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ABSTRACT

Doped CeO:based materials are now-a-days proposed as alternate electrolyte materials for solid oxide fuel
cells (SOFCs) working at low temperature (~723 — 873 K). In this research work, nanoparticles of CeOa
doped with Gd**, Sm**, Ca?*, Sr** and Ba**were prepared by a simple homogeneous chemical precipitation
method. The prepared materials (after heat treatment at 1023 K for 2 hours) were systematically
characterized by XRD, EDAX analysis, FTIR, particle size analysis and SEM. Lattice parameters were
calculated from the XRD data. The XRD results indicatethat all the doped ceriasamples studied are single
phase with a cubic fluorite structure. The average particle size of the doped ceria powder was about 48 —
115 nm and the particles haveshown narrow particle size distribution patterns. AC impedance spectroscopy
studies performed on the sintered specimens have shown better oxide ion conductivity values and hence
these materials may be suitable for application as electrolyte materials in solid oxide fuel cells working at
low temperature (~723 — 873 K).

Keywords: Doped ceria based electrolytes, physical and electrical characterization, solid oxide fuel cells,
low temperature application
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1. INTRODUCTION

Solid oxide fuel cell (SOFC) is an electrochemical
device which converts chemical energy of a fuel to electrical
energy at high efficiencies without harmful emissions [1-
3].Conventional SOFCs use yttria-stabilized zirconia (YSZ)
as an electrolyte. However, in order to obtain high enough
current densities and to attain a useful power output, YSZ-
based SOFCs must be operated at high temperature around
1273K. This high temperature of operation shows some
disadvantages for commercialization, i.e., long-term
stability of the cell and component materials, fabrication
cost, etc. Therefore, many efforts have been made recently
to reduce the operating temperature of SOFC. One effective
method is to replace YSZ with doped ceria electrolytes that
exhibit superior ionic conductivity at intermediate
temperature range (773-1073K) [4-6]. CeO,-based
ceramics doped with suitable cations are considered as good
oxygen ion conductors [7-9]. It has been reported that Sm**
and Gd&*" have significant importance in conductivity of
cerium oxide, when it is doped. The percentage composition
and nature of the dopant affects the conductivity of cerium
oxide [4]. Our group has made considerable effort in the
development of doped ceria materials for application in
SOFCs earlier [10-12]. In this research work, a set of doped
ceria materials, namely, Cep9Gdo.102.5,Ce9Smg 10,
5,C€0.9Ca0.102-5,Ce0.9810.102-5 and Ceo9Bag 1025

weresynthesizedby the co-precipitation technique and their
properties such as, crystalline characteristics, particulate
behaviour and electrical characteristics were analyzed in
order to make them suitable electrolytes for low temperature
SOFCs (LTSOFCs). Study of dopants (especially 10 mole
% ) such as Gd*", Sm3", Ca?*, Sr** and Ba?" on the physico-
chemical characteristics of ceria ceramics is very limited.
Hence, our research group has attempted to study the
physico-chemical properties of doped ceria ceramics for
application in SOFCs in this research work and the findings
are reported and discussed.

2. EXPERIMENTAL
2.1  Materials used

The chemicals used in the preparative method are:
Ce(NO3)3.6H>0(99.0%, Himedia, India), Gd,O; (99.9%,
LobaChemie, India), SmyO3 (99.9%, LobaChemie, India),
Ca(NO;3),.4H,0, (Merck, India, 99%), Ba(NO3)y,
(Qualigens, India, 98%), Sr(NOs),, (99%, Nice, India) and
NaOH (>97%, Merck, India).

