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Preface

This Ceramic Transactions volume represents 25 selected papers based on presenta-
tions in eight symposia during the 10th Pacific Rim Conference on Ceramic and
Glass Technology, June 2—6, 2013 in Coronado, California. The symposia include:

+ Solid Oxide Fuel Cells and Hydrogen Technology

» Direct Thermal to Electrical Energy Conversion Materials and Applications

*» Photovoltaic Materials and Technologies

* Ceramics for Next Generation Nuclear Energy

» Advances in Photocatalytic Materials for Energy and Environmental Applica-
tions

 Ceramics Enabling Environmental Protection: Clean Air and Water

* Advanced Materials and Technologies for Electrochemical Energy Storage Sys-
tems

* Glasses and Ceramics for Nuclear and Hazardous Waste Treatment

The editors wish to extend their gratitude and appreciation to all the co-organizers
for their help and support, to all the authors for their cooperation and contributions,
to all the participants and session chairs for their time and efforts, and to all the re-
viewers for their valuable comments and suggestions. Thanks are due to the staff of
the meetings and publication departments of The American Ceramic Society for
their invaluable assistance. We also acknowledge the skillful organization and lead-
ership of Dr. Hua-Tay Lin, PACRIM 10 Program Chair.

Fati Dogan, Missouri University of Science and Technology, USA
Terry M. TritT, Clemson University, USA

Touru SexkNo, Tohoku University, Japan

Yural KatoH, Oak Ridge National Laboratory, USA

ALEKSANDER J. Pyzik, The Dow Chemical Company, USA

ILias BELHAROUAK, Argonne National Laboratory, USA

ALpo R. Boccaccing, University of Erlangen-Nuremberg, Germany
JaMES MARRA, Savannah River National Laboratory, USA






RECENT RESEARCH ACTIVITIES FOR FUTURE CHALLENGES IN GLOBAL ENERGY
AND ENVIRONMENT IN TOYOTA CENTRAL R&D LABS., INC. (TCRDL)

Tomoyoshi Motohiro'*>
'"TOYOTA Central R&D Labs.,Inc.,
41-1, Yokomichi, Nagakute, Aichi, 480-1192, Japan
*Graduate School of Engineering, TOYOTA Technological Institute,
2-12-1, Hisakata, Tenpaku-ku, Nagoya, Aichi, 468-8511,Japan
3Green Mobility Collaborative Research Center & Graduate School of Engineering, Nagoya
University,
Furo-cho, Chikusa-ku, Nagoya, 464-8603, Japan

ABSTRACT

Possible decrease in global supply of conventional oil and greenhouse warming make
demands for reduction of oil consumption and diversification of fuels. In association with this,
automotive powertrains are also diversifying from conventional internal combustion engine
(ICE) into HV, plug-in HV(PHV), EV and fuel-cell HV (FCHV). The main sector is being
replaced by HV and PHV, but still stands on ICE. In these hybridized ICE systems,
unconventional oils, gaseous-, synthetic- and bio-fuels will be inevitably used more besides
conventional fuels. EV as a subsidiary sector for short range use imposes additional demands of
electricity from new energy sources. FCHV as another subsidiary sector for route bus and large
trucks requests new infrastructures for hydrogen from new energy sources besides industrial
by-products. Facing to this situation, it has become important for us to obtain concrete
experiences on technologies for future energy sources by conducting R&D by ourselves although
the production of energy is out of our business category. R&D for bio-ethanol production from
cellulose has been already conducted. This paper describes our other typical recent R&D
activities on future energy sources including laser nuclear fusion, solar-pumped lasers, solar cells
and artificial photosynthesis, with special attentions to ceramics as key materials,

