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The  aim  of  present  investigation  is to study  the  effect  of  co-doping  of  lanthanum  and  magnesium  on  the
ionic  conductivity  of CeO2 for its use  as  a  solid  electrolyte  in the  intermediate  temperature  solid  oxide  fuel
cells (IT SOFC).  Attempts  have  been  made  to synthesize  compositions  with  x =  0.075,  0.07,  0.06,  0.05  and
0.00 and y = 0.00,  0.01,  0.03,  0.05  and  0.15  in  the  system  Ce1−x−yMgxLayO2−x−y/2 (CML)  by  auto-combustion
method.  X-ray  diffraction  patterns  show  that  all  the  samples  have  fluorite  structure  similar to  undoped
eywords:
eria

mpedance analysis
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olid oxide fuel cells

ceria. Microstructures  of  thermally  etched  samples  have  been  studied  by scanning  electron  microscopy
(SEM).  In  order  to  evaluate  the  contributions  of grains  �g, grainboundaries  �gb and  electrode–specimen
interface  to the  total  conductivity  �t, use  is  made  of AC  impedance  analysis.  Impedance  measurements
are  made  in  the  frequency  range  1 Hz to 1 MHz  and  temperature  range  250–500 ◦C. The  results  show  that
the  conductivity  of  the  system  increases  with  increasing  lanthanum  content.  There  is  no  enhancement
in  conductivity  due  to co-doping  with  La  and  Mg.
. Introduction

The present challenge of SOFC technology is to develop practi-
al set-up with its operation in intermediate temperature range i.e.
00–700 ◦C. Yttria-stabilized zirconia (YSZ) is being used currently
s a solid electrolyte. Its ionic conductivity is sufficient for its use as

 solid electrolyte only at high temperature (900–1000 ◦C). Further
o have compatibility with the electrodes and interconnect, costly

aterials are required at this high temperature [1].  Research efforts
re being made to lower the temperature of operation (500–700 ◦C)
o enable the use of cheap materials for other components of the
ell. Fuel cells used in this temperature range are called inter-
ediate temperature solid oxide fuel cells, IT SOFCs. Ceria based

lectrolytes seem to be highly promising for this [2,3]. Ionic conduc-
ivity is closely related to formation of oxygen-vacancies and their

igration [4–6]. Ceria (CeO2) itself is not a good ionic conductor
ut its ionic conductivity increases significantly with introduction
f oxygen vacancies by doping of aliovalent cations in ceria as given
elow [7]:

a2O3
2CeO2−→ 2La′

Ce + 3Oo + Vo
•• (1)

gO
CeO2−→Mg′′

Ce + Oo + Vo
•• (2)
eria doped with gadolinia [8],  samaria, yttria [2],  and calcia [4,9]
xhibits high ionic conductivity and these are stable at intermediate
emperatures [10]. Ceria-based compounds doped with rare-earth
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elements give higher oxide ionic conductivity than those doped
with other elements [1,2,8].  It has been reported that co-doping
gives higher ionic conductivity than the single doping in ceria in
the temperature range 500–700 ◦C. e.g. co-doping of Mg  and Sm
[11], La and Ca [12], Sm and Ca [13], two rare earths e.g. Sm and Gd
[14], Gd and Pr [15], Sm and La [16]. Effect of co-doping of La and
Mg has not been studied so far. This system has been investigated
in the present work. It is well established, that to get enhanced
ionic conductivity, the dopant should be such that strain generated
due to radii mismatch is minimum. Since Mg2+ is smaller than Ce4+

and La3+ is larger than Ce4+ [18], a combination of these two  has
been chosen to get a suitable concentration so that the strain is
minimum. This is expected to give enhancement in conductivity.
Further if these materials are found to exhibit conductivity com-
parable or better than ceria doped singly or co-doped rare earth
ions such as e.g. Sm and Gd then the cost of solid electrolyte will
be reduced considerably. A few compositions have been prepared
in the system Ce1−x−yMgxLayO2−x−y/2 by auto-combustion method
and their electrical conductivity has been studied.

