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Synthesis and ionic conductivity of calcium-doped
ceria relevant to solid oxide fuel cell applications†

Naeemakhtar Momin, a J. Manjanna, *a Satoru Kobayashi,b S. T. Aruna, c

S. Senthil Kumarc and G. P. Nayaka d

Towards the development of green energy devices, it is necessary to focus on commercial electrolyte

materials for intermediate temperature solid oxide fuel cells (IT-SOFCs). Ca-doped ceria (CDC) samples

having a composition of Ce(1�x)CaxO2�d (0.03 r x r 0.1) were synthesized by a facile solid-state route

and sintered at a lower temperature (1473 K). X-ray diffraction, Raman, X-ray photoelectron, Fourier-

transform infrared, UV–VIS diffuse reflectance, field emission scanning electron microscopy – energy

dispersive X-ray with elemental mapping, and electrochemical impedance spectroscopy techniques

were used for the characterization of these CDC samples. The 0.10 CDC showed high oxide ion

conductivity of 8.01 � 10�3 S cm�1 at 973 K with a lower activation energy of 0.78 eV. The 0.03 CDC,

0.05 CDC, and 0.07 CDC samples exhibited ionic conductivities of 1.66 � 10�4, 4.42 � 10�3, and

5.76 � 10�3 S cm�1 at 973 K with activation energies of 1.65, 1.01, and 0.92 eV, respectively. The present

work aims to develop Ca-doped ceria as economically viable electrolytes for IT-SOFCs.

Introduction

Solid oxide fuel cells (SOFCs) are known to convey high
electrical proficiency and fuel adaptability with ensured natural
advantages. In SOFCs, the hopping mechanism regulates the
ions through electrolytes between the cathode and anode. The
high ionic and insignificant electronic conductivity, perma-
nence in redox conditions, mechanical strength (among other
qualities) are viewed as great properties for electrolyte materi-
als. An assortment of oxide-ion electrolytes have been examined
up to this point, similar to zirconia-based oxides, cubic fluorite
structure based doped ceria, stabilized d-Bi2O3 and others.
The issues related to their cost, electronic conduction, working
and sintering temperature discourage its mass scale commer-
cialization.1 The doped ceria-based ceramics were found to
show almost the same results at intermediate temperature
(IT), 773–973 K for SOFC applications. The conduction mecha-
nism in doped ceria was influenced by the mobility and
distribution of oxygen vacancies. It is created by substituting

suitable cations with lower valences than the host lattice ions.
The rare earth-doped ceria-based materials have been exam-
ined because of their ability to yield high ionic conductivity at
lower temperatures and are thus viewed as a prospective
electrolyte for IT-SOFCs.2,3 The Sm and Gd ionic radii coordi-
nate well with Ce ions, and hence high oxide-ion conductivity
has been accounted for GDC10 and SDC20. The Gd-, Sm-,
and Y-doped ceria having a high dopant concentration of
15–20 mol%, showed improved ionic conductivity at elevated
temperatures.4,5 In any case, the ideal ionic conductivity at
lower temperatures actually has not been accomplished, and
subsequently, their expense for 10–20 mol% dopant amount is
not economically reasonable.6 Thus, there exists an expansive
degree in the advancement of new economically reasonable
ceria-based electrolyte materials. The alkaline earth-doped
ceria materials have been viewed as substantially more power-
ful and potential candidate to yield huge ionic conductivity at
lower temperatures. For example, Ce (ri = 1.11 Å) doped with Ca
(ri = 1.12 Å) has been researched among the alkaline earth-
doped ceria-based materials. The ionic conductivities of alka-
line earth-doped ceria-based materials are viewed as critically
as those of rare earth-doped materials. A high conductivity on
the order of 10�3 S cm�1 was reported by Yamashita et al.7 at
873 K for the Ce0.9Ca0.1O2�d composition. Similarly, Banerjee
et al.8 reported 1.29 � 10�2 S cm�1 for oxide ion conductivity at
873 K for the Ce0.8Ca0.2O2�d composition prepared through the
auto-combustion method. Calcium is abundant in nature and
cheaper than other rare earth elements,9 and its doping is
found to create higher oxygen vacancies. Therefore, it has been

a Department of Chemistry, Rani Channamma University, Belagavi-591156,

Karnataka, India. E-mail: jmanjanna@rediffmail.com; Tel: +91-9916584954
b Department of Material Science and Engineering, Iwate University,