INTRODUCTION

Possible decrease in global supply of conventional oil and greenhouse warming caused by
CO, emission make demands for reduction of oil consumption and diversification of fuels. In
association with this, automotive powertrains are also diversifying from conventional internal
combustion engine (ICE) into hybrid vehicles(HV), plug-in hybrid vehicles(PHV), electric
vehicles (EV) and fuel-cell hybrid vehicles (FCHV). The main sector of automobiles is being
replaced by HV and PHV, but still stands on ICE. For these hybridized ICE systems,
unconventional oils, gaseous fuels, synthetic fuels and bio-fuels will be inevitably used more in
addition to the conventional fuels. EV as a subsidiary sector for short range use in imposes
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additional demands of electricity which must be supplied from new energy sources as well as
conventional power plants. FCHV as an another subsidiary sector for route bus and large trucks
requests new infrastructures for hydrogen from new energy sources as well as from industrial
by-products.

Facing to this situation, it has become important for us to obtain concrete knowledge and
experiences on technologies for future energy sources by conducting R&D by ourselves although
the production of energy is out of our business category. R&D for bio-ethanol production from
cellulose has been conducted in TCRDL. This paper describes our other typical recent research
activities on future energy sources including laser nuclear fusion, solar-pumped lasers, solar cells
and artificial photosynthesis, with special attentions to ceramics as key materials.

COMPACT AND HIGH REPETITION(10HZ) LASER NUCLEAR FUSION

It is believed that nuclear fusion can meet the global energy demand with much less
burdens on the environment than other energy sources as well as solar energy. However it is still
at an immature stage with a lot of technical challenges remaining to be solved. These are being
tackled by big science projects such as ITER(International Thermonuclear Experimental
Reactor) Project for plasma fusion power plants and LIFE(Laser Inertial Fusion Energy) project
in National Ignition Facility in US for inertial fusion power plants. Under an idea that we may
achieve laser fusion power plants in a different approach using only two counter laser beams
with additional one beam for fast-ignition in contrast to the NIF’s 192 laser beams from all
directions, a compact and high repetition(10Hz) laser nuclear fusion project has been started by
The Graduate School for the Creation of New Photonic Industries, Hamamatsu Photonics K.K.,
TOYOTA Motor Corporation and TCRDL. We have already observed reasonable amount of
neutron yield from D-D fusion by implosion of double-deuterated polystyrene foils separated by
100 22 m by counter- illumination succeeded by fast heating'. Figure 1 shows our present status
and future plan displayed as neutron yield versus laser energy. Since it is necessary to develop
high- repetition MJ lasers before achieving cost

and energy pay- back condition as a power plant il

.. 108
beyond the break even condition, some
; ; ax10¢
intermediate outputs as neutron sources for

analysis, medical and industrial applications are bkl

envisaged®. At present, Nd- doped phosphate i

Neutron Yield (n/shot)

laser glass is a key laser medium whether it is it

Fusion output energy (J)

il

NIF’s flashlamp- pumped type or our

el Jy10r®
01 1 10 100 1000 10¢ 108 108 107
can be improved by employing diode- pumped Laser energy (J)

Yb-doped fluorapatite crystals. Moreover, the Fig.1. Present status and future plan dis-
laser medium may be further scaled up for higher  played as neutron yield versus laser energy.

diode-pumped type’. It is said that the efficiency
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energy output by employing transparent fluorapatite polycrystalline ceramics rather than crystals
13

if micro-domain-control is successfu
COMPACT SOLAR-PUMPED LASER
High-grade Nd-doped YAG ceramics for
laser medium accelerated R&D on solar pumped
lasers®. Solar pumped lasers usually employ
Fresnel lenses or concave mirrors of several
meters in diameter to concentrate sunlight into a
water-cooled Nd-doped YAG rod of typically 10
mm in diameter and 100mm in length’. In S ,
contrast, employing an off-axis parabolic mirror L ‘\""m
of 50mm in diameter and a Nd -doped YAG : &
prismatic rod of 1 x 1 x Smm in size without % ) "
water-cooling, we have developed a much more -t W
compact solar-pumped laser which can stably
emit 1064nm laser light tracking the sun on a
commercially available equatorial mounting for
amateur astronomers as shown in Fig.2%, In the
same system, Nd-doped ZBLAN (ZrF;, BaF,,