2. Experimental procedure

Powders of Ce1−x−yMgxLayO2−x−y/2 (CML) were synthesized by citrate–nitrate
auto-combustion technique. Ammonium ceric nitrate (NH4)2[Ce(NO3)6] (>99%
purity, G.S. Chemical Testing & Allied Industries, New Delhi), lanthanum oxalate
La2(C2O4)3·9H2O (99% purity), magnesium nitrate Mg(NO3)2·6H2O (99% purity,
Central Drug House (P) Ltd., Mumbai-Delhi), citric acid C6H8O7·H2O (99% purity,

Polypharm Private Ltd., Mumbai) were used as starting materials. Lanthanum
oxalate was converted into its nitrate with the help of nitric acid. Aqueous solu-
tions of ammonium ceric nitrate, lanthanum nitrate, magnesium nitrate, and citric
acid were prepared separately and mixed in appropriate amounts maintaining the
citrate to nitrate (C/N) ratio as 0.3 to have a controlled combustion [17]. The mixed

dx.doi.org/10.1016/j.jallcom.2011.12.137
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Crystallite size of sintered powders obtained by XRD for compositions CML00,
CML01, CML03, CML05 and CML15.

Composition Crystallite size of
sintered sample (nm)

CML00 50
CML01 53
CML03 52
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ing through the origin is observed in the highest frequency range.
The arc corresponding to grainboundaries is found in the inter-
mediate frequency range. The third arc in the lowest frequency
range corresponds to contribution of electrode–specimen interface.

Table 2
Lattice parameter, theoretical and experimental density and percentage porosity of
CeO2 and compositions CML00, CML01, CML03, CML05 and CML15.

Composition Lattice
parameter (Å)

Theoretical
density
(gm/cm3)

Experimental
density
(gm/cm3)

% porosity

aCeO2 5.4019 ± 0.0016 7.2553 6.8926 5.0
CML00 5.4060 ± 0.0002 7.0092 6.6396 5.2
CML01 5.4146 ± 0.0001 6.8143 6.3246 7.1
CML05 54
CML15 56

olution was evaporated by heating on a hot plate using a magnetic stirrer at ∼200 ◦C
ill it became gel. The gel slowly foamed and finally burnt on its own to produce
ight brown powder. In the combustion mixture, nitrates and citric acid act as
xidants and fuels respectively. The whole process after completion gives rise to
ellow-colored powder (ash). The powder (ash) was calcined at 1100 ◦C for 2 h.
he calcined powder was  pelletized under a load of 60 kN into cylindrical pellets
diameter ∼13 mm,  thickness ∼2.5 mm).  The pellets were sintered at 1350 ◦C for

 h.
Powder X-ray diffraction (XRD) patterns of sintered pellets were recorded using

igaku X-ray diffractometer employing Cu K� radiation with Ni filter for determi-
ation of crystal structure. Theoretical density was  calculated from the molecular
eight and the unit cell volume (a3). Experimental density was  determined using
rchimedes principle. Percentage porosity was calculated from the theoretical and

he  experimental density. For microstructural studies, sintered pellets were polished
sing emery papers of grade 1/0, 2/0, 3/0, and 4/0 followed by polishing on a velvet
loth with diamond paste of grade 1/4-OS-475 (HIFIN) and then thermally etched
t  1250 ◦C for 15 min. The samples were coated with gold by sputtering. Micro-
raphs were taken using Inspect S-50, FP 2017/12 Scanning Electron Microscope
SEM). Two probe AC impedance measurements were made on pellets electroded
ith silver paint using Novocontrol Alpha-A High Performance Frequency Analyzer

n  the frequency range 1 Hz to 1 MHz  and in the temperature range 200–500 ◦C in
ir. Impedance analysis has been used to separate contributions of grains, grain-
oundaries and electrode–specimen interface to the total observed resistance.

