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Abstract: For the doping technique with single dopant of Sb2O3, Ga2O3, In2O3, AlCl3, Bi2O3 or Sm2O3, the dopant concentrations of 
10%(molar fraction) were selected for the CeO2-based oxygen-ion conductors. A wet chemical method by polymerization of 
polyvinyl-alcohol was performed for the compound preparation. X-ray diffraction analysis result shows that the calcined powders 
have nanocrystalline structure with grain size less than 40 nm, and the sintered samples have pure single fluorite-type phase in all 
doped cerium oxides. Impedance measurement results show that the conductivities and activation energies of CeO2-based oxides 
depend closely on the dopants. The Sb2O3-doped CeO2 has the largest conductivity and In2O3-doped CeO2 has the lowest one at 200 
℃, the Bi2O3-doped oxide shows the highest activation energy and Al2O3-doped oxide shows the lowest one. Ionic radii and 
association enthalpies of dopants were taken account for different conductivities and activation energies of the CeO2-based 
oxygen-ion conductors. 
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1 Introduction 
 

Oxide ionic conductors are used in various 
applications, such as oxygen sensors, oxygen pumps, and 
solid oxide fuel cells (SOFCs)[1−3]. Yttria-stabilized 
zirconia (YSZ) is one of the applied conductor materials, 
but it shows disadvantage for its high operating 
temperatures about 900 ℃ . In order to reduce the 
operating temperature, some novel oxygen-ion 
conductors including CeO2-, Bi2O3- and LaGaO3-based 
oxides have been extensively investigated because they 
demonstrate much higher ionic conductivity at relatively 
lower temperatures compared with YSZ[4−6]. While, 
CeO2 oxides with dopants have been extensively studied 
as one of the most promising candidates for the 
application of oxide ionic conductors such as in the 
application of solid electrolyte for intermediate 
temperature SOFCs. And divalent and trivalent metallic 
oxides such as rare-earth oxides were always selected as 
dopants for CeO2 oxides. Among various doped ceria 
oxides, Sm2O3-doped ceria oxides were reported to have 
the highest conductivity[7−9].  

However, as our knowledge, there have been few 

reports on ceria conductors doped by trivalent metallic 
cations such as Sb3+, Ga3+, In3+, Al3+ or Bi3+, so far. The 
study on the influence of radii and enthalpies of Sb3+, 
Ga3+, In3+, Al3+ and Bi3+ on the conductivities of ceria 
conductors should be one of the interesting topics. 
Recently, our researches revealed that conductivities of 
some of the ceria-based oxides doped with these trivalent 
oxides were higher than that of 20%(molar fraction) 
Sm2O3-doped CeO2, which has been considered as the 
best doping technique in literatures, when a suitable 
doping technique was performed[10−12]. The effect of 
ionic radii and related enthalpies of the dopants on the 
conductivities were considered in this paper. 
 
2 Experimental 
 

Ce0.9D0.1O1.95 (D= Sb, Ga, In, Al and Bi) oxides were 
prepared by a wet chemical method polymerized with 
polyvinyl-alcohol (PVA). CeO2, Sb2O3, Ga2O3, In2O3, 
AlCl3, Bi2O3 and Sm2O3, with the purities higher than 
99.9 %, were used as the starting materials. Polyvinyl 
alcohol (PVA, 98%−99%, Alfa Aesar, a Johnson Matthey 
Company, Germany) was applied as the polymerization 
material. As the reference samples, 10%-Sm2O3 doped
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CeO2 were also prepared with the same synthesis process. 
Starting materials were weighed according to calculated 
amount for each experimental batch. Firstly, CeO2 was 
dissolved into HNO3-H2O2 matured aqueous solution, the 
dopant was dissolved into HNO3 aqueous solution and 
PVA was dissolved into distilled water, respectively. 
Secondly the dissolved slat solutions were mixed with 
PVA solution, respectively, resulting in the precursor 
solution. Mixed solution was heated at about 150 ℃ 
with stirring until the water evaporated. As a result, a 
crisp gel was obtained. The crisp gel was ground into 
powder. The calcination was performed in air in a 
furnace at 800 ℃ for 1 h.  

Calcined powders were granulated with PVA 
solution, and pressed into pellets with diameter of 15 mm 
and thickness of about 3 mm. The pressure was about 
200 MPa. Then green pellets were sintered at different 
temperatures, i.e. 900 ℃, 1 h for Bi2O3-doped ceria,    
1 450 ℃, 5 h for Sb2O3-, Ga2O3-, In2O3-, AlCl3- and 
Sm2O3-doped cerium oxides.   

