
Yb,0; Yes
LuyOs Yes
Se (s Yes
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Table 5 lonic conductivity data for selected electrolyte compositions [10].

Composition Dopant R, (A ) AE (eV) | 6,500°C | 6,600°C | G,700°C
(Sem™) | Sem™) | (Sem™)
Ceo.9Gdo.101.95 Gd™ | 1.053 0.64 0.0095 | 0.0253 | 0.0544
CepsSim1p, 01 05 Sm* | 1.079 0.66 0.0033 | 0.0090 | 0.0200
Ceoss7¥0.13010s35 | Y | 1.019 0.87 0.0087 | 0.0344 | 0.1015
CeosGdo2019 Gd* | 1.053 0.78 0.0053 | 0.0180 | 0.0470

addition of 10 mol% dopants did not appear to affect the sintering properties, with the
exception of some rare earths as listed in Table 4 [7]. They also reported the conductivity
as a function of ionic radius of dopant cation as shown in Fig. 5 [7]. From their results,
Y, Sm and Gd exhibited the highest conductivities. In contrast, the ionic conductivity of
doped ceria at 800 °C against the radius of dopants was reported by K. Eguchi et. al. [8]
as shown in Fig. 6. From their work, Sm, Gd and Dy gave the high ionic conductivity.

The values of ionic conductivity for those dopants were also given in Table 5 [10].

B.C.H Steele [10] suggested that the high conductivity was resulting form the low
association enthalpy of Rec,’ — Vo~ defect complexes. In addition, Gdc,' — Vo~ defect
complexes were confirmed to exhibit the lowest binding energy [11]. B.C.H. Steele [10]
summarized that the range of 9-11% GdO, s should improve the performance of SOFC at
500 °C. Recently, T. Mori et. al. [12] have studied Sm, La and alkaline earth as co-
dopant in CeO, and concluded that (Lag7sSrp2Baces)o.17sCens2s0183 gave high power
Furthermore, the doubly doped ceria electrolyte with

gadolinium and praseodymium [13] was reported to reduce the electronic conductivity

density than CegsSmp20;s.

and increase stability under hydrogen atmosphere.

In this project, the selection of dopants was based on not only the ionic radius of
cations but also the electrical charge. The dopants with comparable size and lower

charges (+3 and +2) would be used to add in CeQ,.

The second year works focused on the synthesized doped CeQ», phase and

microstructure after sintering, thermal expansion coefficient and conductivity. The
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dopants were mostly selected from the rare-earth oxides. However, the main reason for a
choice of cation depended on the lower charge, comparable size to cerium ion and the
cost of materials. The cations selected for this research were indicated in Table 6. The
specified ionic radii shown in Table 6 were from Ref, [14] and Ref. [9]. However, both

values were different.

Only single cation doped ceria but different amount was investigated in this
project. All doped ceria compositions were prepared by mixing all raw oxide materials
(Appendix B) with zirconia balls and absolute ethanol in a polypropylene bottle. After
drying and calcining at 1000-1200 °C depending on the dopants, the milled calcined
powder was pressed into pellets and bars with a uniaxial hydraulic press and followed by
cold isostatic press of 250-285 MPa. Al doped compositions were sintered at 1450-1500
°C with the soaking time for 2, 5 and 10 hrs. Exceptionally, Bi-doped ceria was sintered
at 1100 and 1250 °C with a soaking period of 1 hr. Sintering at higher temperature
yielded the bloated pellets and bars.

Table 6: Valence, Ionic Radii and the amount of selected cation dopants used in this work

Ion Valence Radius ( ;’\)[1 4 | Radius ( :\ o maximum mol%
’ used in this project

Bi +3 0.93 10

Ce +4 0.97 0.97 based composition

Ce +3 1.04

Dy +3 0.92 1.03 30

Er +3 0.97 , 1.00 20

Gd +3 1.04 1.05 30

Sm +3 1.00 1.08 10

Sn +2 0.93 10

Y +3 0.95 1.02 20

1



The phases of calcined powder and sintered pellets were detected by XRD (Jeol,
JDX3530). The results” found the extra peaks for 30 mol% Dy-, 20 mol% Er- and 10
mol% Sn-doped ceria after calcination. After sintering at 1500 °C, the single phase still
existed for all doped compositions except 10 mol% Sn dopant determined from the small
peaks of two-theta at 26.6, 33.9 and 51.8.