. Results and discussion

Compositions viz. Ce0.925Mg0.075O1.925 (CML00),
e0.920Mg0.070La0.010O1.925 (CML01), Ce0.910Mg0.060La0.030O1.925
CML03), Ce0.900Mg0.050La0.050O1.925 (CML05), and
e0.850La0.150O1.925 (CML15) have been prepared by auto-
ombustion method. XRD patterns of various compositions
fter sintering are shown in Fig. 1. Absence of characteristic lines
f constituent oxides in the patterns confirmed the formation of
ingle phase. There is a slight shift in 2� values from the corre-
ponding 2� values of undoped ceria. XRD data could be indexed
n the basis of a cubic unit cell similar to CeO2. Lattice constant
or all the compositions was calculated using the program ‘UNIT
EL’. Lattice parameter for all the compositions is given in Table 2.
attice parameter is more than undoped ceria (5.4019 Å) for all
he five compositions. The increase in lattice parameter is due
o dissolution of lanthanum and magnesium in ceria as La3+ ions
1.16 Å) and Mg2+ ions (0.89 Å). Lattice parameter increases with
he increase of La because La3+ is much bigger than Ce4+ while

g2+ is not very much smaller than Ce4+. Crystallite size (d) of
intered powder was calculated from X-ray line broadening using
cherrer’s formula.

 = 0.9�

 ̌ cos �
(3)

here  ̌ is the full width at half maximum (FWHM) intensity of a
ragg reflection excluding instrumental broadening, � is the wave-

ength of the X-ray radiation and � is the Bragg angle and  ̌ is taken
or strongest Bragg’s peak corresponding to 2� ∼ 28◦ for all the six
amples. Crystallite size of sintered powder obtained from X-ray
ine broadening is given in Table 1. Density of sintered pellets was

etermined by Archimedes principle. Lattice parameter, theoret-

cal and experimental density and percentage porosity for all the
amples are given in Table 2. Density of compositions decreases
ith the increasing percentage of lanthanum.
Fig. 1. Powder X-ray diffraction patterns of compositions: (a) CML00, (b) CML01,
(c)  CML03, (d) CML05 and (e) CML15.

Scanning electron micrographs for the sintered samples CML00,
CML01, CML03, CML05, and CML15 are shown in Fig. 2. These show
dense microstructure with distinct grains and grainboundaries.

Impedance measurements were performed in air in the temper-
ature range 250–500 ◦C and in the frequency range 1 Hz to 1 MHz.
Generally, in a complex plane impedance plot, three circular arcs
are observed. The arc corresponding to contribution of grains pass-
CML03 5.4133 ± 0.0005 6.8666 6.4058 6.7
CML05 5.4218 ± 0.0002 6.8817 6.3794 7.2
CML15 5.4406 ± 0.0001 6.7721 6.2442 7.7

a Data taken from Ref. [22].
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Fig. 2. Scanning electron micrograph of compositions:

ntercept of the arcs on the real axis represents the contribution of
he grains, grainboundaries and electrode–specimen interface to
he total observed resistance in order of decreasing frequency [19].

Complex plane impedance plots for CML00 at different temper-
tures are shown in Fig. 3(a–f). In case of CML00, a steep line passing
hrough origin appears in the complex plane impedance plots
elow 300 ◦C. This is because of very high resistance of this sample
p to these temperatures. However on plotting the data in the high
requency range on an expanded scale, the contribution of grains
t these temperatures is clearly seen. With increasing temperature,

 distorted arc is observed which can be fitted to three depressed
rcs corresponding to contributions of grains, grainboundaries and
lectrode–specimen interface in order of decreasing frequency.

Complex plane impedance plots for CML01, CML03, CML05 and
ML15 are essentially similar. Typical plots for CML03 are shown

n Fig. 4(a–f). Two or three depressed circular arcs are observed
epending on the temperature of measurement. With increasing
emperature frequency range of these arcs shift to higher fre-

uency side. Therefore, for compositions CML01, CML03, CML05
nd CML15, the depressed circular arc corresponding to grains
isappears completely above ∼350 ◦C. Above 350 ◦C, the contri-
ution of grains to the total resistance is given by the intercept
L00, (b) CML01, (c) CML03, (d) CML05 and (e) CML15.

on Z′ axis to the left of higher frequency side of the arc due to
grainboundaries.