LaF;, AlF;, NaF) fiber was also successful in HR=99.95%@1064nm
L. . K B % T=85%@440-850nm 5
laser emission in place of the prismatic rod’. The N4/Cr:YAGGaP Immgr e L TO%
\

1064nm laser light or its higher harmonics such LT

il | A
BBART>05%d)
@780-1084nm OC R=99.3%
off-axis parabolic metal mirror @1084nm

as of 532nm is expected to be easily transmitted
long distance, to be concentrated into a fine spot
to attain high temperature for production of Fig.2 Fabricated compact solar pumped
hydrogen from water, and to be converted into laser mounted on a solar tracker which

electricity using photovoltaic cells with its optical ~ enables several hours of continuous laser
band gap just below the photon energy of the oscillation by tracking the sun.

laser light so as to minimize thermal loss.

SOLAR CELLS
Dye-sensitized Solar Cells

R&D on dye-sensitized solar cells(DSSC) comprises of sciences and technologies of
ceramics for the optical electrodes typically of sintered nano-porous TiO; layers in anatase phase,
organic and metal-organic chemistry for sensitizers typically of Ru-complexes and photo-
electrochemistry. Conventional solar cell manufacturers working typically on Si p/n junction
solar cells have been rather not familiar with such versatile fields but automotive manufacturers

Ceramics for Environmental and Energy Applications |l - 3
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are. Taking this advantage, we have been working on DSSC for more than 15 yeaisplayrs with
Aisin Seiki Co. Ltd'™"", Figure 3 shows outdoor performance test of battery-operated night-lights
charged by dye-sensitized solar cells during daylight near the TOYOTA beam line at the
synchrotron orbital radiation site "SPring-8" in Japan. Although the top efficiency over 12%
has been reported but there remain still tough challenges of outdoor durability mainly because of
degradation of organic dyes and liquid electrolytes'*'*. Although more than 15 years durability
was confirmed for small cells, large modules still have different challenges to be durable. In
2012, there came up possible game-changing technologies reported from plural research
groups'>'* in which sensitizers and electrolyte can be replaced by inorganic materials opening
the door to all-solid inorganic dye-sensitized solar cells.

ey o sensitized solar cells

Day (Dye-sensitized solar Night (Battery —LED)

cells—Battery )

Fig.3 Outdoor performance test of battery-operated LED night-lights charged by
monolithic dye-sensitized solar cells in day time (since April, 2009).

CusZnSnS; Thin Film Solar Cells

Inorganic semiconductor solar cells have evolved starting from single-elemental Si,
through binary GaAs and CdTe to essentially ternary Cu(In,«Ga,)Se,. We have been working
on quaternary Cu,ZnSnS, system of kesterite crystal structure since 2006' %, because (1)
Cu,ZnSnS, is composed of earth-abundant and nontoxic elements, (2) thin-film technologies can
reduce both the material cost and the fabrication cost, and (3) the bandgap energy of Cu,ZnSnS,
about 1.4eV is optimal for single-junction solar cells leading to the detailed balance limiting
efficiency of about 31%. In reactive sintering process, a precursor layer formed on a
Mo-coated glass substrate changes into a polycrystalline Cu>ZnSnS, thin film where grain

4 - Ceramics for Environmental and Energy Applications Il
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boundaries take important
effect on photovoltaic
properties.  Although this
quaternary system can cause
difficulties in stable
production, the number of
R&D reports is increasing