Phases in the calcined powders and sintered bulk 
samples were analyzed by X-ray powder diffraction 
(XRD) (HUBER Imaging Plate Guinier Camera G670, 
with Cu Kα radiation) at room temperature. The sintered 
pellets were ground to a thickness of about 1 mm and 
then were painted with gold past on both parallel sides of 
the samples as the electrode. AC conductivities were 
characterized by an EI300 electrochemical impedance 
spectroscopy (Gamry Istruments, Inc.). The range of AC 
frequency is 0.01 Hz to 300 kHz. 

 
3 Results and discussion 
 
3.1 Phase examination  

Fig.1 shows XRD patterns of the as-calcined 
powders and the as-sintered bulks of cerium oxides 
doped with various dopants. Fig.1(a) shows XRD 
patterns of the as-calcined powders. It can be seen that 
pure fluorite-type phases of Ga2O3-, AlCl3-, Bi2O3- and 
Sm2O3-doped cerium oxides were obtained after 
CeO2-based oxides had been calcined at 800 ℃ for 1 h. 
In the XRD spectra of Sb2O3-doped ceria, some 
additional Bragg peaks marked by full dots can be found. 
The analysis reveals that these impurity peaks come from 
the Sb2O3 and/or Sb2O5. The impurity Bragg peaks 
marked by full squares in the spectrum of In2O3-doped 
cerium oxide can also be found and related to the In2O3 
oxide phase. After sintering, the XRD analysis shows 
that all samples have pure single fluorite-type phase, 
even in the Sb2O3- and In2O3-doped cerium oxides 
marked by 10 Sb and 10 In, respectively(see Fig.1(b)).  

Fig.1(a) shows the broadened XRD Bragg peaks, 
indicating that fine-grain powders were prepared after 
the calcination. Average grain size calculated by 

Debye-Scherrer method for each batch of powder is 
listed in Table 1. Bragg diffraction angles (2θ) at the (111) 
diffraction peaks and the related full width at half 
maximum (FWHM) for the as-calcined powders are also 
listed in Table 1. One can see that all calcined powders 
have the average grain size less than 40 nm. This 
indicates that nanocrystalline powder can be easily 
prepared by the wet chemical process with the 
polymerization of polyvinyl-alcohol.  

The relative densities of all sintered samples were 
determined by dividing the bulk density of the samples 
by the theoretical density. The theoretical density was 
calculated by using the lattice parameter a=0.541 2 nm 
of pure cerium oxide. The relative densities of the 
sintered pellets were calculated to be between 95.8% and 
96.5%. 

 

 

Fig.1 XRD patterns of doped cerium oxides: (a) As-calcined 
CeO2-based oxides; (b) As-sintered cerium oxides doped by 
Sb2O3 and In2O3 

 
According to XRD analysis and relative densities 

described above, the chemical synthesis process with the 
polymerization of PVA should be an efficient synthesis 
method for the preparation of oxide solutions. It is 
generally accepted that synthesis of ceramics by 
wet-chemical method is preferred to those employing 
reaction in the solid state, because it gives rise to more 
homogeneous powders with controlled composition. The 
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so called ‘steric entrapment synthesis method’, a 
polymerized organic-inorganic route, that uses simple 
and long-chain polymers such as PVA as the carrier 
phase, is a viable, simple, inexpensive technique for 
producing mixed-oxide powders, in comparison with 
other wet-chemical methods such as the Pechini 
method[11] and sol-gel method[12]. These simple 
polymer chains have no special chelating end groups, in 
contrast to the α-pyroxycarboxylic acid of the Pechini 
precursor. In PVA aqueous solutions, metal ions can be 
stabilized by the polymer via interaction with the 
hydroxyl groups. 

 
Table 1 Average grain sizes of as-calcined ceria-based oxide 
powders 

Dopant 2θ /(˚) FWHM/(˚) Grain size/nm 
Sb2O3 28.58 0.003 838 36.9 
Ga2O3 28.58 0.008 373 16.9 
In2O3 28.56 0.007 327 19.3 
Al2Cl3 28.58 0.010 816 13.2 
Bi2O3 28.46 0.004 884 28.9 
Sm2O3 28.48 0.003 960 35.7 

 
During processing precursor, the water in solution 

evaporates, the free space between the polymer 
molecules shrinks and the chain entanglement causes a 
close polymer. The cation mobility is greatly reduced and 
the water remained in the precursor with all the cations 
in the entanglement polymer network. As a result, there 
is no precipitation to cause off-stoichiometry, and 
homogeneous powders can be obtained. On the other 
hand, the PVA could also act as a surfactant during the 
preparation process.  

In a dilute PVA solution, PVA disperses in the 
mixture aqueous solution and stabilizes the metal ions 
via the hydroxyl groups. When the PVA concentration 
increases large enough, PVA molecules might 
polymerize and micell forms. Cations or oxide molecules 
are enclosed inside the micellae. So a shell-core structure 
can be obtained. Where, the shell is composed of PVA 
and the core consists of the cations or oxide compound at 
atomic level or several nanometers scale. So the cations 
or oxide compound are kept away from each other by 
PVA. As the result, the grains of the calcined powder can 
not grow easily if the calcination temperature is not high 
enough. The suitable calcination temperature should be 
selected in the region that is little higher than the 
decomposing/vapor temperature point of the PVA 
(500-800 ℃ for different inorganic materials).  
 