Morioka-020-8551, Japan
c Surface Engineering Div., CSIR-National Aerospace Laboratories,

Bengaluru-560017, Karnataka, India
d Physical & Materials Chemistry Div., CSIR-National Chemical Laboratory,

Pune 411008, Maharashtra, India

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2ma00868h

Received 16th August 2022,
Accepted 2nd October 2022

DOI: 10.1039/d2ma00868h

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
2/

20
25

 6
:1

6:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-3318-5828
https://orcid.org/0000-0002-6025-1923
https://orcid.org/0000-0003-0506-9157
https://orcid.org/0000-0001-8166-1465
http://crossmark.crossref.org/dialog/?doi=10.1039/d2ma00868h&domain=pdf&date_stamp=2022-10-25
https://doi.org/10.1039/d2ma00868h
https://doi.org/10.1039/d2ma00868h
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00868h
https://rsc.66557.net/en/journals/journal/MA
https://rsc.66557.net/en/journals/journal/MA?issueid=MA003023


© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 8780–8791 |  8781

regarded as an excellent and advanced oxygen storage
material.10 Subsequently, for economical reasonability, cheap
dopants such as Ca having sufficient electrochemical perfor-
mance have been considered favorable. Recently, Schottky
junction (SJ)-based n or p-type low-cost semiconductor – ionic
conductor composite materials have shown potential to cause
in-filed barriers and confine the electron’s mobility or holes
from the passage of the electrolyte edge to the opposite side.
Thus, this prevents the short-circuiting in the SOFCs and may
be accountable for the colossal ionic conductivity.11–22 Still,
there are few studies related to the Ca-doped ceria framework
for IT-SOFCs. From the point of the ionic-radius, compatibility
of the dopant, commercial viability, and abundant nature,
calcium (Ca) has been picked as a dopant for the host cerium
cross-section. In the present work, the CDC samples were
prepared by the conventional solid-state method, and calcium
has likewise been viewed as a sintering aid for the ceria-based
electrolytes.23 Sintering ceria-based electrolytes above 1573 K
prompts the reduction of some Ce4+ to Ce3+ ions, causing
electronic leakage and affecting the performance of the cell.24

Therefore, attempts have been made to achieve the high
densification at a lower sintering temperature of 1473 K than
the required high-temperature sintering in the range of 1873–
1973 K (Yamashita et al. 1995).8 The oxide ion conductivities of
CDC samples are studied as a function of dopant concentra-
tions between the temperature range of 623–973 K in air using
electrochemical impedance spectroscopy. This work accord-
ingly plans to investigate the new low-cost Ca-doped ceria
ceramics for IT-SOFCs.25

Experimental

The Ca-doped CeO2 ceramic oxide powders with the composi-
tion Ce1�xCaxO2�d (x = 0.03, 0.05, 0.07 and 0.1) are prepared
from conventional solid-state route by using cerium oxide [A.R
grade 99.99% pure, Sd-Fine Mumbai-India] and hydrated cal-
cium acetate [C4H6O4Ca�XH2O]; [A.R grade 99.99% pure, Sd-
Fine Mumbai-India]. The stoichiometric ratios of precursors
were blended with isopropyl alcohol manually for 1 h, and
calcined at 1273 K for 6 h in a muffle furnace. The obtained
powders were again ground and pelletized (10 f � 2 mm
dimensions), and sintered at 1473 K in the air for 4 h. The
final obtained products having different compositions are
hereinafter referred to as 0.03 CDC, 0.05 CDC, 0.07 CDC and
0.10 CDC individually.