Year

rapidly now as shown in Fig.4
since it uses neither rare
elements nor environmental
pollutants, and since there is

an estimation that only this

system can make the

electricity generation cost il 20 30
lower than that of Si solar Fig.4 Number of published papers on the topics
cells. More recently, solution- related to Cu,ZnSnS,

processed kesterite with an additional element of Se has been successful attaining an energy
conversion efficiency beyond 11%2*%. On the other hand, a quaternary system without Zn but
with Ge: Cu;Sng 3Geo 1753 was found to have a bandgap of 1.0eV and attained energy
conversion efficiency of 6%°. This also shows a possibility of higher efficiency constructing a
multi-junction type solar cell using this Cu;Sng g3Geo 1753 for a bottom cell®®.
The Third Generation Solar Cells

The best strategy to decrease thermal loss of photon energy larger than the bandgap and
transmission loss of photon energy less than the bandgap in such a widespread solar spectrum is
to construct multi-junction solar cells comprising of plural active materials of different optical
absorption edges. To compensate the increase in the fabrication cost to form multi-junction
structures, concentration of solar-light onto a solar cell of small area is usually employed.
However, since more than half of the sky is shadowed by cloud in average and the percentage of
direct sunlight which can be concentrated is lower than 80% even in a typical clear day because
of moisture in Japan, the area in which the combination of the solar concentrator and the multi-
junction solar cells of small area is applied advantageously is quite limited. The third generation
solar cells such as (1) hot-carrier type, (2) multi-exciton generation type, and (3) intermediate-
band type have been proposed to decrease the loss mentioned above without using solar
concentrators. We have also studied these solar cells both theoretically®”** and experimentally
3334 Spontaneous formation and arrangement of quantum dots is a key factor in these solar cells.
At the present time of writing, however, we are not successful to get any promising perspective
for these third generation solar cells.

Ceramics for Environmental and Energy Applications it - 5
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ARTIFICIAL PHOTOSYNTHESIS OF FORMIC ACID FROM CO; AND H,0 ONLY USING
SUNLIGHT

Hydrogen production by photo-electrochemical water splitting has been extensively
studied all over the world. Hydrogen can be also produced from water electrolysis combined
with solar cells. In this situation, syntheses of hydrocarbons using solar energy are much more
challenging rather than hydrogen. We had an experience of R&D on visible-light photo-catalysis
in nitrogen-doped TiO; for photolysis of organic contaminants which has been commercialized
as a series of environmental catalysts under the name of VCAT **. Based on this experience of
photolysis, we have begun R&D on photosynthesis of methanol from CO; and H,O only using
sunlight. At present, photo- synthesis of formic acid has been attained®**’. Figure 5 schematic-
ally shows the process. Here, H,O
molecules are oxidized to yield s S————

oxygen using holes formed by

photo-excitation in the left

electrode and residual electrons
(HCOOH) Ble)

gol

are transmitted via conducting
wire to the right electrode and
reduce CO; to form formic acid.
To increase selectivity of CO,
reduction in comparison with

hydrogen formation, a Ru-

complex layer was formed on the | L=
surface of the right electrode. By | Photo:cat?lyst
; for oxidation

Photo-catalyst
for reduction
Proton of CO,

choosing an appropriate materials

o | of H,O
combination of the two electrodes, exchange
solar-energy conversion efficiency membrane

of 0.04% was attained which is  Fig.5 Schematic diagram of artificial photosynhesis
20% of solar-energy conversion  of formic acid from CO, and H,O only using sunlight.

efficiency of natural photosynthesis in switchgrass. This was the first achievement of complete
artificial photosynthesis from CO, and H,O only using sunlight without applying any bias
voltage or additional chemicals in the water. We are continuing effort on further improvement
of conversion efficiency and development of electrode materials of lower cost™.