The effects of dopants and their amount on the grain size, shape and porosity of
ceria could be observed from SEM micrographs*. Increasing amount of Gd and Dy
tended to increase the grain size. In contrast, Y and Sn decreased the grain size.
Although an increase of Sn amount yielded higher porosity, the second try got the
opposite result from the previous one. For Er dopant, the bimodal grain sizes could be

observed as an amount of Er increased.

The results of thermal expansion coefficient (TEC) for some sintered doped CeO,
indicated that Gd and Sn reduced the TEC of CeO, but Y increased it. Up to 10 mol% Bi
unaffected TEC.

The last year of this project would concentrate on the electrical conductivities for
the selected compositions. Both DC-4 point and ac impedance measurements for some
cations doped ceria would be collected in air, oxygen (99.5%) and carbon monoxide
(99.3%) to investigate the stability in both oxidizing and reducing atmospheres. In
addition, the comparison of conductivity before and after heat treatment at 700 °C for 90
hrs with flowing oxygen would be examined and their microstructure would be

investigated by SEM.

AC Impedance measurement

Impedance measurements are used to study the properties of solid electrolytes
related to [15]:
a. Transport number, concentrations of charge carriers, electronic and ionic

defects and their mobility.

‘ Fig. shown in the second year annual report
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b. Effect on conductivity of oxygen partial pressure, dopant concentration,
impurities, grain boundaries and second phase precipitation.

c. Charge-transfer and polarization phenomena at the electrolyte-electrode
interface (noble metals are often chosen for electrodes as they are assumed to

be chemically inert)

In ceramics, ac impedance can be used to resolve the resistance due to grain
interiors and the grain boundaries [16]. This has facilitated the study of some processes
such as sintering, grain growth and solid state precipitation. The technique is useful for

zirconia ceramics.

Bulk properties such as conductivity are calculated using the length over area
(I/A} of each sample. For measurement of grain interior or grain boundary properties
[16], surface finish is not critical, as this only affects the electrode impedance. If the
grain boundary and electrode arcs partly overlap, the resolution can sometimes be

improved by polishing.

Electrodes are usually made of the precious metals such as sifver, platinum, gold
or graphite and normally applied to the samples by painting, vacuum evaporation or
sputtering. The samples should be fired at 500-600 °C to remove traces of organic
compounds from the electrode. The electrode characteristics of gold and platinum are
similar in the temperature range up to 500 °C, relatively blocking to oxygen but silver
gives a lower electrode impedance [16]. For this project, gold is used as electrode due to
very expensive platinum and evaporation of silver after measurement at high temperature

for a long time.
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Experimental Procedure

The dc conductivity of sintered bars was measured as a function of temperature.
Fired-on gold electrode was applied on the samples before measurement. The data were
collected from 150 °C to 800 °C with a heating rate of 4 °C /min. Below 230 °C the data

were scattering due to high resistance.

The ac impedance of sintered pellet was determined from Solartron SI1260.
Fired-on gold electrode was applied on both sides of peliet and fired at 840 °C before
" measurement. The data were collected in air every 50 °C from 300 °C to 600 °C or 700
°C for some samples and in oxygen from 500-650 °C. At each temperature measurement,
the frequency range swept from 107 Hz to 0.1 Hz. The amplitude of the ac signal
imposed on the sample was 30 mV as followed from the instrument manual. The
thermocouple was placed close to the sample. Both thermocouple and sample were on

the sample holder inside the tube furnace.

After ac impedance measurement, the selected samples were heated at 700 °C in
the tube furnace with flowing oxygen for 90 hrs and then the impedance measurements
were repeated between 500 °C to 600 °C by Solartron with the same setup of instrument
as used before. The measurements were carried out in air and carbon monoxide. The

Zplot program [17] was used to display the resuits of Z' and Z'"" measurements.

