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Abstract

This study investigated the effects of sintering temperature on the microstructure and ionic conductivity of co-
doped ceria electrolyte with barium and samarium as dopants. The electrolyte (Ce, ¢Sm,, ;Ba, ;0, ;) powder
was synthesized using the citric acid-nitrate combustion method and calcined at 900 °C for 5 h. The calcined
electrolyte exhibited a cubic fluorite crystal structure with some impurity phases. The calcined powder was
then pressed into cylindrical pellets using uniaxial die-pressing. The pellets were sintered at three different
temperatures, i.e., 1200, 1300 and 1400 °C for 5 h. Microstructural analysis of the pellets showed that the av-
erage grain size increased with the increase in sintering temperature. The sintered densities of the pellets were
measured by Archimedes’ method, and the relative density values were within the range of 78 %TD to 87 %TD
as the sintering temperature increased from 1200 to 1400 °C. Electrochemical impedance spectroscopy analy-
sis showed that conductivity increased with the increase in sintering temperature, but no considerable change
in conductivity was observed for the pellets sintered at 1300 and 1400 °C. The results revealed that the elec-
trolyte pellet sintered at 1300 °C exhibited the ionic conductivity of 0.005 S/cm with lowest activation energy of
0.7275¢€V.
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I. Introduction duce the operating temperature of SOFCs because high
temperatures cause various issues, e.g., material degra-
dation, expensive sealants and interconnects, long start-
up/shutdown time, and thermal stress. The operating
temperature of SOFCs can be lowered by develop-
ing new electrolytes that exhibit high ionic conductiv-
ity either at intermediate temperature (600 to 800 °C)

Solid oxide fuel cells (SOFCs) are highly efficient,
fuel flexible and environmentally friendly devices that
directly convert the chemical energy of fuels to an
electrical energy through electrochemical reactions [1].
Yttria-stabilized zirconia (YSZ) is the most commonly
used electrolyte material for conventional SOFCs. Tra- . 0w temperature (< 600°C). In this context, doped
ditional SOFCs exhibit better performance only at high  cq1j5 pased materials show high ionic conductivity at
operating temperature (800 to 1000°C) because YSZ 50 o 800°C and they are used as electrolytes for

rfzquires high temperature for S}lﬁﬁcient ionic Fonduc— intermediate-temperature SOFCs (ITSOFCs) [2].
tivity. Currently, one of the major challenges is to re- Among doped ceria-based electrolytes, samarium-

*Corresponding author: tel: +603 89213895, .dop.ed ceria (S.D.C’ C60‘85m0~201‘9) eXh_ibiFS the high?St
fax: +603 89252699, e-mail: muchtar@ukm.edu.my ionic conductivity [3]. Moreover, the ionic conductiv-
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ity of SDC can be further enhanced by co-doping. Co-
doping refers to the addition of two aliovalent cations
into the host (ceria) lattice. This approach is useful

in

improving the electrical properties of various elec-

trolytes [4,5]. Studies [6,7] have proven the high values
of ionic conductivity for co-doped SDC compared with
the values for singly-doped SDC. In those studies, co-
doping is usually conducted with alkaline earth metals,
such as Sr** and Ca**, or with rare-earth elements, such

as

Nd** and La®*. The co-doping with alkaline earth el-

ements is advantageous because of low cost and exten-
sive availability. Co-doped SDC electrolyte with Ba>*
(CeygSm, sBa 150,_5) shows an oxygen ion conductiv-
ity of 0.360 S/cm at 800 °C [7]. However, available lit-
erature on Ce, ;Sm,, , Ba, O, ; is scarce. Therefore, the
current paper reports the synthesis and characterization
of Ce, ;Sm, ,Ba, , 0, ; electrolyte material.

