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ABSTRACT 
 
We report the nature of rare earth ion doped ceria (REC), Ce0.8Ln0.2O2−δ, (Ln = Y

3+
, Gd

3+
, Sm

3+
, Nd

3+
 and La

3+
) as oxide ion 

conductors for their plausible application as electrolytes in intermediate temperature solid oxide fuel cell (SOFC). The samples 
were prepared by citrate-complexation method and characterized by XRD, SEM/ EDX and UV-Visible spectra. The cubic 
fluorite-type crystal structure is confirmed from XRD patterns, and the observed lattice parameters are in agreement with 
calculated values. The UV-Vis spectra of the particles dispersed in aqueous medium showed absorption in the UV region which 
is ascribed to charge-transfer transition. The dc conductivities at 673 K are in the order of Ce0.8Sm0.2O2−δ > Ce0.8Gd0.2O2−δ > 
Ce0.8Y0.2O2−δ > Ce0.8Nd0.2O2−δ > Ce0.8La0.2O2−δ and their corresponding activation energies are 0.85, 0.87, 0.87, 0.88 and 0.95 
eV. Based on ionic and electronic transference numbers, electrical conductivity obtained here is purely ionic, i.e., oxide ion 
conductors. Copyright © 2016 VBRI Press. 
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Introduction  

Towards the development of green energy devices, it is 
essential to improve the performance of solid oxide fuel 

cells (SOFCs) [1, 2]. Investigations on oxide ion 
conducting electrolytes are essential to advance the usage 
of SOFC. Yttria stabilized zirconia (8 mol % Y, YSZ) is 
widely used as an electrolyte for SOFCs, but it requires 
high temperature (HT, 1073 K − 1273 K) operation. Also, 
HT causes severe problems like thermal degradation, 

thermal expansion mismatch etc [3, 4]. Therefore, 

development of intermediate temperature (IT, 873 K  
1073 K) SOFC is the current world tendency for SOFC 
commercialization. Such a reduction in operating 
temperature of the SOFC is a challenging task. On 
decreasing the operating temperature, internal resistance of 
the cell increases tremendously which decreases the 

performance of cell [5, 6]. Therefore, how to decrease the 
internal resistance of SOFC is the challenging for IT-
SOFCs researchers. Numerous factors lead to the SOFC 
internal resistance: first and foremost is the large resistance 
of the current electrolyte materials at IT. Next, the 
polarization resistances of electrodes (especially cathode) 
are magnified with the decrease of temperature. There are 
two possible ways to address these issues: the dimensional 
thickness of the electrolyte can be reduced to decrease the 
area specific resistance of the fuel cell and/or developing an 
electrolyte materials having improved ionic conductivity 

[79]. Therefore, there remains a strong motivation to 
search for new improved oxygen conducting electrolytes, 
which can operate at IT. Varieties of oxides are under 

investigation like stabilized -Bi2O3 [10], scandium doped 

zirconia [11], strontium/magnesium doped lanthanum 

gallate (LSGM) [12] and doped ceria [13, 14] etc as 
electrolytes for IT-SOFCS. Among the above IT 

electrolytes, -Bi2O3 shows the highest oxygen ion 
conductivity, but it has little chemical stability as it is 
reduced at low oxygen partial pressure. Hence, its 
application in IT-SOFCs is hindered by their limited 

electrolytic domain [15]. Scandium doped zirconia requires 
very high sintering temperature and exhibits high internal 

resistance when operated below 1073 K [16]. Problems of 
LSGM electrolyte materials at IT includes possible 
reduction and volatilization of gallium oxide, difficulty in 
the synthesis of single phase perovskite structure, relatively 
high cost of gallium, significant reactivity with perovskite 
electrodes (under oxidizing conditions) as well as with 

metal anodes in reducing conditions [17, 18]. On other 
hand, doped ceria is considered as one of the most 
promising electrolyte material for IT-SOFCS, due to its 
high oxide ion conductivity and low polarization resistance 
as well as low cost when compared to YSZ and lanthanum 

gallate [19, 20].  