The heat-treated samples were polished down to 1 micron with diamond paste and
thermally etched at 75 °C below the sintering temperature with a soaking time for 2 hrs
before gold sputtering., The microstructure of the specimens was observed by scanning

electron microscope (Jeol, ISM5410).
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Results and Discussion

Figs 7-10 show the Arrhenius plots of dc-conductivity of cations doped-ceria.
Fig. 7 gives the results of 20 and 30 mol% Dy-doped ceria. As the amount of Dy
increases, the dc conductivity of cena increases. In addition, 30 mol% Dy exhibit a
stable conductivity in a wide range of temperatures. The measurement conductance as a
function of increasing temperature is not continuous. This might be possibly due to either
a loose connection or its transition temperature of Dy-doped ceria. Although the retest
has not been done, the measurement conductance during cooling gives the same result but
lower values. For (Gd dopant, 15 mol% give higher conductivity than 20 mol% in the
temperature above 475 °C as illustrated in Fig. 8. Fig. 9 represents the result of
conductivity for 5 and 20 mol% Y-doped ceria. Its values increase with the amount of Y.
In general, the number of oxygen vacancies are attributable to the amount of dopants.
However, the conductivity values of Gd- and Y-doped ceria from this project are lower
than those from other works [7, 18]. The comparison of conductivity for selected dopants

in ceria is indicated in Fig. 10. The results show that 20 mol% Er-doped ceria give higher
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Fig. 7 DC conductivity vs. reciprocal temperature of Dy-doped ceria
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Fig. 10 DC conductivity vs. reciprocal temperaﬁn‘e of selected cation dopants

dc conductivity than 30 mol% Dy, 20 mol% Gd and 20 mol% Y. Nevertheless, the more
stability of conductivity above 500 °C can be obtained from 30 mol% Dy-dopant.

Figs. 11-13 represent the impedance spectra of 30 mol% Gd-doped ceria
measurement in air at different temperatures. Figs. 14-15 also show the same trend of
impedance spectra for 10 mol% Sm-doped ceria measured in air at 550-700 °C and Fig.
16 for 20 mol% Y in ceria at 600 and 650 °C. The results of all compositions in this
work show the higher temperature the lower magnitude of impedance, both of real and
imaginary parts. This implies that the conductivity of doped ceria can be achieved at
higher temperature. The impedance spectra are associated with the bulk crystal lattice
and with the grain boundary [16]. This is critical because the overall ionic conductivity is
composed of the sum of these impedances and the effect of temperature on the relative
contributions of each process makes it complicated. In addition, Wang and Novick [19]
reported the presence of high resistivity material along the grain boundaries caused an
extra arc in the impedance spectra. The effect also was greatest for dilute solid solutions

and almost disappeared for dopant concentration greater than 15 mol%. Their work used
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Y- and Ca- as dopants in ceria. No further work to investigate the composition along
grain boundary is made in this project due to time consuming for sample preparation of

Transmission electron microscopy (TEM).

Fig. 17 illustrates the effect of oxygen on the impedance of 10 mol% Sm-doped
ceria at 650 °C as compared to that carried out in air. The less difference between the
first and second arc of impedance can be observed in oxygen, suggesting that oxygen
partial pressure affects the conductivity of doped ceria compositions, probably occurring

at grain boundary.

The amount of dopants also influences the ionic conductivity of materials. As
appeared in Fig. 18, the impedance of 20 mol% Er- is less than that of 10 mol% Er-doped
ceria at measurement temperature of 550 °C. These also occur at the other measurement
temperatures. The same results also obtained with Dy-doped ceria as observed in Fig. 19.
30 mol% Dy show lower impedance than 10 mol% Dy. These results imply that
increasing amount of dopant can improve the conductivity of ceria unless the second

phase does exist.

Fig. 20 presents the effect of soaking time at sintering temperature of 10 mol%
Dy-dope ceria. 5 hrs soaking pertod can provide the less impedance than that of 2 hrs. In
addition, the difference of interception on Z’ axis between the first and second arc is
much less than in the sample with a soaking time for 5 hrs. In general, the impedance
inside grain is lower than that at grain boundary and also longer soaking time at sintering
temperature performs larger grains and less grain boundaries. This can be seen from

SEM photomicrographs in Figs. 38 and 39, respectively.