3.2 Conductivity measurement 

The conductivity of the samples was measured by an 
AC complex impedance method, and the applied 
frequency range of AC is from 0.01 Hz to 300 kHz. 
Generally, an impedance spectrum for an ionic conductor 

consists of three parts, a bulk (grain) semicircle, a 
grain-boundary semicircle and an electrode-process arc. 
Fig.2 shows the Nyquist-plotted impedance spectra of 
the CeO2 based oxides doped by Sb2O3, Ga2O3, In2O3, 
AlCl3, Bi2O3 and Sm2O3, respectively, measured at 300 
℃. The concentration of each sample was 10%. They are 
respectively marked by 10Sb, 10Ga, 10In, 10Al, 10Bi 
and 10Sm. No grain-boundary semicircles could be 
detected in all the impedance spectra. These should result 
in forming the pure phase in each sample as verified by 
the XRD analysis showed in Fig.1. 

 

 
Fig.2 Impedance spectra in Nyquist-plots of doped ceria 
recorded at 300 ℃ 

 
Fig.3 show the temperature dependence of the 

conductivities in Arrhenius-plots of CeO2 oxides doped 
with the concentration of 10%, respectively. One can see 
that cerium oxides doped by various dopants show 
different conductivities at each applied temperature. For 
example, the conductivities at 200 ℃ are increased by 
the sequence with dopants of In2O3, Ga2O3, Bi2O3, AlCl3, 
Sm2O3, and Sb2O3. On the other hand, the doped cerium 
oxides have different activation energies for various 
dopants (see Table 2). The Bi2O3-doped CeO2 has the 
maximum activation energy and the AlCl3-doped CeO2 
shows the minimum activation energy. 

 

  
Fig.3 Arrhenius-plots conductivities of CeO2 oxides doped by 
trivalent cations with concentration of 10% 
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At the same time, it is interesting to find that 
Sb-doped CeO2 has higher conductivities for Sm-doped 
one at all applied temperatures, and Bi-doped ceria 
shows higher conductivities for Sm-doped ceria at the 
temperatures higher than 400 ℃. 
 
3.3 Conductivity discussion 

The conductivities of rare-earth-doped CeO2 oxides 
intensely depend on the ionic radii of dopants. For 
example, the doping of Sm3+ ion, whose ionic radius is 
the most similar one to the radius of Ce4+, gave the 
maximum conductivity[7−9]. In this case, it is regarded 
that the maximum conductivity is due to the similar ionic 
radius as the host ion resulting in the minimum 
association enthalpy between dopant ion and oxygen 
vacancy. However, as shown in Figs.2 and 3, the present 
experimental results do not follow this consideration 
when the trivalent cations instead of rare earth ones were 
applied as the dopants. For example, the ionic-radius 
difference between In3+ and Ce4+ is the smallest one 
among the dopants in present experiment, but In-doped 
CeO2 oxides show the lowest conductivity at 200 ℃. 
This means that the other influence factor, such as 
enthalpy, besides the ionic radius, should play an 
important role in the conductivity of CeO2-based oxides 
when the dopants are not rare-earth oxides, as applied in 
present experiments.  

Generally, the material conductivity can be expressed 
as the sum of the products of the concentration ni, the 
mobility µi of charge carriers with charge qi: 

i i i
i

n qσ µ=∑                                 (1) 

In the case of oxygen ions, the conductivity occurs 
via anions vacancies is expressed as follows. 

 
v v v vC qσ µ=                                 (2) 

 
where  σv is the ion conductivity; qv is the charge, µv is 
the mobility, and Cv is the concentration of oxygen 
vacancies. The mobility is related to the diffusivity D 
according to the Nernst-Einstein equation:  

v
v v

q D
q B

kT
µ = =                              (3) 

where  B represents the absolute mobility and k is 
Boltzman constant. The diffusivity D is usually 
expressed as an exponential function that relates a charge 
jumping distance between vacancies, an appropriate 
lattice vibration frequency υ0 and an activation enthalpy 
and entropy of diffusion ∆HA, ∆SA. 

2 A A
0 exp[ ]exp[ ]

S H
D d

k kT
υ

∆ −∆
=                 (4) 

where  d is the jump distance of the vacancy. Additional 
considerations and simplifications allow the development 
of the following expression for the ionic conductivity of 

solid electrolytes. 