Characterization

The XRD analysis of CDC samples was carried out using a
Rigaku MiniFlex 600 powder X-ray diffractometer (Cu Ka rad.,
l = 1.54 Å) instrument. The Archimedes principle was used to
determine the relative densities of the pellets.26 The DILOR-
JOBIN-YVON-SPEX-623 nm was used to record the Raman
spectra of the CDC pellets. XPS spectra of the CDC samples
were recorded from a Thermo Fisher Scientific Instrument
(Al Ka + hn = 1486.68 eV, spot size 400 mm). The total reflectance

(spectral + diffused) spectra of the CDC samples were recorded
using a JASCO spectrophotometer, V-77. The Bruker instrument
(Nano GmbH Berlin, Germany) was used to record the FESEM
images, EDX spectra and elemental mapping of the CDC
samples. The a.c. impedance analysis was carried out in air at
1 atm using a CH Instrument (Inc CHI604D, USA). The CDC
pellets were silver painted and baked at 773 K for 1 h for
electrical connections. The Nyquist plots were obtained
between the temperature ranges of 623–973 K and frequency
range of 1–106 Hz with an a.c signal of 10 mA. The obtained
data were fitted to an equivalent electrical circuit, [R(QR)(QR)]
with ZSimpWin software. The conductivity was calculated using
eqn (1):

s = t/RA (1)

with thickness (t), area of cross-section (A), and R is the
resistance.27

Results and discussion

Fig. 1 illustrates the XRD patterns of the pellet CDC samples.
The XRD patterns of the powder CDC samples are shown in
Fig. 1S as ESI.† The XRD patterns exhibited the same cubic-
fluorite structure as per the space group Fm%3m. The planes of
the preferential peaks were indexed as per the ICDD card no.
34-0394. It was observed that no peaks of CaO or other impure
phases were detected in all XRD patterns of the powder and
pellet CDC samples. The XRD analysis revealed that the sam-
ples consist of a characteristic lattice structure that matches the
standard CeO2.28,29 A trivial expansion in the lattice constant
upon doping has been attributed to the substitution of the Ce
ion by Ca, which caused strain and a slight deformation of the
structure. To hold the charge balance, the initiated oxygen

Fig. 1 XRD pattern of CDC pellets sintered at 1473 K.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
2/

20
25

 6
:1

6:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00868h


8782 |  Mater. Adv., 2022, 3, 8780–8791 © 2022 The Author(s). Published by the Royal Society of Chemistry

vacancies in the cerium lattice will extend the unit cell to limit
the strain.30,31 Likewise, expansion of the lattice constant
changes the d-spacing, causing a shift of the diffraction peaks
to bring down the 2y positions. Hence, the lattice parameters of
the CDC samples increase with the dopant (Ca) concentration,
as shown in Table 1. Furthermore, the high-temperature sinter-
ing of the pellets (1473 K) results in sharp peaks of increased
intensity with large particle sizes, indicative of the highly
crystallinity due to the grain growth.32,33

The Scherrer equation was used to determine the crystallite
size from the width of the preferential planes. The dislocation
density was found to increase with dopant content.

The lower values of dislocation density observed in the CDC
pellets are likely due to the excellent crystallinity of the CDC
samples.34 The computed theoretical surface area of the
CDC samples appreciably varied with the dopant content and
dislocation density.35 The average crystallite size, dislocation
density and specific surface area values are summarized in
Table 1. The relative density of the CDC pellets was found to be
around 95% and is listed in Table 1. The relative density of the
CDC pellets shows an increasing trend with dopant
concentrations.

Fig. 2 shows the Raman spectra of the CDC pellets. The
presence of a distinct intense peak at 464–461 cm�1 has been
credited to the F2g Raman active mode of the fluorite structure.
This is because of the symmetrical breathing mode of the Ce–
O8 vibration unit.36–38 Furthermore, the Raman active mode F2g

shifts to a lower frequency amid a rise in the dopant (Ca)
content. The adjustment of the bond length, cross-section
dispersion, and nuclear geometry of CeO2, which is the result
of Ce–O bond breaking, emerged because of the generation of
oxygen vacancies during the replacement of Ca-ions into the
cerium lattice. The produced oxygen vacancies are facilitated
with Ce and Ca ions, and decrease to change the length of the
Ce–O and Ca–O bonds, and determine the moving of the F2g

mode to bring down the frequencies. In Ca-doped CeO2, the F2g

Raman-active mode showed more extensive and asymmetric
peaks in contrast to the unadulterated CeO2. This asymmetric
nature and expansion in the FWHM upsides of the F2g mode
result from the improved lattice strain after doping, prompting
the production of an excessive amount of oxygen vacancies.39–42