SUMMARY

Typical recent research activities on future energy sources including laser nuclear fusion,
solar-pumped lasers, solar cells and artificial photosynthesis in TCRDL are reviewed with
special attentions to ceramics as key materials. Although every activity introduced here has

6 - Ceramics for Environmental and Energy Applications I
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attained some innovative milestones, we also realize that there remains still a long way to go to
make it practically useful. On the other hand, social and economical environment of energy
demand and supply fluctuate quickly including the Fukushima nuclear disaster and the shale gas
revolution. Flexible but durable activities of R&D must be kept going on for long term goals as
well as short term ones.
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ABSTRACT

Structural and electrical properties Pr.CegosxGdoosOz.5 (0.15 < x < 0.40) have been
investigated as cathode materials for low temperature solid oxide fuel cells. Four compositions of
PryCeq05.4Gdy 0502-5(PCGO) have been prepared by varying the Pr content. Phase formation,
thermal expansion, ionic conductivity, ionic transference number and electronic conductivity
have been studied. XRD results indicate that Pr,Cepos.<GdoosO2-5 samples crystallize in the
fluorite structure, and no other faces has formed. The coefﬁc1ent of thermal expansion increases
with increasing x, and at x = 0.2 shows CTE value of 13 x 10° K™ comparable to the CTE value
of GDC electrolyte The 1omc transference number decrease while electronic conductivity
increase with increasing x. Gd** contributes to ionic conduction by creating oxygen vacancies
and Pr*" contributes electronic conduction by decreasing the band gap of CeO,. A single cell
with conﬁguratlon Pro 20Ce0.75Gdo 0502-5-Cen 80Gdo 20025 (cathode) // Cep 0Gdo 200:.. 5(electrolyte)
/1 NiO-Ceq 0Gdg 200;-5(anode) dellvered a maximum power density of 167.9 mW cm? and
current density of 372.5 mAcm™ at 650 °C.

INTRODUCTION

Zirconia based high temperature solid oxide fuel cells (SOFC) suffer due to high cost and
lower reliability [1]. Reducing the operating temperature of SOFC below 800 °C is very
challenging due to poor catalytic activity of existing cathode materials [2]. Conventional cathode
material, La;«Sr,MnOs (LSM) performs poor at low temperatures (500 -650 °C [3]. Several groups
have investigated perovskites based materials such as NdBaCo,..Cu,Os.5, GdBaCo1 ¢Cu, ¢Os:5 Lay-
xerCm.yFe03.5 (LSCF), Lao‘gsro‘lGao.sMgo‘zO:;. 3 (LSGM), Bal.xerCol.yFeyO_z. 5 (BSCF) and
SrCoy.,SbyO3.5 (SCS) as alternative cathode materials for intermediate temperature SOFC
applications [4-8]. Despite improvements in the area-specific resistance (ASR), these materials do
not perform well in the temperature range of 500-650 °C. Recently, Takasu et al.,[8]reported high
electronic conductivity for Cep 60Pro.4002.5 above 600 °C. Nauer et al., [6] studied praseodymia and
niobia doped ceria and observed an increase in electrical conductivity with increasing
praseodymium content. There were also reports of multi doped ceria to improve the electrical
conductivity by lowering the association enthalpy of oxygen vacancies, increase of configuration
entropy, modification of elastic strain in the crystal lattice and change in the grain boundary
composition [6]. Maffei and Kuriakose [7] doped ceria with gadolinium and praseodymium to
reduce the electronic conductivity of ceria and found that double doping scheme is not effective in
reducing the electronic conductivity of ceria. Most of the published work till date on Pr and Gd co-
doped CeO; have focused on its application as an oxygen sensor, or for oxygen storage and
oxygen permeability devices and no detailed study has been reported about its suitability as a
cathode material for low temperature solid oxide fuel cells. In the present work, structural and
electrical properties of the mixed ionic and electronic conducting oxides PryCeo95.xGdo.0s025 (0.15
< x £ 0.40) have been studied for the application of low temperature SOFC cathode.
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EXPERIMENTAL DETAILS