2.2 Preparation of Ce.9Gdo.102-5,Ce0.9Smo.102-5,
Ce0.9Ca0.1025, Ce09Sro.1025 and Ceo9sBao102-5
nanoparticles by chemical precipitation
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Doped cerium dioxide (CeO;) powder with
COInpOSitiOl’l Ceo49Gdo4102_s, Ceo‘gsmOJOz_a, Ceo‘gcao,loz_;s,
Ce.0Sr0.102-5 and Ce9Bay.10,.5 were prepared by chemical
precipitation route using cerium nitrate, gadolinium nitrate
(Gd,03 is converted in to Gd(NOs); with the addition of
HNOs), samarium nitrate (SmpOs is converted in to
Sm(NOs); with the addition of HNOs), calcium nitrate,
strontium nitrate and barium nitrate as starting materials.
Calculated amount of starting materials were taken and
dissolved in water. To which appropriate quantity of
sodium hydroxide solution was added drop-wise and the
solution was stirred continuously to complete precipitation
under controlled alkaline pH range. The pH of the solution
was adjusted in range of 11 — 14 by the addition of sodium
hydroxide pellet. Afterwards, the mixture was stirred for
about 2 h and the resultant yellow coloured precipitate
[(Ce(OH)s + Gd(OH);) or (Ce(OH)s + Y(OH)s) or
(Ce(OH)4 + Sr(OH),)or (Ce(OH)4 + Ca(OH),) or (Ce(OH)4
+ Ba(OH), )] was filtered. The resulting precipitate was
filtered, washed with water and ethanol mixture (volume
ratio 9:1) three times and dried at 328 K. Then, the powder
was calcined at 573, 723, 873 and 1023 K for 2 hours each
to get phase pure doped ceria nanoparticles. Figure 1.0
shows the schematic illustration of the synthesis of
Ce.0Gd.102-5, Cep.oSmyg 1042.5, Cep.oCag.102-5, Ce.0Sr0.102-5

and Ce9Bao 1025 by the chemical precipitation process.
Main reactions occur during the experimental procedure
can be written briefly as follows:

—

Metal nitrate salts solution Sodium hydroxide

A

Stirring at room at temperature
for2h

l

Filtration of yellow coloured hydroxides
precipitate

|

‘ Precipitate dried at 328 K

l

Heat treatment at 573, 723, 873 and
1023K for 2 hours each

l

‘ Doped ceria nanoparticles

‘Washed with water and
ethanol (9:1)

Fig. 1 Schematic representation of the synthesis of doped ceria
nano particles by a chemical precipitation method.

Reaction mechanism for Cey.9Gdy.102-5/Cep.oSmo.102-5:

0.9 Ce3*(aq) +0.1 Gd3*/Sm3*(aq)+3.9OH'(aq)+ xH,O (aq™ 0.9Ce(OH)4 .x HzO(s)l,+ 0.1 Gd/Sm(OH)3.x H20(s)l,,

323-373 K

0.9 CC(OH)4.XH20(S)+ 0.1 Gd/Sm(OH)3.X HzO(S) —0.9 CC(OH)4(5)+ 0.1 Gd/Sm(OH)3(S)+ X HzO(g) 1,
573 K /723 K/ 873 K /1023 K for 2 hours

0.9 Ce(OH)4() + 0.1 Gd/Sm(OH)35—>Ce0.9Gdo.102-5 /Ceo.0Smy.1 025 + X HaOg) 1

Reaction mechanism for Ceg.9Sr.102-5/Cep.9Ca0.1032-5/Cep.9Bag.10:-5:

0.9 Ce3*(aq) +O.lSrz*//Caz*/Ba2+(aq)+3.8 OH'(aq)"" xH,0O (™ 0.9Ce(OH)4 .x HzO(S)lﬁ‘ 0.1 Sr/Ca/Ba(OH)z.x HZO(S),L
323 -373K

0.9 Ce(OH)4.xH20¢s)+ 0.1 Sr/Ca/Ba(OH),.x HyO—0.9 Ce(OH)4)+ 0.1 Sr/Ca/Ba(OH)xs+ x HoO(g) 1,
573 K /723 K /873 K /1023 K for 2 hours

0.9 CG(OH)4(S)+ 0.1 Sr/Ca/Ba(OH)z(S)—>Ceogsro‘102_3 /Ceg9Cag 10,5 /CepoBag 1075 + X HZO(g) 1

2.3  Instruments handled

The powder XRD studies were carried out using a
Shimadzu XRD6000 X-ray diffractometer at a scan speed
of 5 degrees minute’! using CuKo radiation. The lattice
parameters were calculated by least square fitting method
using DOS computer programming. The theoretical density
of the powders was calculated with the obtained XRD data.
The crystallite sizes of the powder were calculated by
Scherrer’s formula. EDAX analysis was performed with
JEOL Model JSM-6360 to find out the percentage of
elements present in the samples. Bruker IFS 66V FT-IR
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spectrometer was employed to record the FTIR spectra of
doped CeO; powder in the range of 4000 — 400 cm'. The
particle size of the powder was measured using Malvern
Particle Size Analyzer using triple distilled water as
medium. The surface morphology of the particles was
studied by means of JEOL Model JSM-6360 scanning
electron microscope.