Furthermore, no other peaks are detected for impurities (like
CaO), which in corroboration with the XRD study, established
the formation of single-phase solid solutions.

The XPS analysis was employed to study the microstructure
and chemical state of the CDC samples. Fig. 3(a)–(c) shows the
typical XPS spectra of the 0.05 CDC, 0.07 CDC and 0.10 CDC
samples sintered at 1473 K. The presence of three different

sections at around 880–890 eV, 895–910 eV, and at 916 eV of the
Ce 3d core-level spectra is evident in all CDC samples.43 The
existence of the Ce4+ state consigned to the 4f0 orbital transi-
tion is designated by the peak at 916 eV.44 The charge transfer
from the oxygen 2p to Ce 4f states could resulted in the three
doublets having configurations of 3d 4f0, 3d4f1 (L), and 3d 4f2

(L)2.45 The Ce 3d spectra of these samples displayed the six
characteristic peaks in the binding energy (BE) range of
870 to 930 eV. The Ce 3d XPS spectrum consists of two spin–
orbit splitting of multiplets of 3d5/2 and 3d3/2 core holes. The
final state of 4f0–O 2p6 was represented by u0 0 0 and v0 0 0,
and corresponds to high binding energy peaks. The u00, v00, u
and v represent the 4f1–O 2p5 and 4f2–O 2p4 states and
correspond to lower binding energy peaks.46 The binding
energy peaks observed for the 3d5/2 core hole multiplets
(0.05 CDC: 883.3, 889, 898), (0.07 CDC: 883.2, 888.8, 898 eV)
and (0.10 CDC: 882.4, 887.5, 897 eV) are nearly in the same

Table 1 Structural parameters of CDC pellets sintered at 1473 K

Samples
Average crystallite size
(D) (nm) Scherrer

Lattice constant
(a = b = c) (Å)

Volume
(Å)3

Dislocation density (d)
(line per m2 � 10�15)

Specific surface
area (m2 g�1)

Bandgap,
Eg (eV)

Relative
density (%)

0.03 CDC 67.7 5.413 158.6 0.218 0.128 2.98 94.97
0.05 CDC 84.7 5.414 158.6 0.139 0.981 2.88 96.78
0.07 CDC 86.1 5.418 159.1 0.134 0.968 2.82 95.12
0.10 CDC 93.8 5.419 159.3 0.113 0.885 2.80 95.58

Fig. 2 Raman spectra of the CDC pellets.
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range, and a marginal decrease in the binding energy for V0 0 0

has been observed in all samples. The decreasing trend may be
attributed to the increasing content of the dopant. Similarly,
the binding energy peaks observed for the 3d3/2 core hole
multiplets (0.05 CDC: 900.5, 907.6, 916.2), (0.07 CDC: 900.2,
907.6, 917 eV) and (0.10 CDC: 899.4, 906.7, 915.17 eV) are in
good agreement with those that have been reported. The Ce 3d
XPS spectra consist of some indistinguishable overlapped
peaks corresponding to both Ce4+ and Ce3+ states, which make
the spectra more complex. Most of the peaks in all of the
spectra correspond to the Ce4+ state, and the BE peaks at 889,
888.8 and 887.8 eV of 3d5/2 and 900.5, 900.2 and 899.4 eV of 3d3/2

appeared for the 0.05 CDC, 0.07 CDC and 0.10 CDC samples,
correspond to the Ce3+ state respectively.