Powders of Pr,Ceq05.xGdo 05025 (PCGO) with x=0.15, 0.20, 0.30 and 0.40 were prepared
by conventional solid state route. High purity oxides of CeO,, Gd;0O3 and PrsO1, (99.95%, Alfa
Aesar, Johnson Matthey Company, USA) in stoichiometric ratio were ball milled in ethano! for
24 h. The resulting powders were dried at 80 °C for 12 h and pre-calcined at 1100 °C for 6 h.
The calcined powders were uni-axially die-pressed at 70 MPa into 13 mm diameter pellets. The
samples were vacuum-packed and iso-statically pressed at 250 MPa for 5 minutes. The green
pellets were sintered at 1600 °C for 10 h in air with a heating and cooling rate of 2 °C per
minute. An X’PERT PRO Panalytical X-ray diffractometer was used to determine the phase and
crystal structure of PCGO powder samples. CuKa radiation was generated with an accelerating
voltage of 40 kV and current of 30 mA. JCPDS database was used to identify phases. Bulk
density of the samples was determined using Archimedes principle using de-ionized water. The
microstructures of the sintered samples were evaluated using a scanning electron microscopy
(SEM). The thermal expansion measurements were performed in air on the sintered rod shaped
specimens with a relative density of > 95% using the NETZSCH 402 PC dilatometer over a
temperature range 25-800 °C with a heating rate of 2 °C per min. Standard fused silica sample
was used for calibration. Complex impedance measurements were performed in the temperature
range, 550-700 °C in air using a AUTOLAB PGSTAT30 FRA in the frequency range from 0.1
Hz to 13 MHz with 10 mV signal amplitude. Nyquist plots were then generated using
commercially available nonlinear least square fit software NOVA 1.8 and the conductivity in
S/cm was determined for each composition. The ionic transference number has been measured
by using a homemade set up. The cell configuration used in our study was pO';, Ag //PCGO//Ag,
pO">. Dried and pure oxygen gas was passed on one side (cathode side) as a reference gas and air
or mixture of O,-Ar gases ranging from 5 to 45% O, were passed into the anode side of the cell.
The average ionic transference number is calculated using the equation [9]

fy =—=~ (hH

where Eg is the e.m.f. measured under open circuit conditions across the MIEC and Ey is the
Nernst potential imposed across the sample. The value of Ey was determined by the activity of
electroactive species at the electrode-electrolyte interfaces.

The En is given by [9]

E, = RL | PO @
T 4F | pO,

Where, R is the universal gas constant, T is the absolute temperature, F is the Faraday’s constant
pO;," and pO," are the partial pressures of oxygen at the two interfaces of the cell.

The total conductivity of PCGO samples were obtained by AC impedance spectroscopy.
The ionic conductivity is estimated as

o,=!l, o, 3)
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The electronic conductivityhas been estimated as

Ceq32Gdo 2015 (GDC) Iso Propanol
35 wi%h
Ball milling and drying the Slip

1. Plasticizers (Poly Ethylene
Glycol (PEG 400)

o, =(1—t0)0'T @)

Nickel Oxide (NiO}
65 wi%

1. De-ionized water

2. Binder (Poly Viny! Alcohol)
2. Surfectent 2, 4, 7,9-Tetra

methyl S-decyne- 4, 7-diol 3. De-foamer (Octanol)

[ Casting, Drying, Punching and Sintering ]

Figure 1. Flow diagram showing various steps involved in the fabrication of NiO-GDC anode
tapes via aqueous tape casting.