 

Experimental  

Ce0.8Ln0.2O2−δ (Ln = Y
3+

, Gd
3+

, Sm
3+

, Nd
3+

 and La
3+

) solid 
solutions were synthesized by citrate-complexation method 

[24]. All the chemicals used in this experiment were 
analytical grade. Individual solutions of cerium nitrate 
hexahydrate (Ce(NO3)3∙6H2O, Sigma Aldrich Chemicals), 
rare earth nitrate hexahydrate (Ln(NO3)3∙6H2O, Sigma 
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Aldrich Chemicals) were made by dissolving the nitrates in 
distilled water. Citric acid (Sigma Aldrich Chemicals) was 
used as chelating agent. 0.08 M of Ce(NO3)3∙6H2O and 
0.02 M of Ln(NO3)3∙6H2O were pre-dissolved in deionized 
water and then mixed into an aqueous solution at room 
temperature. The necessary amount of citric acid dissolved 
in deionized water was then added to the mixed metal 
nitrate solution with stirring. Mole ratio of total metal ions 
to citric acid was 1: 2. On heating this mixture on hot plate 
at 353 K for 4 h, the excess water and nitrate gases were 
removed to form a transparent and viscous gel. The gel was 
then transferred to crucible and heated to 573 K for 4 h in a 
muffle, which led to decomposition of precursors. The 
residual powder was then calcined at 873 K for 4 h to get 
final product, designated hereon as YDC20, GDC20, 
SDC20, NDC20 and LDC20 respectively and stored in 
desiccators for further use.    The samples calcined at 873 K 
were uniaxially pressed (5 MPa) into pellets of 10 mm in 
diameter, 2 mm in thickness and sintered at 1473 K in air 
for 4 h with programmed heating rate of 278 K per minute 
and cooling rate of 276 K per minute. These high 
temperature sintered samples were used for density,  
FE-SEM and dc conductivity measurements. 

X-ray diffraction (XRD) pattern of the Ce0.8Ln0.2O2−δ 
samples were obtained using a Philips PW 3710 
diffractometer (Cu Kα radiation) with a step scan of 0.2

0
. 

The crystallite size, D, was calculated from the Scherrer's 
equation: D = (0.9 λ)/ (βcosθ), where λ is the wavelength of 
the X-rays (1.5418 Å), θ is the angle of main reflection 
(111) and β is full width at half-maximum intensity  
(in radians). The lattice parameter a = d√h

2
 + k

2
 + l

2
, where 

d = λ/2sinθ is the inter planar spacing and θ is the 
diffraction angle. The lattice parameter a of the RE doped 

ceria is given by Hong and Virkar [25] as a = (4x/3)  

[rLn + (1 − x)rCe + (1 − 0.25x)ro + 0.25xrvo]  0.9971, 
where, x is the concentration of dopant and rLn, rCe, rO and 
rVo are the radius of dopant cations (Y

3+
 = 1.03 Å, Gd

3+
 = 

1.05 Å, Sm
3+

 = 1.08 Å, Nd
3+

 = 1.11 Å and La
3+

 = 1.15 Å), 
cerium ion (Ce

4+
 = 0.97 Å), the oxygen ion (O

2−
 = 1.38 Å) 

and the oxygen vacancy (rVo = 1.164 Å) respectively. The 
density of the sintered pellets was determined by standard 
Archimedes principle. Optical absorption of pure cerium 
oxide and rare earth doped ceria powders calcined at 873 K 

were recorded using UV-Vis spectra (UV-1650PC 
SHIMADZU). The morphology of the sintered pellets was 
observed by field-emission scanning electron microscope 
(FE-SEM-Carl Zeiss, Supra 40 VP) with energy-dispersive 
X-ray spectroscopy (EDX). The dc electrical conductivity 
measurements were done using two-probe method 
(KEITHLEY source meter, Model-2400) in the temperature 
range of 473 K – 673 K. To prepare samples for the ionic 
conductivity measurements, silver paste was painted on 
both sides of sample, followed by baking at 673 K for 1 h. 
Conductivity was obtained by substituting the value of the 
resistances and dimensions of the samples in the equation, 

 = L/ SR, where, L is the sample thickness, S is the 
electrode area (sample surface). The ionic (tion) and 
electronic (tele) transference numbers (ionic migration 
parameters) of the Ce0.8Ln0.2O2−δ were determined here 
using KEITHLEY source meter (Model-2400) by Wagner’s 

polarization technique [26] at 673 K in air. For this, the 
pelletized samples were coated with silver paste on  

both sides to construct AgCe0.8Ln0.2O2−δAg cell. The pellet 
was polarized by supplying a dc voltage of 300 mV for 
about 4 h. 
 