The prepared powders were pressed (at 3000 psi) into
disk type specimens (8 mm diameter x 1.5 mm thickness)
with addition of binder. Then, the pressed specimens were
sintered at 750 °C for 5 h in air. The A.C. conductivity of
these pellets was obtained using two probe A.C. impedance
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spectroscopy. Before measurements, the specimen was
pressed in between two golden foils and connected with the
conductivity set up. Measurements were made from ~800 —
950 K in air using a frequency response analyser
Schlumberger, SI 1255) attached with an electrochemical
interface, 1286 (Solatron Schlumberger). The amplitude of
AC signal imposed on the specimens was about 500 mV.
Current collectors were gold mesh and current leads were
platinum wires.

3. RESULTS & DISCUSSION

3.1 XRD data

The XRD patterns of the Gd/ Sm/ Sr/ Ca/Ba doped
CeO, powder prepared by the chemical precipitation
method with are shown in Figure 2. The XRD diffraction
patterns of the synthesized samples have close resemblance
with the standard JCPDS data (JCPDS No. 34-394) and
there was no peak corresponding to any impurity in the
samples. The crystalline properties obtained on doped ceria
materials are reported in Table 1. The XRD patterns indicate
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that all the doped ceria samples studied are single phase with
a cubic fluorite structure like pure CeO; as reported in the
literature [13-14]. The unit cell parameter of doped ceria
materials is higher than that of pure CeO, for all
substituent’s, which is in good agreement with the reported
data [15]. The unit cell volumes calculated for the doped
ceria particles are almost similar. The theoretical density of
doped ceria materials is found to be in the range of 6.70 to
7.21 g/cc. The theoretical density of Sm — doped ceria was
reported as 7.12 g/cc [16] which is comparable to our
reported data.

3.2 EDAX data

The EDAX spectra obtained on doped ceria powder
particlesare reported in Figure 3. The chemical composition
data derived for the samples from EDAX analysis is
indicated in Table 2. This experiment was performed to
know about the percentage of atomic elements present in all
the samples. Ce/Ba/O had shown variation in molar ratio
due to the solubility differences of hydroxides as reported
[17].
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Fig. 2 XRD patterns obtained on calcined doped CeO2 nanoparticles prepared by chemical precipitation method (a) Ceo.9Gdo.102-5, (b)
Ce0.9Smo.102-5, (¢) Cen.9Cao.102-5,(d) Ceo.9Sro.102-5, and (e) Ceo.9Bao.102-5
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Table 1 Crystallographic parameters obtained on doped ceria nanoparticles

Standard XRD data for

Sample CeO: powder Ceo‘qu"'loz' Ce09Smo.10:2-5 Ceo,-;C-aoJOz. Ce9Sr0.102-5 Cel],‘)B-ao,lOz.
(JCPDS No.34-394) ° ° °
Crystal structure Cubic Cubic Cubic Cubic Cubic Cubic
Unit cell lattice parameters (A) 5.41134 5.42122 5.41837 5.41651 5.41660 5.41164
Unit cell volume (A%) 158.45 159.32 159.07 158.91 158.92 158.48
Theoretical density (g/cc) 7.2140 7.2127 7.1953 6.7080 6.9064 7.1337
Crystallite size (nm) -- 23.67 23.56 23.34 22.21 18.44

Table 2 EDAX data obtained on doped ceria powders

Atomic Molar ratio of
Sample percentage elements after
of elements reaction
Ce=173.33 Ce=09
Ce09Gdo.1025  Gd= 8.20 Gd= 0.09
0 =18.46 0=1.989
Ce=74.96 Ce=09
CeooSmo.1025  Sm=5.72 Sm=0.06
0=19.32 0=2.03
Ce=171.31 Ce=09
Ce09Ca01025  Ca=2.79 Ca=0.12
0=2590 0=2.86
Ce =79.06 Ce=09
Ceo.9S10.1025 Sr=3.32 Sr=0.06
0=17.62 0=1.757
Ce =56.96 Ce=0.9
Ceo9Bao.102-5 Ba=22.99 Ba=0.3
0 =20.06 0=273

Fig. 3 EDAX obtained on calcined doped CeO2 nanoparticles
prepared by chemical precipitation method (a) Ceo.9Gdo.102-5 ,(b)