The XPS spectra of the Ca 2p core-level with deconvolution
peaks are shown in Fig. 4(a)–(c) of the CDC samples, and
display the 2p1/2 and 2p3/2 states, which are split into two final
states, I and II. Due to the spin–orbit splitting, these are
distinguishable at around 347.2, 347.2 and 347.1 eV, corres-
ponding to the 2p3/2 state, and 350.3, 350.2 and 352 eV,
corresponding to the 2p1/2 state of the 0.05 CDC, 0.07 CDC
and 0.10 CDC samples respectively.47,48

Fig. 5(a)–(c) show the O1s XPS spectra deconvoluted into the
different symmetrical signals of the CDC samples. The O 1s

Fig. 3 Ce 3d level experimental and peak fitting XPS spectra of (a) 0.05 CDC, (b) 0.07 CDC, and (c) 0.10 CDC.

Fig. 4 Ca 2p level experimental and peak fitting XPS spectra of (a) 0.05 CDC, (b) 0.07 CDC, and (c) 0.10 CDC.

Fig. 5 O 1 s level experimental and peak fitting XPS spectra of (a) 0.05 CDC, (b) 0.07 CDC, and (c) 0.10 CDC.
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spectra show two different peaks at 528.5, 528.8, and 528.9 eV,
and at 531.7, 531.3, and 531 eV for the 0.05, 0.07 and 0.010 CDC,
respectively. The sharp intense peaks were attributed to the lattice
oxygen of the CDC samples, and the other peaks are assigned to the
existence of hydroxyl groups due to exterior contaminations on the
sample. The high content of Ca in 0.10 CDC may have shifted the
binding energy peak, as observed in Fig. 5(c).49

The 1s oxygen spectra were deconvoluted into contributions
from the Ca–O, Ce3+–O, and Ce4+–O bound species because the
cerium atom in the +3 oxidation state would be more tightly
bound than cerium in the +4 state.50 Upon examining the
peaks’ relative area, a portion of the CeOx exists in the Ce3+

state.51 The obtained XPS spectra of the CDC samples show apparent
CeO2 features and the existence of a Ca 2p signal, indicating that the
Ca particles have been doped into the CeO2 lattice. This is corrobo-
rated by the XRD and Raman analyses of the CDC samples, and
matches well with results reported in the literature.52

The diffuse reflectance (DR) UV-visible absorption spectra of
the CDC samples are depicted in Fig. 6. The appearance of
sharp intense peaks in the ultraviolet absorption region around
290–295 nm is ascribed to the charge transition from the O 2p
to Ce 4f, and is assumed to be caused by the oxygen vacancies.53

This red-shift is attributed to the interfacial polaron effect
emerging from the electron–phonon interaction.54 The
Kubelka–Munk plots of the CDC samples for the optical band
gap are shown in Fig. 4S (ESI†). The obtained band gap energy
values are summarized in Table 1.

The FESEM images of the CDC pellets are shown in Fig. 7.
Some particles were seen on the surface. This may be due to the
powder, which is used as a bed during the sintering process.

Fig. 6 UV-Visible diffuse reflectance spectra of the CDC samples.

Fig. 7 FE-SEM images of (a) 0.03 CDC, (b) 0.05 CDC, (c) 0.07 CDC, and
(d) 0.1 CDC.
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Generally, high-temperature sintering yields a larger particle
size.55 All CDC samples have been observed to be highly dense
with the absence of intra-granular pores. Hence, it may be
concluded that these samples achieved good densification. The
EDX and elemental mapping of the CDC samples are shown in
Fig. 5S (ESI†), and it confirmed the existence of Ce, Ca, and O
elements. The EDX analysis revealed that the elemental com-
position of all CDC samples are in good agreement with those
with the proposed stoichiometric amounts. The EDX elemental
mapping analysis revealed that the amount of dispersion for Ca
was low compared to Ce, and confirmed the uniform distribu-
tion of elements throughout the matrix.56

Fig. 8–11 show the Nyquist plots of the 0.03 CDC, 0.05 CDC,
0.07 CDC, and 0.10 CDC samples, respectively. To distinguish

the overlapped grain, grain boundary (GB), and electrode con-
tributions, an equivalent electrical circuit model [R(QR)(QR)]
was used, as shown in the inset of Fig. 8. This comparable
circuit comprises two RC components in series for the grain
resistance (Rg) and GB (Rgb), and others for the electrode
polarization (Re). A constant phase element (CPE = Q) is applied
rather than a capacitor. This Q is comparable to the dispersion
of the capacitor in parallel. The component Rg, Rgb8Q represents
the ionic conductivity through the grain and GB, respectively.57

The total resistance is calculated by using the equation:58

Rt = Rg + Rgb (2)

where Rg and Rgb are the grain and GB resistance, respectively.