Results and discussion 

The XRD patterns (Fig. 1) of Ce0.8Ln0.2O2−δ solid solutions 
matches with the standard cubic fluorite structure with 
space group Fm3m (JCPDS File No.: 34-0394).  
A small shift in the ceria peaks depends on the RE-dopant 
ion indicates the formation of single-phasic solid solutions 
with a marginal increase in lattice parameter, a (= 5.411 Å 

for pure CeO2 [27]).  

 

 
 
Fig. 1.  XRD patterns of REC powders calcined at 873 K for 4 h. 

 
The measured and calculated lattice parameters of 
Ce0.8Ln0.2O2−δ as a function of dopant radius are shown in 

Fig. 2. From the figure, it is clear that the measured lattice 
parameters are in accordance with calculated lattice 
parameters. Thus, there is a lattice expansion of CeO2 
structure with increasing radii of the dopant ion.  

 

 
 

Fig. 2.  Measured and calculated lattice parameters of Ce0.8Ln0.2O2−δ as a 
function of dopant cation radius. 
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The crystallite size increases with increasing radius of the 
dopant from Y

3+
 to Sm

3+
 and then decrease with further 

increase in size of the dopant ion. Therefore, in 
Ce0.8Ln0.2O2−δ crystallite growth strongly depends on the 
dopant ion. The lattice parameters and crystallite sizes of 
Ce0.8Ln0.2O2−δ as a function of dopant radius are given in 

Table 1. 

 
Table 1. Measured, calculated lattice parameters and crystallite sizes of 
REC as a function of dopant radius. 
. 

Composition Lattice parameter (Å) Crystallite Size 

 nm Measured Calculated 

Ce0.8Y0.2O2−δ 5.4103 5.4140 21 

Ce0.8Gd0.2O2−δ 5.4199 5.4234 22 

Ce0.8Sm0.2O2−δ 5.4325 5.4370 24 

Ce0.8Nd0.2O2−δ 5.4533 5.4510 19 

Ce0.8La0.2O2−δ 5.4721 5.4695 16 

 
 

 
UV-Vis spectra of pure CeO2 and Ce0.8Ln0.2O2−δ  

(Ln = Y
3+

, Gd
3+

, Sm
3+

, Nd
3+

 and La
3+

) samples are shown 

in Fig. 3. Here, all the samples exhibit a strong absorption 
band below 360 nm, which is due to the charge-transfer 

transition from O
2−

 (2p) to Ce
4+

 (4f) orbital [28, 29]. The 
concentration of oxygen vacancies present in solid solution 
is in relative proportion to the intensity of absorption peak 
in UV-Vis spectrum. So, the increase of absorption in 
Ce0.8Ln0.2O2−δ indicates the substitution of Ce

4+
 with RE 

cations, such a substitution increases the oxygen vacancy 
concentration of pure CeO2 due to charge compensation 

mechanism [30, 31]. This observation confirms the 
formation of RE doped ceria solid solutions in 
corroboration with XRD data. 
 

 
 

Fig. 3. UV-Visible spectra of Ce0.8Ln0.2O2−δ solid solutions calcined at 
873 K. 

 

Fig. 4 (a-e) shows the EDX spectra for sintered 
Ce0.8Ln0.2O2−δ samples, which confirms the desired 
stoichiometry of all the constituent elements.  

Based on the dc conductivity measured by two-probe 
method, the plots of Ln(σ) vs. 1000/T for Ce0.8Ln0.2O2−δ are 

shown in Fig. 5. The ionic conductivity here is the bulk 
value, which is the sum of grain interior and GB 

contributions. The addition of trivalent RE cations into 
CeO2 enhances the oxide ionic conductivity by the 
formation of oxygen vacancies. Among the 
Ce0.8Ln0.2O2−δ solid solutions, SDC20 exhibits the 
maximum electrical conductivity. The ionic conductivities 
of Ce0.8Ln0.2O2−δ at 673 K are as follows: Ce0.8Sm0.2O2−δ > 
Ce0.8Gd0.2O2−δ > Ce0.8Y0.2O2−δ > Ce0.8Nd0.2O2−δ > 
Ce0.8La0.2O2−δ. Here the maximum conductivity for SDC20 
can be explained in terms of ionic radius ratio (rd/rh) as 

explained by Kilner [32]. 
 