Figs. 21 and 22 illustrate the impedance spectra of some selected dopants in ceria
measured in air at 500 °C and in oxygen at 600 °C, respectively. From the results, 30
mol% Gd give the lowest impedance than the other dopants. The order from the lowest
to the highest impedance obtained from these results is 30 mol% Gd, 30 mol% Dy, 10
mol% Sm, 20 mol% Er and 20 mol% Y, respectively. All of them present the grain

boundary resistance higher than bulk resistance. As temperature decreases, the
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resistances of grain boundary and bulk are significantly different. As compared with the
different dopants but the same amount, Figs. 23-25 represent the effect of 10 mol% for
different dopants on the impedance spectra. Sm gives the lowest impedance as compared
to Dy and Gd as observed in Figs. 23-24. Fig. 25 shows that Dy-doped ceria offers the
lower impedance than Er dopant. Consequently, the effective dopants to lower the

impedance of ceria order from the most efficient one, Sm > Gd > Dy > Er >Y.

Figs 26-28 show the impedance spectra before and after heat treatment at 700 °C
for 90 hrs of 20 mol% Er-, 30 mol% Gd- and 20 mol% Y-doped ceria. The results
indicate that the grain boundary resistance increases afier heat treatment. This effect on
20 mol% Y is less than the other dopant. This might be due to alteration of composition
at the grain boundary. Although the expected operating temperature should be lower than
700 °C, this temperature is desired to expedite the effect of longer period of operation.

Figs. 29-32 display the effect of carbon monoxide (CO) on the impedance of ceria
for 30 mol% Dy at 500 °C, 30 mol% Gd at 550 °C, 10 mol% Sm at 550 °C and 20 mol%
Y at 500 °C, respectively. These results imply that doped ceria compositions are not
stable on CO atmosphere. Measurement at higher temperature than 550 °C, either

explosion or autoignition occurs and impedance measurement has been stopped.

SEM photomicrographs of polished samples after heat treatment at 700 °C in
oxygen for 90 hrs can be observed in Figs. 33-40. The difference of grain size and shape
before and after heat treatment cannot be detected. As mentioned earlier, this might
occur at the grain boundary and only TEM, a very high magnification microscope,
possibly reveals this change. Figs. 37 and 38 show the etching pitch on the grain and at
the grain boundary of 30 mol% Gd- and 10 mol% Sm-doped ceria, suggesting that
soaking time for thermal etching temperature might take too long.
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Summary and Conclusions

This project aims to improve the electrical properties by cation dopants into
electrolyte materials of solid oxide fuel cell to lower the operating temperatures.
La;.SrxGayMgyOs.5 (LSGM), La;.SrCoi.yFe,035 (LSCF) and CeQ; are used as base
materials in this research. The experimental investigation concentrates on the optimum
dopants to obtain the single phase, well-defined microstructure and electrical conductivity
in oxidizing and reducing atmospheres at different temperatures. In addition, the stability
after operating for 90 hrs at 700 °C is examined. The cation dopants are selected from the
rare-earth oxides having lower charge and comparable size to the substituted base

materials.

The phases of LSGM and doped LSGM are found with the other unidentified
phases detected by XRD in both calcined and sintered materials. Although firing at
higher temperature and/or firing rﬁore than once can remove the second phase, the extra
effort and careful is required to reproduce these based and doped compositions. In

addition, Ga;0Os is expensive and time consuming to receive after ordering.

The single phase of LSCF can be achieved without difficulty. However, cobalt
diffuses from the composition to deposit in the substrate and makes it impossible to
control the amount of cobalt in the compound. Moreover, the thermal expansion

coefficient increases with the amount of cobalt.

For cations doped ceria electrolyte, most rare-earth oxides can be doped into ceria
with the amount up to 30 mol% without the second phase determined form XRD with a

resolution limit of equipment.

For SEM photomicrographs, an increasing amount of Gd, Dy and Er increases the
grain size of ceria. In contrast, an increasing amount of Y and Sn decreases the grain

size. The longer soaking time at sintering temperature also affects the larger grain size.

For impedance measurement, an increasing amount of rare-earth dopant reduces

the impedance of compositions, resulting the higher conductivity. This effect occurs to
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all dopants in this investigation. However, as compared to all rare-earth dopants used in
this project, Sm is the most effective dopant to achieve the lowest impedance.
Furthermore, the oxidizing atmosphere during measurement gives the better conductivity
in the term of lowering difference between the impedance of grain and grain boundary.
The stability of doped-ceria is not probably suitable in carbon monoxide atmosphere and
after longer period of operating. However, more experiments should be made and tested

to confirm this result.
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15kV X3, 5080