Fig. 8 Nyquist plots of 0.03 CDC measured at temperatures between 773–973 K.

Fig. 9 Nyquist plots of 0.05 CDC measured at temperatures between 573–973 K.

Fig. 10 Nyquist plots of 0.07 CDC measured between temperatures between 573–973 K.
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Impedance analysis revealed that the grain and GB conduc-
tivity are a function of the temperature rise for all CDC samples.
The high and intermediate frequency ranges of the CDC
samples for the grain and GB contributions exhibited a rapid
ion migration process. The impedance data obtained from the
ZSimpWin software confirmed the ionic conduction in all CDC

solid solutions. The oxygen ion vacancies on the surface of the
CDC are responsible for the ionic conduction. The lower grain
resistance (Rg) values at higher temperatures show that all CDC
samples have better ionic conductivity.16 The impedance para-
meters of all CDC samples extracted using the ZSimpWin
software are shown in Tables 2–5. The total oxide ion conduc-
tivity is estimated by utilizing eqn (1) and is shown in Table 6.
The obtained capacitance values in the range of 10�12–10�8 F
indicated the grain and GB conduction process.59–61

The effect of temperature on the oxide ion conductivity was
determined by using the Arrhenius relation.

sT ¼ Ao exp
�Ea
KT

� �
(3)

where s, Ao, T, Ea, and K are the conductivity, pre-exponential
constant, temperature, activation energy, and Boltzmann

Fig. 11 Nyquist plots of 0.07 CDC measured at temperatures between 573–973 K.