Element Wt. % At. %

expected obtained expected obtained

Ce 63.85 66.01 26.66 26.95

Gd 17.91 15.10 06.66 05.49

O 18.22 18.89 66.66 67.55

Total 100.00

(b)

GDC20

Element Wt. % At. %

expected obtained expected obtained

Ce 69.24 71.70 26.66 29.08

Y 10.98 10.16 06.66 06.49

O 19.76 18.14 66.66 64.43

Total 100.00

(a)

YDC20

 

Element Wt. % At. %

expected obtained expected obtained

Ce 64.36 60.30 26.66 24.65

Sm 17.26 20.87 06.66 07.95

O 18.37 18.83 66.66 67.40

Total 100.00

(c)
Element Wt. % At. %

expected obtained expected obtained

Ce 64.81 64.99 26.66 26.38

Nd 16.67 16.08 06.66 06.34

O 18.50 18.92 66.66 67.27

Total 100.00

(d)

NDC20SDC20

 

Element Wt. % At. %

expected obtained expected obtained

Ce 65.21 67.35 26.66 27.90

La 16.16 14.44 06.66 06.03

O 18.61 18.21 66.66 66.07

Total 100.00

LDC20

(e)

 

 
Fig. 4. (a-e) EDX spectra of Ce0.8Ln0.2O2−δ (Y3+, Gd3+, Sm3+, Nd3+ and 
La3+) pellets sintered at 1473 K. 

 
 

 
 
Fig. 5. Arrhenius plots for Ce0.8Ln0.2O2−δ (Y3+, Gd3+, Sm3+, Nd3+ and 
La3+) solid solutions sintered at 1473 K. 
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Accordingly, the conductivity is high for those dopants, 
which are having minimum association enthalpy between 
the dopant cation and the anion vacancy i.e., rd/rh value 
close to unity. When rd/rh approaches to unity, the lattice 
strain is expected to be minimum, which leads to the 
increased anion mobility and hence higher conductivity. 
The rd/rh, σ and Ea of Ce0.8Ln0.2O2−δ at 673 K are given in 

Table 2. As shown in Table 2, rd/rh close to unity for 
SDC20 and therefore it exhibits highest conductivity among 
the Ce0.8Ln0.2O2−δ. However, the global lattice strain is not 
always a major factor for the high oxide ion conductivity, 
local structure may be important. Hence, the conductivity 
also depends on sample preparation method, micro 
structural feature of sintered pellets, amount of SiO2 
contamination and RE cations segregating at GB. In the 
present citrate method, the amount of SiO2 contamination 
and RE cations segregating at GB is low in comparison to 

other methods such as solid-state reaction [33, 34] etc. Both 
the amount of SiO2 contamination and the RE cations 
segregating to GBs may have a significant effect on the dc 
conductivity. Here for SDC20, SiO2 contamination and Sm 
cations segregating at GBs might be lowest and also 
SDC20 contain more continuous GB phases than those of 
GDC20, NDC20, LDC20 and YDC20. Hence, SDC20 
exhibits highest conductivity among the RE doped ceria 
solid solutions, which is in corroboration with Kilner 
theory. 
 
Table 2. Dopant radius, radius ratio (rd/rh), conductivity (σt) and 
activation energy (Ea) of Ce0.8Ln0.2O2−δ (Y

3+, Gd3+, Sm3+, Nd3+ and La3+) 
solid solutions. 