Fig. 33 SEM of sintered CepgDyo202.x at 1500 °C for 5 hrs after heat at 700 °C 90 hrs
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Fig. 35 SEM of sintered Ceg3Ero 2024 at 1500 °C for 5 hrs after heat at 700 °C 90 hrs
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Fig. 37 SEM of etching pitch of sintered Ce7Gdo302. at 1500 °C for 10 hrs after heat
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Fig. 40 SEM of sintered CeyY 202 at 1500 °C for 10 hrs after heat at 700 °C 90 hrs
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Appendix B

Chemical Reagent Used in Synthesis

Bismuth (III} Oxide, Bi;O3
Cerium (IV) Oxide, CeO;
Dysprosium (1II) Oxide, Dy,03
Erbium (III) Oxide, Er,Os
Gadolinium (III) Oxide, Gdy04
Gold, GG501

Iron (IIT) Oxide, Fe,O;
Lanthanum Oxide, La;0;
Samarium (III) Oxide, Smy0;
Strontium Carbonate, SrCO;
Stannous Oxide, SnO

Yttrium Oxide, Y205

99.9%
99.9%
99.9%
99.9%
99.9%
9%Au
99+%
99.9%
99.9%
99.9+%

99.99%

Kanto Chemical Company, Inc.

Aldrich Chemical Company, Inc.
Aldrich Chemical Company, Inc.
Aldrich Chemical Company, Inc.
Aldrich Chemical Company, Inc.

Cerdec AG Ceramic Colours

Aldrich Chemical Company, Inc.
Aldrich Chemical Company, Inc.
Aldrich Chemical Company, Inc.
Aldrich Chemical Company, Inc.

Baker Analyzed
Kanto Chemical Company, Inc.
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Abstract

The effects of Ni doped into Lag 2819 1sMnQ; (LSM) have been studied. Lag g,Srg 1 sMn, . Ni, O3 compositions with Ni content
up to x= (.3 have been prepared by the solid state reaction and characterized to investigate the microstructure, thermal expansion
coefficient {TEC) and electrical conductivity. A second phase detected by X-ray diffractometry has been found in all compositions
after sintering at 1470 °C for 2 h. The results from scanning electron microscope show that the grain sizes of LSM reduce with Ni
content and its TEC is changed insignificantly by Ni. The TEC value of 11.7x10~% K- between 100 and 900 °C is obtained for
0<x<0.3. The electrical conductivity from dc four point measurement indicates a trend of decreasing conductivity with increasing

Ni content.
© 2003 Elsevier Ltd and Techna S.r.l. All rights reserved.

Keywords: C. Electrical conductivity; D. Perovskites

1. Introduction

Lanthanum strontium manganite (LSM) has been
extensively studied as cathode for solid oxide fuel cell
(SOFC). An increasing amount of Sr enhances the elec-
trical conductivity of LaMnQ; due to the increasing
concentration of Mn**. However, Sr raises the thermal
expansion coefficient (TEC) of LaMnQ; resulting in
mismatch with those of other components of SOFC.
The composition of LaMnO; with 15-20 mol% stron-
tium [1-4] is commonly used to investigate its proper-
ties. In addition, other divalent cations such as Ca, Mg
and Ba are used to dope into A-site of this perovskite
oxide, ABQ;. However, only Cr, Co and Ni have been
usually selected for substitution on the B-site of LSM
[5.6]. Co and Ni decrease the electrical conductivity of
Lag s8rg sMnQy [5]. In contrast, Liu et al. [6] have
reported that the addition of 0.1 mole fraction of Ni
into Mn-site increases the electrical conductivity of
Lag¢Srg4MnQO; but decreases that of LaggaSre,MnOs;.
This paper attempts to investigate the effect of Ni on the
electrical conductivity of Laggy Srg,sMnO; including

E-mail address: sutin@ccs.sut.ac.th (8. Kuharuangrong).

the microstructure and the thermal expansion coeffi-
cient. LaggsSry1sMnQOs is selected to be lanthanum-
deficient based composition for this work to enhance
the chemical stability for the reactivity reduction of
LSM toward YSZ electrolyte. The addition of 10, 20
and 30-mole% Ni as a dopant in this composition has
been examined and properties compared with undoped
material.