Figure. 1. shows the flow diagram of various steps involved in the preparation of NiO-
GDC anode tapes through an aqueous based tape casting technique [9]. Appropriate amounts of
CeO; and GdyO; powders were mixed and ballmilled in ethanol for 24 hours to form a
stoichiometric composition of Ce;sGdo20; ¢ powder. The resultant powders were dried and
calcined at1100 °C for 5§ h. The as synthesized Cey sGdg 20, 9 powders were then mixed with NiO
powder (99.95%, Alfa Aesar, Johnson Matthey Company, USA) in a weight ratio of 35:65 and
again ball milled in isopropanol for 6 h and the slip was dried at 50 °C. The anode materials,
NiO-GDC mixture were mixed with deionized water and poly acrylic acid (dispersant) using
magnetic stirring for 24 h followed by another 24 h of stirring after adding other ingradients like
binder, plasticizer, surfactant etc. The slip was then tape casted and the cast tapes were then
allowed to dry over night at room temperature before casting the bilayer of GDC electrolyte.
The electrolyte slurry was prepared by mixing appropriate amount of GDC powder, poly vinyl
butyral (binder) and menhaden fish oil as dispersant in iso propanol using magnetic stirring for
12 h and the resultant slip was casted on the alreadyprepared anode layer. The thickness of the
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anode layer was Imm and the electrolyte layer was 500 um. This green anode/electrolyte bilayer
was punched into 13 mm diameter disks and cofired at 1500 °C for 10 h hold at heating rate of
1°C per minute. Cathode slurry was prepared by mixing PCGO nano powder and GDC
electrolyte powder in a weight ratio 70:30 and appropriate amounts of ethyl cellulose and poly
vinyl butyral were added as a pore former and binder respectively and mixed in a-terpineol and
made into a fine ink on a magnetic stirrer. This cathode ink was brush painted on the electrolyte
side of the sintered anode/electrolyte bilayer, dried and again sintered at 1350 °C for 2h. The
sintered single cells consist of 0.5-0.6 mm thick electrolyte layer and 0.3-0.5 mm thick anode
and cathode layers respectively. Finally both anode and cathode surfaces were covered with
nickel gauze and silver gauze respectively as current collectors, which were then coated with
silver conductive ink as a sealant. Silver wires were connected as the connection leads and heat
treated at 400 °C for 1 h for a better electrical contact. The as prepared cell was then mounted in
between the air and fuel chambers of an indigenously developed stainless steel test station. The
cells were tested between 500, 550 and 650 °C with humidified hydrogen gas as the fuel and zero
air was used as oxidant. Both gas flow rates were controlled between 40 and 100 mL min™' at |
atmosphere pressure. The performance analysis of the fuel cells was carried out using
Potentistat/Galvanostat (Autolab, PGSTAT 30).

RESULTS AND DISCUSSION

The XRD patterns of PryCep os.xGdg 05025 (0.15<x<0.40) samples sintered at 1600 °C for
10h are shown in Figure. 2. All the samples show fluorite crystal structure and no extra peaks are
observed, indicating that no secondary phases are formed. Figure 3 shows the SEM analysis
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Figure 2. X-ray diffraction analysis of Pri.\CeGdp 50,5 (0.15<x<0.40) cathode samples
sintered at 1600 °C for 10 h
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Figure 3.SEM analysis of Pr;.xCe.Gdg.0502-5 (0.15<x<0.40) cathode samples (a) x =0.15 (b) x =

0.20 (¢) x = 0.30 and (d) x = 0.40 sintered at 1600 °C for 10 h.

of the fracture surfaces of the cathode samples sintered at 1600 °C for 10h, which indicates well
sintered and fully densified samples with a grain size ranging from 5-10 um size.The density of
the samples were estimated by Archemedes principle using deionized water and the percentage
density of the samples were shown in figure 4 (a). The percentage density increases with
increasing Pr content. The x=0.40 sample exhibited a maximum density of 98% whereas the
sample with x =0.15 exhibited 88 %. Figure 4 (b) shows the shrinkage vs Pr content of samples
sintered at 1600 °C for 10 h and the shrinkage decreases with increasing Pr content. The results
show that sinterability of the sample improved with addition of Pr.
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Figure 4. (a) Percentage density and (b) Shrinkage vs composition of Pr;.«Ce,Gdg 05025

(0.15<x<0.40) cathode samples sintered at 1600 °C for 10 h.
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