Ce09Smo.102:5, (¢) Ce09Ca0.1025, (d) CeosSro102-5, and (e)
Ceo.9Ba0.102-5

3.3 FTIR data
Figure 4.0 shows the FTIR spectra obtained on
doped CeO: nanoparticles prepared by chemical

precipitation method. FTIR measurements were done using
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the KBr method at RT. According to the standard IR spectra,
peaks appeared at around 1400 and 500 cm™ as well as the
shoulder peaks that appear around 1500 — 1700 ¢cm’! are
attributed to Ce-O vibration mode [18]. The broad peaks
which are appeared at around 3400 cm! are related to the
O-H stretching vibration of H>O in the samples [19]. Figure
4(a) shown peak at 400 and 540 cm™! which is due to Gd-O
bond [20]. Figure 4(b), Figure 4(c), Figure 4(d) and Figure
4(e) had shown the peaks at 1250-1640cm™'(Sm-0), 1420 -
1482 cm!(Ca-0), 600-700 cm'(Sr-O) and =474cm’! (Ba-0O)
respectively[21-24].
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Fig. 4 FTIR spectra obtained on calcined doped CeO:
nanoparticles prepared by chemical precipitation method (a)
Ce09Gdo.102-5(b)  Ce09oSmo.1025, (c)  Ceo9CaniO2s5  (d)
Ce0.9Sr0.102-5, and (e) Ceo.9Bao.102-5

34 Particle characteristics

The prepared doped ceria particles were subjected to
particle size measurements using Malvern particle size
analyzer with triple distilled water as medium. For all the
measurement, the samples were sonicated in triple distilled
water before subjecting them for particle size
measurements. The particle size distribution curves
obtained on doped ceria samples prepared by chemical
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precipitation method are shown in Figure 5.0. The particle
characteristics are indicated in Table 3.0. From the particle
characteristics data, it was understood that the average
particle size of doped ceria powder prepared by chemical
precipitation method is found between nm and um. The
larger particles present in the samples may be due to the
agglomeration effect during high temperature treatment.

Table 3 Particle characteristics data obtained on doped ceria

nanoparticles prepared by chemical precipitation method
Peak 1 Peak 2 -
Sample % D* % D A(Elsn)
intensity (nm) intensity (nm)
Ce0.9Gdo.102:5 95.6 7.924 44 2325 6.654
Ceo.9Smo.1025 98.3 4.003 1.7 2710 3.189
Ce09Ca0.102-5 100.0 887.6 - -- 3212
Ce0.9S10.102:5 100.0 904.2 - -- 1093
Ceo9Bao.102:5 100.0 783.5 - -- 2032

* D: Diameter; **APS: Average Particle Size

d

(b}

{e)

&)

Fig. 5 Particle distribution curves obtained on calcined doped
CeO2 nanoparticles prepared by chemical precipitation method (a)

Ce09Gdo102-5, (b))  Ce0oSmo.102-5, (¢) Ceo9Cani1025, (d)
Ce0.9S10.102-5, and (e) Ceo.9Bao.102-5
3.5 SEM data

The scanning electron microscopic (SEM)

photographs obtained on calcineddoped ceria nanoparticles
prepared by chemical precipitation method are shown in
Figure 6.0. From the micrographs, it was understood that the
particles are present in the range of 48 — 115 nm. The
average grain size is found to be in the range of 75 nm. The
presence of large sized particles in the samples may be due
to the agglomeration during high temperature treatment.
Also, the micrographs reveal the fluffy nature of the
samples. All the samples found to be porous. In all the
samples, well defined fine grains are uniformly distributed.
The difference in particle size analyzer and SEM is that,
particle size analyzer detect hydrodynamic diameter of the
aggregated particles.
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3.6  Electrical conductivity measurements

Figure 7.0 shows the impedance spectra of doped
ceria electrolyte specimens at different temperatures. The
frequency range for all the spectra was found to be less than
200 kHz. From the plots, it is noted that as the temperature
is increased, the time constants of the relaxations resulting
from the individual polarizations are reduced and the arcs
are shifted to higher frequencies as reported in literature
[25]. Reports on ionic conductivity measurements for ceria
solid solutions are difficult to interpret because many
authors have not separated the bulk and grain boundary
contributions to the total conductivity. This is particularly
troublesome for ceria solid solutions as the segregation of
dopants/impurities to external and internal (grain boundary)
can occur [26]. From the impedance plots, the individual
resistance R; can be converted to conductivity, ciusing the
equation o= I/SR;, where ‘I’ is the sample thickness and ‘S’
the electrode area of the sample surface. The conductivity
values were calculated and reported in Table 4.0.