Synthesis conditions, especially sintering tempera-

ture, significantly affect the microstructure and elec-
trical conductivity of doped ceria-based electrolytes

(8,

is

9]. Therefore, the main objective of this study
to determine the effects of sintering tempera-

ture on the microstructure and ionic conductivity of
CesSm, Ba,,0, s electrolyte. The co-doped elec-
trolyte was synthesized using the citric acid-nitrate com-
bustion method and sintered at three different tempera-
tures. The microstructure analysis and ionic conductiv-
ity were carried out and then compared.

I1.

Experimental

Ce, 3Sm, Ba, 0, s (BSDC) was synthesized by cit-

ric acid-nitrate combustion method. Analytical-grade
cerium nitrate hexahydrate [Ce(NO;),-6 H,0; 99%],
samarium nitrate hexahydrate [Sm(NO;),-6 H,0; 99%],
and barium nitrate [Ba(NO;),; 99%] were used as pre-
cursors; whereas citric acid was used as fuel for com-
bustion. All the chemicals were purchased from Sigma
Aldrich, Malaysia, and used without further purifica-
tion.
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Figure 1. Thermogravimetric plot of uncalcined BSDC
powder
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2.1. Sample preparation

Stoichiometric ~ amounts of  Ce(NO;),-6 H,O,
Sm(NO,),;-6 H,0, Ba(NO;),, and citric acid were
dissolved in deionized water with magnetic stirring.
Total metal ion-to-citric acid molar ratio was 1 : 1.5.
The solution mixture was heated to 80 °C for water to
evaporate, forming a viscous gel. The gel was heated
continuously at a lower temperature (80 °C) to initiate
combustion, forming a pale yellow ash. The resulting
ash was placed overnight in a pre-heated oven at
120°C (12h) to dry and to complete the combustion
reaction. The dried powder was calcined at 900 °C for
5h to obtain the desired single phase BSDC powder.
The BSDC powder was then cold-pressed at 50 MPa
into cylindrical pellets with diameter of 13 mm and
thickness of 1 mm using a uniaxial die-press. The
as-prepared green pellets were sintered for densification
at 1200, 1300 and 1400 °C for 5h in air.

2.2. Characterization

Thermal behaviour of the dried powder was in-
vestigated using thermogravimetric analysis (TGA,
PerkinElmer, STA 6000, USA) in the temperature range
of 30 to 1000 °C at a heating rate of 10 °C/min in flow-
ing nitrogen with a flow rate of 25 ml/min. Phase charac-
terization, theoretical density, and crystallite size of the
calcined powder was determined at room temperature
by X-ray diffraction (XRD, Bruker AXS, D8-Advance,
Germany) with Cu Ka (4 = 0.15406 nm) radiation at a
scan rate of 0.025°/step. The specific surface area of the
calcined electrolyte was measured by surface area and
porosimetry system (Micromeritics, ASAP 2020, USA)
employing Brunauer-Emmett-Teller (BET) technique.

The sintered pellets were polished by 240-, 800- and
1200-grit sand papers to achieve a similar thickness and
to obtain a smooth surface. The apparent densities of
the pellets were calculated by Archimedes’ method, and
their morphology and microstructure were observed by
field-emission scanning electron microscopy (FESEM,
Zeiss Merlin, Germany). A silver paint from RS Com-
ponents Ltd. UK was coated on both sides of the pol-
ished pellets for electrical measurements. After coat-
ing, silver paste was dried at 150°C for 40 minutes.
The electrical conductivities were measured by electro-
chemical impedance spectroscopy (EIS) using potentio-
stat coupled with a frequency response analyser (Eco
Chemie, Autolab 302, Netherlands). The conductivi-
ties were found within the temperature range of 600 to
800 °C with an interval of 50 °C and a frequency range
of 0.1 Hz to 1 MHz under a low-amplitude sinusoidal
voltage of 10 mV.

II1. Results and discussion

3.1. Thermogravimetric analysis

Figure 1 shows the thermogravimetric analysis plot
of the uncalcined powder. The total weight loss was
~45%. An initial weight loss of approximately 4% was
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observed between 50 to 130 °C due to the evaporation
of the absorbed moisture. The major weight loss of ap-
proximately 41% was observed between 250 to 750 °C
due to the decomposition of nitrates and organic fuel
into different gases, such as nitrogen, carbon dioxide,
and water vapours. Moreover, the crystallization of co-
doped ceria solution gradually started at 450 °C [6,10].
No remarkable change in weight loss was observed af-
ter 750 °C, which demonstrated the formation of pure
crystalline phase in the co-doped ceria solid solution.