 
 

 

Sample 

Radius 

ratio 

rd/ rh 

At 673 K 

Conductivity 

σt (Scm−1) 

Activation 

energy 

Ea (eV) 

Ce0.8Y0.2O2−δ 

Ce0.8Gd0.2O2−δ 

Ce0.8Sm0.2O2−δ 

Ce0.8Nd0.2O2−δ 

Ce0.8La0.2O2−δ 

1.11 

1.08 

1.06 

1.14 

1.18 

1.69 × 10−4 

1.88 × 10−4 

2.36 × 10−3 

1.36 × 10−4 

5.54 × 10−5 

0.87 

0.87 

0.85 

0.88 

0.95  
 

The activation energy (Ea) is calculated from the slope of 
the straight line plot of Ln(σ) vs. 1000/T. The Ea for dc 
conductivity was found to be 0.85, 0.87, 0.87, 0.88 and 
0.95 eV for Sm, Gd, Y, Nd and La doped ceria 
respectively, which indicates that all the solid solutions are 

oxide ion conductors. Fig 6 shows the variation of Ea and 
conductivity as function of RE dopant radius. As can be 
seen, the Ea decreases with increase in radius from Y

3+
 to 

Sm
3+

, then increases consistent with the results of total 

conductivity as shown in Fig 5. The changes in Ea on 
dopant radius seems to be correlated with conductivity 
variations with dopant radius i.e. the maximum value of 
total conductivity corresponds to the minimum Ea in 

agreement with the Meyer-Neldel compensation rule [35]. 
The ion migration parameters such as ionic (tion) and 

electronic (tele) transference numbers of Ce0.8Ln0.2O2−δ are 
determined here by Wagner’s polarization technique at 673 
K in air. Based on the current values measured by 
programmable multimeter, tion and tele transference numbers 
are calculated by using the equations: tion = (Ii−If)/ Ii and tele 

= If/ Ii, where Ii is the initial current and If is the final 
current. For all Ce0.8Ln0.2O2−δ samples, the tion and tele 

transference numbers are  0.90 and  0.10 respectively. 
This suggests that the electrical transport in these solid 
electrolytes is mainly due to ions and the material is ionic in 
nature. 

Based on the above preliminary investigations, for IT-
SOFCs electrolytes the selection of dopant is very 
important parameter, which in turn influence on the 
conductivity of samples. Nevertheless, other 
electrochemical and mechanical properties such as open 
circuit voltage and thermal expansion constants must be 
considered for the selection of proper dopant as electrolyte 
materials for IT-SOFCs. 
 

 
 
Fig. 6. Variation of activation energy (Ea) and conductivity () as a 
function of dopant cation radius for Ce0.8Ln0.2O2−δ (Ln = Y3+, Gd3+, Sm3+, 
Nd3+ and La3+) solid solutions. 

 

Conclusion 

The lattice parameters, ionic conductivity, activation energy 
and ionic migration parameters of rare earth ion doped 
ceria (REC), Ce

0.8
Ln

0.2
O

2−δ
, (Ln = Y

3+
, Gd

3+
, Sm

3+
, Nd

3+
 

and La
3+

), prepared by citrate complexation, are 
determined. XRD data confirm their cubic fluorite-type 
structure with space group Fm3m, and the measured lattice 
parameters were in accordance with calculated values. UV-
Vis spectra also confirm the formation of REC solid 
solutions. EDXA shows the expected stoichiometry of all 
the constituent elements. Sm doped ceria exhibits highest 
oxygen ion conductivity (2.36 × 10

−3
 S cm

−1
) when 

compared to Gd, Y, Nd and La doped samples. The ionic 
conductivities value at 673 K are in the order of 
Ce

0.8
Sm

0.2
O

2−δ 
> Ce

0.8
Gd

0.2
O

2−δ
 > Ce

0.8
Y

0.2
O

2−δ
 > 

Ce
0.8

Nd
0.2

O
2−δ 

> Ce
0.8

La
0.2

O
2−δ

 and their corresponding 
activation energies are 0.85, 0.87, 0.87, 0.88 and 0.95 eV. 
The change in activation energy with conductivity follows 
the Meyer-Neldel compensation rule. Ion migration 
parameter revealed that, these solid electrolytes were ionic 
nature. It is clear from these studies that the selection of 
proper dopant is very important to get high conductivity 
and good electrochemical characteristics. Based on this 
preliminary investigation, we propose these REC solid 
solutions as potential electrolytes for IT-SOFCs. 
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