Values of resistance of grains (Rg) and grainboundaries (Rgb) can
be determined from the intercepts of these circular arcs with the
real axis (Z′). The value of capacitance corresponding to grains and
grainboundaries can be obtained from the frequency of the high-
est point in the corresponding arc where the relation ωRC = 1 is
satisfied. Here ω is the angular frequency, ω = 2Пf, f is the applied
frequency in Hz at arc maximum. Grains have capacitance of order
of picofarad, grainboundaries have capacitance of order of nano-
farad and electrode–specimen interface has capacitance of order
of microfarad [20]. These values are of right magnitude for grains,
grainboundaries and electrode–specimen interface.

Conductivity of the grains of the samples is determined using
the relation

�g = 1
Rg

× l

a
(4)
where �g is the conductivity of grains(bulk), Rg is the resistance
of grains, l is the thickness and a is the area of pellet. Fig. 5 shows
log �gT vs 1000/T  plots of conductivity of grains for all the com-
positions. These plots are linear with a single slope in the entire
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(e) (f)

eratures: (a) 250 ◦C, (b) 300 ◦C, (c) 350 ◦C, (d) 400 ◦C, (e) 450 ◦C and (f) 500 ◦C in air.
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Table 3
Activation energy of grains (Eg), grainboundaries (Egb) and total activation energy
(Et) for compositions CML00, CML01, CML03, CML05 and CML15.

Composition Activation energy
of grains, Eg (eV)

Activation energy of grain
boundaries, Egb (eV)

Total activation
energy, Et (eV)

CML00 1.23 1.67 1.67
Fig. 3. Complex plane impedance plots of composition CML00 at a few temp

emperature range of measurement. Values of activation energy
or conduction in grains, Eg for all the compositions, determined
rom the plots, by least square fitting of the data in Fig. 5 are given
n Table 3.

Conductivity of grainboundaries can be determined using the
elation

gb = 1
Rgb

× D

d
× l

a
(5)
here Rgb, D, d, l and a are the resistance of grainboundaries, aver-
ge thickness of the grainboundaries, average grain size, thickness
f the pellet and area of the pellet respectively. The ratio D/d can
e determined from the ratio Cg/Cgb where Cg and Cgb are the
CML01 0.74 1.14 1.26
CML03 0.85 1.33 1.26
CML05 0.73 1.05 0.97
CML15 0.91 1.24 1.07
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Fig. 4. Complex plane impedance plot of composition CML03 at a few tempe

apacitance of grains and grainboundaries determined from the
eak point of the circular arcs in Z′′ vs Z′ plots [20]. However in the
resent case it is not possible to determine Cg because circular arc
orresponding to contribution of grains disappears after a particu-
ar temperature for all the compositions. Therefore, �gb cannot be
etermined from the above relation. Hence conductance Ggb (1/Rgb)
f grainboundaries is determined. Fig. 6 shows plots of log GgbT

s 1000/T  for all the compositions. These are linear with single
lope in the entire temperature range of measurement. Values of
ctivation energy of conduction for grainboundaries are given in
able 3.
s: (a) 250 ◦C, (b) 300 ◦C, (c) 350 ◦C, (d) 400 ◦C, (e) 450 ◦C and (f) 500 ◦C in air.

Total resistance of the sample is given by Rt = Rg + Rgb [19]. Total
conductivity has been determined using the formula

�t = 1
R

× l

a
(6)

where l is the thickness and ‘a’ is the area of the sample. Plots of
log (�t·T) vs 1000/T  are shown in Fig. 7. A linear behavior is observed

showing that these follow Arrhenius behavior

�t = �0

T
· exp

(
− Et

kBT

)
(7)
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Fig. 5. Log �g·T vs 1000/T plot of compositions CML00, CML01, CML03, CML05 and
CML15.
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Table 4
Total conductivity �t at 700 ◦C, value of pre exponential factor �0 and value of
effective index for the compositions CML00, CML01, CML03, CML05 and CML15.