3.2. X-ray diffraction analysis

The XRD pattern of the calcined electrolyte powder
is shown in Fig. 2. The search and match analysis was
carried out by X’Pert High Score Plus software and all
the major peaks match the cubic fluorite crystal struc-
ture of pure cerianite (CeO,, space group Fm-3m (225),
ICDD Reference Code: 96-900-9009). However, some
low intensities peaks are observed at ~25°, ~41°, and
51°. The peak at ~25° is designated to BaO, ;, whereas
the peaks at ~41° and ~51° are designated to BaCeO,
[7].

Reference pattern: Cerianite (CeO,)
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Figure 2. XRD pattern of BSDC powder calcined at 900 °C
for Sh

The sharpness in the XRD peaks indicated that
the electrolyte is perfectly crystalline after calcination,
which corresponded to the TGA results. The lattice pa-
rameter of BSDC electrolyte was calculated using Egs.
I and 2 for all the peaks and the result was 5.419A,
which is greater than that of cerianite reference, i.e.,
5.411A [11]. The increase in the lattice parameter was
due to the large ionic radii of Sm*" and Ba** compared
with the host ion (Ce*).

a=dVh>+ k> + 1 (1)

A
d=
2sinf

where a is the lattice parameter, d is the planar spac-
ing, hkl are the Miller indices, A is the wavelength of
X-rays (1.5406 A), and 6 is the peak position. From the
value of lattice parameter, the theoretical density (or;)
of the BSDC electrolyte was calculated by using follow-
ing equation:

2)

4 - MWpgspc
NA -a

where MWpgspe is molecular weight of BSDC elec-
trolyte and N4 is Avogadro’s number. The calculated
theoretical density of 7.149 g/cm? will be further used to
determine the relative density of the sintered electrolyte.

Due to the increase in lattice parameter of BSDC
electrolyte the value of lattice strain was calculated us-
ing the following equation [12]:

3)

Prh =

apspc — dceo,

&

4)
aCeOZ
where aggpc is the lattice parameter of co-doped ceria
electrolyte and acco, is the lattice parameter of cerianite.
The value of lattice strain was 0.148%.
The crystallite sizes of the two major peaks (111 and
022) were calculated using Scherrer’s formula:

0.94
Bcosb

Dxrp = 5)
where Dygp is the crystallite size, A is the wavelength of
Cu Ka rays (0.15406 nm), § is the corrected full width
at half maximum, and 6 is the peak position. The parti-
cle size (Dpgr) was calculated using following equation
[13,14]:

(6)

where Dpggr is the particle size, pry, is the theoretical
density and S, is the specific surface area.

The estimated crystallite sizes from the two major
peaks (111 and 022) were 67 and 63 nm, respectively.
However, the particle size (Dggr) calculated from the
specific surface area measurement was 189 nm. This in-
dicated the partial sintering of the active nanocrystal-
lites to form agglomerates [15] and the index of ex-
tent of agglomeration (¥ = Dpgr/Dxgp) was 2.80. For
SDC-based electrolytes, the reported value of this index
ranges from 1.08 to 4.7 [13,14]. Table 1 shows the val-
ues of different parameters that were calculated based
on the XRD and BET analyses.