2. Experimental procedure

All  compositions of undoped and Ni-doped
Lag g2Srg.1sMnO3 were synthesized from LayO,, SrCOs3,
Mn;0; and NiO by solid state reaction route, 10, 20
and 30- mole% Ni were added and expected to sub-
stitute in Mn-site due to the similar ionic size. The total
amount of cations on the B-site of perovskite oxide
ABOQ; was one. The following abbreviation was used to
identify each composition:

LSM for Lao_gzsro_mMnOg,,

LSMNI1 for Lag‘gzsrul[6Mn0'3Ni0.103,
LSMN?2 for Lag‘gzsrolenolgNio_zo;g and
LSMN3 for Lao_ggsrg_lsMno_;rNio_g,O:;

0272-8842/03/$30.00 © 2003 Elsevier Ltd and Techna S.r.l. All rights reserved.

doi:10.1016/S0272-8842(03)00099-3
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Before weighing, Lay0O; raw material was calcined at
1000 °C to decompose either hydroxide or carbonate of
lanthanum and the others were used as received. The
non-stoichiometric compositions were prepared by mil-
ling with absolute ethanol in a polypropylene bottle.
After drying, the mixture was calcined in air and the
maximum firing temperature including the soaking
temperatures during calcination were determined by
differential thermal analysis (DTA, Perkin-Elmer
DTA7). The phase of calcined powder was analyzed by
X-ray diffraction (XRD, Jeol JDX3530). In addition,
the lattice parameter was determined after correction of
peak shift error in d-spacing with an addition of silicon
as an internal standard. Disk or bar-shaped specimens
were obtained after grinding and pressing the calcined
powder. All compositions were sintered in air at 1470 °C
for 2 h. The phase of fired samples was characterized by
XRD to investigate any phase change after sintering.

The effect of Ni on the thermal expansion coefficient
(TEC) of LSM was investigated by dilatometer
(Netzsch, DIL402C). The data were collected from
room temperature to 1000 °C with a heating rate of
3 °C/min.

The electrical conductivity of sintered bars using a dc
four point method was measured as a function of tem-
perature. Fired-on gold clectrode was applied on the
specimens before measurement. The data were collected
from 100 to %00 °C with an increasing temperature of
3 °C/min.

The microstructure of sintered compositions was
observed by scanning electron microscope (SEM, Jeol

JSM5410LV). The samples were polished and thermally
etched before examination.

3. Results and discussion

The results of differential thermal analysis for the
mixed raw materials of LSM and LSMN3 compositions
are represented in Fig. 1. The data show that the first
two reactions occur in the range of 300420 °C and 520-
570 °C for both of LSM and LSMN3. However, the last
reaction appears in different temperature ranges, 950—
975 °C for LSM but 820-870 °C for LSMN3. Although
the reactions from these results were complete before
1000 °C, the mixed powder of each composition in this
work was calcined at the maximum temperature of 1200 °C
and held at the temperatures which the reaction peaks
occurred to obtain a uniform single phase. Fig. 2 shows the
X-ray powder patterns of Lagg:SrgMn,_ Ni O3 for
0<x<0.3 after calcining at 1200 °C. The results indi-
cate these compositions exhibit the characteristic pat-
tern of a distorted orthorhombic crystal structure since
the angle is close to 90°, There is no evidence of a sec-
ond phase in the patterns. The calculated lattice para-
meters of all compositions afier correction of peak shift
are also listed in Table 1. The results show that with an
increasing amount of Ni substituted into Mn, the lattice
parameters of LSM decrease.

Fig. 3 shows the XRD patterns of undoped and
doped LSM after sintering at 1470 °C for 2 h. The
results exhibit the same phase present as revealed in
Fig. 2. However, the appearance of a small peak at

Delta T Endo Down ( "C)

200 400 600

800 1000 1200

Temperature ( C)

Fig. 1. DTA traces of the mixed raw materials for Lag 815 16Mn; _ Ni, O5.
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Fig. 2. XRD patterns of Lagg,8rg  sMn;_,Ni O; powder after calcining at 1200 °C,