Table 2 The EIS fitted data of the 0.03 CDC at different temperatures,
773–973 K

Temp. (K) Rg (O) Rgb (O) Re (O) Chi-squared

773 67 760 37 810 1247 1.207 � 10�1

823 6884 10 720 667.5 9.354� 10�4

873 5546 1440.0 383.1 3.241� 10�3

923 1577 371.40 233.5 1.276� 10�3

973 439.9 171.30 157.8 1.285 � 10�3

Table 3 The EIS fitted data of the 0.05 CDC at different temperatures,
573–973 K

Temp. (K) Rg (O) Rgb (O) Re (O) Chi-squared

573 11 200 1309 915.0 1.043 � 10�3

623 10 460 983.3 653.5 6.416 � 10�4

673 160.9 488.2 297.6 7.340 � 10�4

723 146.2 327.9 275.1 3.292 � 10�4

773 59.28 278.8 91.77 1.069 � 10�3

823 7.242 72.77 46.26 6.226 � 10�3

873 3.518 33.53 33.73 1.398 � 10�2

923 17.59 3.943 22.67 3.286 � 10�2

973 10.66 5.888 19.44 4.480 � 10�2

Table 4 The EIS fitted data of the 0.07 CDC at different temperatures,
573–973 K

Temp. (K) Rg (O) Rgb (O) Q–n (n) Chi-squared

573 3229 5796 0.7399 7.710 � 10�4

623 1823 4664 0.3423 2.662 � 10�4

673 69.21 2981 0.2269 1.705 � 10�4

723 537.5 26.02 1 6.719 � 10�4

773 164.9 45.55 0.8398 4.398 � 10�3

823 58.45 38.01 0.6798 1.498 � 10�3

873 41.38 13.36 0.9396 6.413 � 10�3

923 7.665 10.57 0.7859 3.286 � 10�2

973 7.734 10.49 0.8609 2.675 � 10�2

Table 5 The EIS fitted data of the 0.10 CDC at different temperatures,
573–973 K

Temp. (K) Rg (O) Rgb (O) Re (O) Chi-squared

573 1354 2528 778.8 1.332 � 10�3

623 541.3 209.4 647.0 1.412 � 10�4

673 47.24 164.3 221.9 7.690 � 10�5

723 80.73 8.665 102.0 8.563 � 10�4

773 36.17 13.02 51.57 4.881 � 10�3

823 7.804 20.51 30.29 1.878 � 10�2

873 8.115 11.46 19.01 4.648 � 10�2

923 8.461 5.119 15.77 6.557 � 10�2

973 5.611 1.23 13.33 1.220 � 10�1

Table 6 Total oxide ion conductivity for the CDC samples

Conductivity, st (S cm�1)

Temp. (K) 0.03 CDC 0.05 CDC 0.07 CDC 0.10 CDC

573 — 7.62 � 10�6 1.34 � 10�6 1.41 � 10�5

623 — 8.33 � 10�6 7.91 � 10�6 7.29 � 10�5

673 3.84 � 10�8 1.46 � 10�4 1.68 � 10�5 2.58 � 10�4

723 1.88 � 10�7 1.50 � 10�4 9.10 � 10�5 6.12 � 10�4

773 9.64 � 10�7 2.81 � 10�4 2.43 � 10�4 1.11 � 10�3

823 5.78 � 10�6 1.11 � 10�3 5.31 � 10�4 1.92 � 10�3

873 1.45 � 10�5 2.57 � 10�3 9.36 � 10�4 2.79 � 10�3

923 5.22 � 10�5 3.38 � 10�3 2.81 � 10�3 4.03 � 10�3

973 1.66 � 10�4 4.42 � 10�3 5.76 � 10�3 8.01 � 10�3
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constant, respectively. The Arrhenius plots of the total, grain
and GB conductivity of the CDC samples are shown in Fig. 12,
and the determined activation energies are shown in Table 7.
It has been observed that the activation energy decreases with a
rise in the dopant content. The grain conductivity contribution
is a major factor for the total oxide ion conductivity in all CDC
samples.62 Thus, the amount of calcium doping affects the
conductivity of the ceria. With the ascent in the dopant (Ca)
content, a huge expansion in the grain conductivity was seen
because of the improvement of the charge transporters emer-
ging from the creation of oxygen vacancies as a result of doping.
Hence, this prompted the expansion of the crystal structure.

The rearranged anion opening at the surface and connection
with the electrode assumes a significant part in the improve-
ment of the oxide ion conductivity. The change in the surface
oxygen vacancies fundamentally adjusts the physical and
chemical properties of the materials. The insertion of the
Ca2+ dopant into the cerium lattice generates the negatively
charged defect, and hence increases the anion vacancies. The
effect of the Ca2+ doping in CeO2 is depicted by using Kröger–
Vink notation as shown in eqn (4).

CaO ���!CeO2
Ca00Ce þO� þ V��� (4)

At elevated temperature, the surplus electrons and anion
vacancies are in equilibrium with the gas phase, as shown in
eqn (5).63 The surplus electrons may arise due to small Ce3+

polarons, which is in corroboration with the obtained XPS data
and small conduction bandwidth.

O�  ! V��� þ 2e0 þ 1

2
O2ðgÞ ð5Þ

Thus, the improved mobility for the oxygen ions could lead
to the high oxide ion conductivity for the CDC samples.64 Since
calcium has likewise been viewed as a sintering aid for the

Fig. 12 Arrhenius plots of the total, grain boundary and grain conductivity for (a) 0.03 CDC, (b) 0.05 CDC, (c) 0.07 CDC and (d) 0.10 CDC.