Table 1. Lattice parameter (a), theoretical density (p;,), crystallite size (Dxgp), specific surface area (S,), particle size (Dpgr)
and ¥ = Dgpr/Dxgp of BSDC calcined powder obtained from XRD and BET

. a PTh Dxrp S, Dper
Composition o
P Al [gem’] [m] [l [nm] 7
CeosSmy By 0,, 5419 7149 672 4446 18868 2.807
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Figure 3. Rietveld analysis of BSDC electrolyte calcined at
900 °C for Sh
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Figure 4. XRD patterns of BSDC pellets sintered at 1200 °C,
1300 °C and 1400 °C for Sh

The structural refinement of the XRD pattern of cal-
cined BSDC electrolyte was carried out by Rietveld
analysis and is shown in Fig. 3. The calculated pat-
tern is comparable with the observed pattern and the
difference between the two patterns is approximately
a straight line. The value of lattice parameter obtained
after the refinement was 5.416 A, which was compa-
rable to the calculated value i.e., 5.419 A. The values
of the different agreement indices, such as expected R-
factor (R,,), weighted profile R-factor (R,,,), and Bragg
R-factor (Rprqq,) Were 7.69794, 11.47634 and 4.20, re-
spectively; whereas the goodness of fit was 1.49083.

Figure 4 shows the XRD patterns of BSDC pellets
sintered at 1200, 1300 and 1400 °C for 5h. All peaks
are designated to the cubic fluorite crystal structure of

cerianite (CeQ,), and no impurity phases are present.
The lattice parameters of the sintered pellets were cal-
culated from Eqgs. 1 and 2 and found to be ~5.415 A for
all the sintered pellets.

3.3. Densification and microstructure

The sintered and relative densities of all the pellets
are given in Table 2. Sintered densities (py) were calcu-
lated by Archimedes’ method using deionized water:

py = Md Pw_
* Msat'Msus

where M, is the dry weight of pellet, p,, is the density of
deionized water, M, is the saturated weight, and M,
shows the suspended weight of pellets. The relative den-
sities were determined by following equation:

(7)

or = 22100
PTh

where p; is the sintered density of electrolyte pellet
and pry, is the theoretical density of an electrolyte. The
sintered densities and consequent relative densities of
the sintered pellets increased as sintering temperature
increased. Relative densities were within the range of
78 %TD to 87 %TD as the sintering temperature in-
creased from 1200 to 1400 °C.

The FESEM images of the surfaces and cross-
sections of sintered pellets at three different tempera-
tures are shown in Figs. 5 and 6. These images show
that porosity decreases and, consequently, densification
increases with the increase in sintering temperature. An
increase in the grain growth was also observed as sin-
tering temperature increased, because duirng densifica-
tion the large grains are produced at the cost of smaller
ones [16]. The average grain size was less than 1 um
for the pellet sintered at 1200 °C, whereas for 1300
and 1400 °C, the average grain size ranged from 1.7 to
2.8um and 3 to 4.7 um, respectively. From Fig. 5b,c,
grain size inhomogeneity was observed and grain size
distribution was not uniform especially at higher sin-
tering temperatures (1300 and 1400 °C). During sinter-
ing, two main processes occurred, i.e., densification and
coarsening. The increase in the grain size from 1.7 um
to 4.7 um shows that coarsening occurred. Figure 5b,c
shows that the abnormal grain growth occurred which
caused the pores to be trapped inside the grains and dif-
ficult to remove. This limited the relative density even
at higher sintering temperatures [17]. However, the den-
sification of the BSDC electrolyte system can be en-
hanced by prolonging the sintering time to control the
abnormal grain growth and by introducing sintering aids
[17-19].

®)

Table 2. Values of sintered and relative densities at different sintering temperatures

Sintering temperature [°C]

Sintered density (py) [g/cm?]

Relative density (os/pri) [%TD]

1200 5.635
1300 6.104
1400 6.214

78.834
85.389
86.921
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Figure 6. Cross-sectional images of BSDC pellets sintered at (a and b) 1200 °C, (c and d) 1300 °C, and (e and f) 1400 °C

3.4. Electrical properties

A typical Nyquist plot of a solid ceramic electrolyte
shows three semi-circles wherein the high frequency arc
represents the grain or bulk resistance (R)), intermediate
frequency arc represents the grain-boundary resistance
(Rgp) and low frequency arc shows electrode or elec-
trode/electrolyte interface resistance (R,;) [3]. The elec-
trode or electrode/electrolyte interface resistance was
not in the scope of this study.