Table 1
Calculated lattice parameter of LSM as a function of Ni concentration

Compositions Lattice parameter (A)

a b ¢
LSM 5.478 5.529 7.772
LSMNI 5.476 5.526 7.771
LSMN2 5.467 5.522 1.7
LSMN3 5.460 5.503 7.768

26:44.5° as pointed by the arrow could be observed in all
sintered compositions. This suggests a second phase
being possibly present after sintering at high temperature.
The effect of Ni-doped 1.SM on the thermal expan-
sion coefficient (TEC) can be observed in Table 2. The
experimental data measured from 100 to 900 °C indicate
that the concentration of Ni does not have an influence
on the expansion of LSM. The average TEC value of
LSM and Ni-doped LSM is around 11.7x107¢ K.
Fig. 4 illustrates the electrical conductivity of sintered
compositions as a function of temperature. The data
show that LSM has higher electrical conductivity than
Ni-doped LSM through all measured temperatures.
This is in agreement with the work of Carter et al. [3], in
which Lag sSrp s{Mng.sC0p.2)0.6Nig4O1 was reported to
exhibit the lower electrical conductivity than the one
without Ni. Nevertheless, the conductivity of the com-
positions with the lower amount of Ni was not given in
the literature. From the result of Fig. 4 the conductivity
of undoped LSM at 900 °C is 107 S/cm. With an

Table 2
Thermal expansion coefficient (TEC), the electrical conductivity at
900 °C and the activation energy as a function of Ni concentration

Composition TEC 00900 <c Conductivity
(x10"6 K~
oo -c {S/cm) E, (kl{mol)
LSM 11.7 107 12.9
LSMNI 11.5 92 16.1
LSMN?2 11.7 68 15.8
LSMN3 11.8 48 18.0

addition of Ni into LSM, its conductivity decreases and
further decreases with an increasing concentration of
Ni. The electrical conductivity of Lanthanum manga-
nite generally depends upon the amount of cation
dopant with a lower valency and the available sites of
Mn3* changed to Mn**. Therefore, the maximum
conductivity with divalent cation dopants on La-site
(e.g. Sr, Ca) should occur around 50 mol% dopants
since the available sites of Mn®* and Mn** are equal.
In this work, the available sites of Mn?* are reduced
attributing to the amount of Ni addition into
Lag gSrg.16Mn;_4Ni O;. Furthermore, the lattice para-
meter calculated from XRD results listed in Table 1
tends to decrease as the amount of Ni dopant increases.
The jonic size of Ni2* is larger than that of Mn®* and
Mn** [7]. These suggest that the oxygen vacancies pos-
sibly occur in Ni doped Lag g28rg.16Mn_ Ni,O3_s The
electrons excited from oxygen vacancies may associate
with holes hopping from Mn** to Mn3*, resulting in the
decrease of charge carriers. Consequently, the electrical



276 8. Kuharuangrong | Ceramics International 30 (2004) 273-277

Intensi

20 25 30 35

40 45 50 55 60

Two-Theta
Fig. 3. XRD patterns of Lag g;8rg 1¢Mn;_,Ni 01 specimens after sintering at 1470 °C for 2 h.
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Fig. 4. Arrhenius plots of electrical conductivity of Lag g»Srg jsMn; _ Ni,O4.

conductivity of Ni-doped LSM reduces with the amount
of Ni. The conductivity at 900 °C and the activation
cnergy of each composition are also given in Table 2.
The activation energy obtained from the slope of the
data in Fig. 4 tends to increase with the concentration of
Ni.

SEM photomicrograph of sintered LSM is shown in
Fig. 5a. The average grain size is larger than 15 um and

both intergranular and intragranular pores couid be
observed in this composition. With Ni dopant, the grain
size of LSM decreases with the increasing amount of Ni,
resulting in a reduction of the intragranular pores as
illustrated in Fig. 5b—d. It should be noted that the
magnifications used for LSMN2 and LSMN3 are
different from the others. Evidently, the grain size of
Ni-doped LSM decreases, thus reducing the surface
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Fig. 5. SEM photomicrographs of compositions sintered at [470 °C: (a) LSM, (b} LSMNL, (c) LSMN2, (d). LSMN3.

area. This effect is possibly related to the data of
electricul conductivity, in which smalter grain size may
also affect the lower conductivity.

4. Conclusions

Substitution of Ni inte Mn insignificantly changes the
TEC but reduces the electrical conductivity of LSM. As
the amount of Ni dopant increases, the conductivity of
LSM decreases and its activation energy also tends to
increase. Furthermore, Ni inhibits the grain growth of
this composition resulting in the decrease of surface
area.
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