Table 7 The activation energy of the CDC between the temperatures,
573–973 K

Sample

Activation energy, Ea (eV)

Grain GB Total

0.03 CDC 1.17 1.93 1.65
0.05 CDC 1.05 1.17 1.01
0.07 CDC 0.88 0.97 0.92
0.10 CDC 0.71 1.05 0.78
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ceria-based electrolytes, in this way it helps to achieve the high
densification at a lower sintering temperature.65,66 Subse-
quently, with the ascent in the Ca content, the augmentation
in the relative densities of these CDC samples has been clearly
observed, as displayed in Table 1. The high densification of the
CDC samples could facilitate the versatility of charge transpor-
ters at GB, and consequently it assists with improvement on the
conductivity of the CDC. From the obtained results, it has been
seen that the high oxide conductivities of 1.66 � 10�4,
4.42 � 10�3, 5.76 � 10�3, and 8.01 � 10�3 S cm�1 were recorded
at 973 K with lower activation energies (Ea) of 1.65, 1.01, 0.92
and 0.78 eV for the 0.03 CDC, 0.05 CDC, 0.07 CDC, and 0.10
CDC, respectively.

The conductivity improves as a function of the dopant
concentration. The 0.10 CDC shows the most noteworthy con-
ductivity in the order of 8.01 � 10�3 S cm�1 at 973 K with a
lower Ea of 0.78 eV, among all CDC samples studied here. The
obtained conductivity values for the CDC were viewed as
competent when contrasted with the ionic conductivity of
7.7 � 10�2 S cm�1 of Ce0.8Sm0.2O2�d,

67 3.6 � 10�2 S cm�1 of
Ce0.9Gd0.1O2�d,

68 8.89 � 10�3 S cm�1 of Ce0.9La0.1O2�d
69 at

973 K, 5.9 � 10�3 S cm�1 of Ce0.9La0.1O2�d
70 and 9.4 �

10�4 S cm�1 of Ce0.85La0.15O2�d at 873 K71 like potential
electrolyte materials of IT – SOFCs. The obtained conductivity
for 0.10 CDC in the order of 8.01 � 10�3 S cm�1 at 973 K with
Ea of 0.78 eV can likewise be contrasted best with the
conductivities of Ce0.9Ca0.1O2�d (8.02 � 10�3, 6.31 � 10�3,
1.13 � 10�3 S cm�1 at 973 K with activation energies of 0.84,
0.86 and 0.89 eV) sample, synthesized from the combustion
route using citric acid, glycine, and urea as a fuel, as
reported by Ong et al.72 The high grain conductivity of the
prepared CDC may be connected with the lower confinement
of the dopant (Ca) at the GB.

Along these lines, bringing down the comparison space
charge impacts could bring about a huge augmentation of
oxide ion conductivity. In the current work, the 0.05, 0.07,
and 0.10 CDC synthesized from the facile solid-state route
showed the ionic conductivity in the order of 10�3 S cm�1 at
973 K. The lower Ea obtained for 0.1 CDC (0.78 eV) is nearly
identical to the oxide ion conductivity of Ce0.9Ca0.1O1.9 synthe-
sized from the auto – combustion route with citric acid, glycine
and urea as fuels, as reported by Ong et al.58 Thus, the
substantially more affordable Ca-doped ceria (CDC) materials
have showed significant outcomes in contrast to those more
costly rare-earth doped ceria-based materials, and could assist
with decreasing the expense for SOFCs. Consequently, Ca-
doped ceria-based ceramics could be viewed as potential elec-
trolyte materials for IT-SOFC applications.

Conclusion

The Ca-doped ceria (CDC) samples having composition
Ce(1�x)CaxO2�d [x = 0.03–0.1] were successfully prepared by using
a cost-effective and conventional solid – state method. All CDC were
sintered at lower temperature of 1473 K than required. The XRD,

Raman, XPS, and FESEM – EDX analysis confirmed the formation
of the single-phase solid solution of these CDC. The 0.10 CDC
showed an essentially upgraded oxide ion conductivity in the order
of 8.01 � 10�3 S cm�1 at 973 K with a lower activation energy,
Ea = 0.78 eV, in contrast to the other CDC. The critical improvement
in the physical and electrochemical properties of the CDC through
solid – state synthesis has been accomplished. Thus, monetarily
reasonable CDC samples might be viewed as a potential electrolyte
material for IT-SOFC applications.
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