The Nyquist plots of the sintered BSDC electrolyte
pellets measured at 800 °C and 650 °C are shown in
Figs. 7 and 8, respectively. At 650°C (Fig. 8), two

71

semi-circles appeared for all three sintered pellets. The
first semi-circle showed the grain-boundary contribu-
tion, whereas the second semi-circle showed the elec-
trode resistance. However, at 800 °C (Fig. 7), two semi-
circles appeared only for the samples sintered at 1200
and 1300 °C; for the sample sintered at 1300 °C, the first
circle appeared at 60.62 kHz. Therefore, this first semi-
circle was attributed to the electrode resistance, because
the responses of grain and grain-boundary contributions
usually appear at frequencies greater than 100 kHz [20].
Thus, as the temperature increased from 650 to 800 °C,
the arcs shifted towards the low frequency regime; and



M. Anwar et al. / Processing and Application of Ceramics 11 [1] (2017) 67-74

O 1200°C
144 o 1300°C
T O 1400°C
124
10
S
g °]
E
N o
122.17 kHz
-2 T T T T T T T T T

45 50

ZreaI [Q]

55 60 65 70 75

Figure 7. Nyquist plots of BSDC sintered pellets measured at
800°C
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Figure 8. Impedance spectra, circuit fitting and equivalent
circuit models of BSDC sintered pellets measured at 650 °C

at 800°C the grain-boundary circle dissappeared for
the electrolyte pellets sintered at 1300 and 1400 °C.
This was due to the smaller time constant associated
with the grain-boundary resistance compared with the
electrode or electrode/electrolyte interface resistances
[21,22]. Moreover, as temperature increased from 650
to 800 °C, distinguishing between the bulk and grain-
boundary resistances for the samples sintered at 1300
and 1400 °C became difficult. This was because of the
identical relaxation times of oxygen vacancies both in-
side the grain and within the grain-boundaries [22].
The total resistance (R;) of the sintered electrolyte
pellet is the sum of bulk and grain-boundary resis-
tances, i.e, R; Rp + Rgp. In order to find the
exact values of R, and R, the equivalent circuit
LR,(RypCPE ) (R, CPE,) was drawn by fitting the
impedance spectra using NOVA 1.10 software, which
is shown in Fig. 8. In the equivalent circuit, L repre-
sents the inductive reactance due to the leads/wires and
equipment, and it usually appears at high frequencies
(~0.5MHz to 1 MHz); whereas, CPE means ‘constant
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phase element’ and shows the time-dependency of ca-
pacitive elements.

Ionic conductivity (o) of all the sintered pellets was
measured using the following equation:

1 L

"X
where R, = (R, + Ry,) represents the total resistance, L
and A represent the thickness and area of the sintered
pellets, respectively. Arrhenius’ law was used to repre-
sent the relationship between conductivity and temper-
(o)) (
o= —exp

ature:
; )

where 0y shows a pre-exponential coefficient, E, is the
energy of activation (eV), k shows the Boltzmann’s con-
stant (8.617x107° eV/K) and T is the absolute tempera-
ture.

A study has shown that doped ceria-based elec-
trolytes exhibit electronic conductivity mainly at high
temperatures (>1000 °C) [3]. Moreover, the oxide ion
transference number of co-doped ceria electrolytes is
close to 1 [23,24]. Therefore, the conductivity obtained
from Eq. 9 is considered an ionic conductivity.