Composition aTotal conductivity �t

at 700 ◦C (S cm−1)
�0 Effective ionic

index

CML00 3.11 × 10−4 6.76 × 108 0.656
CML01 4.98 × 10−3 2.45 × 106 0.683
CML03 1.19 × 10−2 2.29 × 108 0.729
CML05 2.54 × 10−2 2.88 × 106 0.765
ig. 6. Log Ggb·T vs 1000/T  plot of compositions CML00, CML01, CML03, CML05 and
ML15.
here T stands for temperature in K, kB for the Boltzman con-
tant, and �0 for a temperature-independent pre-exponential
actor. Values of �0 are given in Table 4. Fig. 7 shows that the
otal conductivity increases with increasing concentration of La.

ig. 7. Log �t·T vs 1000/T  plot of compositions CML00, CML01, CML03, CML05 and
ML15.
CML15 5.14 × 10−2 2.08 × 107 0.886

a Obtained by extrapolation.

Among all the compositions, composition with x = 0.00, y = 0.15
has the maximum lattice parameter. Therefore, more open struc-
ture seems to facilitate movement of the oxide ions. This increases
the ionic conductivity. Therefore, CML15 exhibits the highest ionic
conductivity. Values of activation energy of total ionic conduc-
tivity Et for all compositions are given in Table 3. Ce0.8Sm0.2O1.9
and Ce0.8Gd0.2O1.9 have been reported to exhibit highest elec-
trical conductivity among all the ceria-based oxides [21]. The
total conductivity of Ce0.8Sm0.2O1.9 and Ce0.8Gd0.2O1.9 at 700 ◦C
is 3.49 × 10−2 and 2.97 × 10−2 S cm−1, respectively. In our inves-
tigation, CML15 and CML05 have shown comparable value of total
conductivity at 700 ◦C (obtained by extrapolation) given in Table 4.
Composition CML05 seems to be a promising candidate as a solid
electrolyte for IT-SOFCs being cheaper than Sm or Gd doped ceria
material.

Mori et al. [13] defined the effective index to explain the ionic
conductivity of ceria-based systems and concluded that CeO2-
based systems reach the ideal fluorite structure for high oxide ion
conduction when the effective index is close to 1. The effective
index is given by the formula

Effective index =
(

avg. rc

eff. ro

)
×

(
rd

rh

)
(8)

where avg rc is the average ionic radius of the cations, ro is the
effective radius of oxygen ion, rd is the average ionic radius of the
dopant, and rh is the ionic radius of host cation. The effective oxygen
ion radius is given by formula

eff. ro = 1.4 ×
[

(2 − ı)
2

]
(9)

where 1.4 Å is the ionic radius of O2− in oxides and ı is the level of
oxygen vacancies in CeO2 based oxides. The effective index for dif-
ferent compositions is given in Table 4. Values given in Table 4 show
that effective index of composition with x = 0.00, y = 0.15 is closest
to 1 as compared to other four compositions. Therefore, the ionic
conductivity of the composition with x = 0.00, y = 0.15 is maximum.
It is concluded that ionic conductivity increases with an increase of
the effective index confirming the validity of Mori’s Criteria. There
is no enhancement in conductivity due to co-doping with Mg  and
La.

4. Conclusions

Compositions in the system Ce1−x−yMgxLayO2−x−y/2 (CML) with
x = 0.075, 0.070, 0.060, 0.050 and 0.000 and y = 0.000, 0.010, 0.030,
0.050 and 0.150 have been prepared by auto-combustion method
successfully. All the compositions have fluorite type crystal struc-
ture similar to pure ceria. Value of lattice parameter is maximum
for the x = 0.00, y = 0.150. Morphology of the samples shows homo-
geneous and dense microstructures. Total conductivity increases

with increase in La content. CML05 seems to be a potential can-
didate for IT-SOFCs as it will be cheaper than the Sm or Gd singly
or co-doped ceria. There is no enhancement in conductivity due to
co-doping of Mg  and La.
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