W XIT.000 Ohen G364 12 38 BEI

(1]

o)

Fig. 6 SEM photographs obtained on calcined doped CeO:
nanoparticles prepared by chemical precipitation method (a)

Ce09Gdo.102-5(b)  Ce0oSmo.1025, (c)  Ceo9CaoniO2s5,  (d)
Ce0.9Sr0.102-5, and (e) Ceo.9Bao.102-5
The temperature dependence of electrical

conductivity is expressed by the Arrhenius equation, ¢ =
A/T exp (-Eo/KT). From the oxide ion conductivity data, it
is noted that the oxide-ion conductivity values were
increased with increasing temperature. The Arrhenius plots
drawn for all the specimens (log ¢ Vs 1000/T) are indicated
in Figure 8.0. The slope of the log ¢ Vs. 1000/T gives the
activation energy (fig.8.0), Ea. The activation energy of all
the doped ceria specimens is calculated and indicated in
Table 4.0. The activation energies of all the specimens are
higher than (0.78 eV) reported in literature [27-28].
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Fig. 7 AC impedance spectra obtained on sintered doped CeO: specimens at different temperatures (a) Ceo.9Gdo.102-5, (b) Ceo.oSmo.102-s,
(c) Ceo0.9Ca0.102:5, (d) Ceo.9Sr0.102-5, and (e) Ceo.9Bao.102-5

Table 4 Electrical properties obtained on sintered doped ceria specimens

Sample Temperature Oxide ion Conductivity Log 1000/T Activation
in K (Sm™) (conductivity) Energy (eV)
782 9.1889x10°° -5.0367 1.27877
835 3.7859x10° -4.4218 1.19760
CeosGdo 1025 888 8.0545x10° 4.09396 1126126 0.028662
938 2.024777x10* -3.6936 1.066098
988 4.8997x10* -3.3098 1.012146
855 9.85946x10° -4.0061 1.16959
886 1.8185x10* -3.7402 1.128668 0 03'31 18
Ce0.9Smo.102:5 939 3.4486x10* -3.46235 1.06496 !
990 9.44435x10* -3.02487 1.0101
825 6.71414x10° -4.1730 1.21212
928 3.7864x10* -3.42178 1.07759 0.087911
Ce0.9Ca0.1025 958 4.4877x10* -3.34798 1.04384
974 4.49924x10* -3.34686 1.026694
784 7.52231x10° -4.12365 1.2755
837 3.49832x10* -3.45614 1.19474
891 1.064596x1073 -2.97281 1.12233
Ceo.9810.102:5 921 1.8238x10° -2.7390 1.085776 0.0306967
947 2.99863x107 -2.5231 1.055966
967 3.46287x107 -2.46056 1.03413
982 5.15233x10°3 -2.28799 1.018329
824 3.25640x10° -4.48726 1.21359
877 1.289984x10* -3.88942 1.14025
Ceo9Ba0.102-5 908 2.8581994x10* -3.5439 1.101322 0.0236490
934 5.22503x10* -3.2819 1.070664

The electrical conductivity values of doped electrolyte

specimens were less than the reported data [29-30]. It is
reported that the ceria based ceramic comes out as a highly
dense specimen (over 98% theoretical density) when
sintered at 1773 K [31]. In this research work, the doped
ceria specimens were sintered only at 923 K for 5 h. By
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increasing the sintering temperature, the oxide ion
conductivity of doped ceria specimens can be improved to
some extent. Among the five samples studied, Ceo9S1.10>-
s shows 5.15233 x 107 S/m at 982 K when compared with
all other specimens. From the conductivity data, it was
understood that the specimens should be sintered at high
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temperature (>1000k for long duration) to get more
conductivity values as reported in the literature [31].
However, the conductivity values were not changed much
with variation in dopant concentration.  Further, it was
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reported that high activation energy may restrict the final
ionic conductivity [32].
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Fig. 8 Arrhenius plots obtained on sintered doped CeO: specimens (a) Ceo.9Gdo.102-5,(b) Ce0.9Smo.102-5, (¢) Ceo.9Cao.102-5, (d) Ceo.9Sr0.102-

s, and (e) Ceo.9Bao.102-5

3. CONCLUSION

CeO; nanoparticles doped with Gd, Sm, Ca, Sr and
Ba have been synthesized by homogeneous chemical
precipitation method and their performance characteristics
are reported. The XRD patterns of all the doped CeO,
particles indicate the fluorite cubic crystal structure. The
EDAX data confirmed the presence of required elements in
all the samples. The characteristics peaks of CeO, are
confirmed by FTIR spectroscopy in all the samples. The
particulate properties confirmed the presence of
nanoparticles in the samples. Sr doped CeO, has shown
better electrical characteristics when compared with other
sintered specimens. Hence, it may be used as an alternate
electrolyte material in LTSOFCs.
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