Figure 9 shows the Arrhenius’ plot from 600 to
800 °C of BSDC electrolyte sintered at different temper-
atures. Arrhenius’ plot states that for all the sintered pel-
lets, the conductivity increases with the increase in tem-
perature due to the increase in the mobility and decrease
in the association enthalpy of the defects. Furthermore,
the electrolyte sintered at 1200 °C exhibited the lowest
conductivity because it showed high grain-boundary re-
sistance throughout the whole temperature range (600 to
800 °C), due to the low relative density and high poros-
ity compared with the pellets sintered at higher temper-
atures. As the sintering temperature increased, the value
of conductivity increased but no significant difference
was observed in the conductivity of the samples sintered
at 1300 and 1400 °C, as given in Table 3, because both

9

o
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Figure 9. Arrhenius’ plots of BSDC electrolyte sintered at
different temperatures
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Table 3. Ionic conductivity of BSDC sintered electrolytes at different temperatures

Sintering Tonic conductivity [S/cm] at different temperatures Activation

temperature energy [eV]

[°C] 600°C 650°C 700°C 750°C 800°C 700-800 °C
1200 0.0003 0.0006 0.0010 0.0015 0.0022 0.8324
1300 0.0007 0.0013 0.0025 0.0037 0.0052 0.7275
1400 0.0008 0.0016 0.0025 0.0038 0.0054 0.7633

of these samples had similar bulk resistance values as
shown in Figs 7 and 8. However, at low temperature
(650°C), the electrolyte sintered at 1300 °C exhibited
high grain-boundary resistance, as shown in Fig. 8. This
happened since the grain boundaries were not so com-
pact because of less densification at 1300 °C compared
with 1400 °C. The activation energies of all the sintered
pellets were calculated from the slopes of the Arrhenius’
plot and are given in Table 3, and the sample sintered at
1300 °C shows lower activation energy at 700 to 800 °C.

The highest value of oxide ion conductivity at 800 °C
for BSDC electrolyte was approximately 0.005 S/cm.
This value is less than the reported values for co-doped
ceria electrolytes [7,8,25]. This difference may be due to
the small value of density (~87 %TD) for BSDC elec-
trolyte even at 1400 °C compared with other co-doped
electrolytes [7,25,26], because sintering of many ce-
ramic materials to full density is difficult [16]. The other
reason may be that co-doping of barium increases the
ordering of oxygen vacancies and inhibited the ionic
mobility due to the large ionic radius of Ba®* (1.42 A)
compared to Ce** (0.97 A). This large difference in
ionic radii resulted in poor ionic conductivity of BSDC
electrolyte system.

This study shows that Ce,4Sm, Ba;,0, ; is not a
prominent electrolyte material for oxide-ion conduct-
ing IT-SOFCs. Ba®" is a potential candidate for the
proton-conducting electrolyte systems [27-30]. How-
ever, the oxide ion conductivity of Ce,,Sm Ba; 0, ,
electrolyte can be increased by enhancing densification
via addition of sintering aids e.g., lithium oxide, like
researchers did for other ceramic electrolytes [15]. We
would determine the oxide ion conductivity of BSDC
using different sintering aids in our future work.

IV. Conclusions

Ce,¢Sm ;Ba; 0, ; co-doped ceria electrolyte was
successfully synthesized by citric acid—nitrate combus-
tion method. XRD analysis revealed that the electrolyte
powder calcined at 900 °C for 5h exhibited some sec-
ondary phases in the form of BaCeO, and BaO, ;. How-
ever, all the major peaks were matched with the cu-
bic fluorite crystal structure of CeO,. FESEM anal-
ysis showed that the grain growth and densification
increased with the increase in sintering temperature
from 1200 to 1400°C. The maximum relative den-
sity achieved was ~87 %TD at 1400 °C. An abnormal
grain growth was observed at high sintering tempera-
tures especially at 1400 °C. The oxide ion conductiv-
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ity of BSDC electrolyte increased with the increase in
sintering temperature. However, no appreciable change
was observed in total conductivity as the sintering tem-
perature increased from 1300 to 1400 °C. The sample
sintered at 1300°C showed the lowest value of acti-
vation energy i.e., 0.7275eV at 700 to 800°C. The
Ce,¢Sm, ,Ba; 0O, ; electrolyte showed an oxide ion
conductivity of 0.005 S/cm at 800 °C. However, the ad-
dition of sintering aids may enhance its relative density,
which consequently would increase its oxide-ion con-
ductivity.
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