A
1 exp[ ]

H
T A

kT
σ

−∆
=                          (5) 

where  A1 includes the entropy term as well as the 
vacancy concentration term. From this expression it can 
be concluded that small activation enthalpy leads to 
higher ionic conductivity. At low temperature of almost 
complete association, the population of charge carrying 
defects is determined by the thermodynamic equilibrium 
between the defects and the associated pairs. both σ and 
HA should be independent of dopant concentration[7, 13]. 
The effective activation enthalpy, HA, is composed of 
association enthalpy Ha and migration enthalpy Hm. 
 

A a mH H H= +                               (6) 
 
So the conductivity is dependent on the association 

enthalpy Ha. Generally, the migration of an oxygen ion 
depends on the bonding/debonding energy between the 
oxygen ion and cation, enthalpy of cations, lattice 
enthalpy and the other related enthalpies. For the same 
host oxide, CeO2, in present discussion, the difference in 
lattice enthalpy for various dopant will not be discussed. 
The different oxygen-ionic mobility is suggested to be 
related to the bonding enthalpy (Hb) between dopant and 
oxygen as well as the dopant cation ionization enthalpy 
(HI). Here, association enthalpy (Ha) can be defined as 
Ha=Hb+HI. So the change ratio of association enthalpy, 
δHa, after doping can be given as 

 
D

a a D a D a{ (Ce) [(1 ) (Ce) ]} 100 / (Ce)aH H c H c H Hδ = − − + ×   

(7) 
 
where  Ha(Ce) is the association enthalpy of host cation 
Ce4+, cD is the dopant concentration and D

aH  is the 
association enthalpy of dopant. Table 2 gives the 
calculated change ratio of the association enthalpy for 
various dopants. It can be seen that the δHa sequence is 
in agreement with the conductivity sequence at low 
temperature (i.e. 200 ℃) as shown in Fig.3 for various 
cation-doped oxides.  

At high temperature range, the conductivity is 
determined by the intrinsic defects in the crystal and the 
concentration of charge carrying defect which is 
determined by an dopant and impurity. Therefore, the 
description of the ion conductivity with respect to 
temperature requires detailed considerations on the 
defect association and the dopant ionic radii. 

So, the expression of the temperature dependence of 
conductivity, one of the terms is activation energy, can 
be derived based on each association defect case. The 
change of activation enthalpy as shown in Eqn.(8)[13]. 
 

0 2 2
A A M 0 02 e / 2(2e ) /( / 2)H H r rα∆ = + −           (8) 

 
Here the first term, the association enthalpy of the 
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Table 2 Conductivities and thermal properties of various doped ceria 

Doping  
element 

Ionic radius/  
pm 

lg[σ/( S·cm−1)] 
at 200℃ 

Activation 
energy/eV 

Bond enthalpy, 
Hb/eV 

Ionization 
enthalpy, Hi/eV

Enthalpy 
change ratio, 
δHa/% 

∆HA/eV 

Sb 90.0 −6.87 1.00 0.451 0.866 0.46 0.122 
Sm 121.9 −7.21 1.03 0.587 0.565 1.65 0.072 
Al 67.5 −7.60 0.75 0.572 0.579 1.66 0.147 
Bi 131.0 −7.70 1.36 0.350 0.730 2.17 0.058 
Ga 62.0 −7.80 0.89 0.367 0.601 2.99 0.145 
In 106.0 −9.50 1.28 0.332 0.580 3.39 0.062 

defect pair includes the electrostatic interaction of a 
dopant cation and an oxygen vacancy in the pair position 
as well as any other short range interaction terms. The 
second term is the change in the electrostatic energy of 
the lattice. This term is twice of the Madelung energy per 
charge, where αM =1.748 is the Madelung constant. The 
factor of 2 appears because dissociation has converted a 
positive charge into a negative charge. The final term is 
the interaction of the doubly charged oxygen vacancy 
with its two closest negative charges. The calculated 
enthalpy changes are shown in Table 2. It is interesting 
to note that the tendency of the enthalpy changes for 
various dopants is in agreement with one of the 
activation energies of the related doped CeO2-based 
oxides. The analysis described above indicates that the 
association enthalpy and ionic radius act important role 
in the conductivity and activation energy of the 
trivalent-cation doped CeO2-based oxides. 
 
4 Conclusions 

 
1) The wet chemical method polymerized with 

polyvinyl alcohol (PVA) is an efficient synthesis process. 
The calcined powders of CeO2-based oxides doped by 
Sb2O3, Ga2O3, In2O3, AlCl3, Bi2O3 and Sm2O3, 
respectively, show nanocrystalline structure with grain 
size less than 40 nm, and the sintered samples have pure 
single fluorite-type phase.  

2) The conductivities measured at 200 ℃  are 
increased by the sequence with dopants of In2O3, Ga2O3, 
Bi2O3, AlCl3, Sm2O3, and Sb2O3, and are dependent on 
the related association enthalpies.  

3) Sb-doped CeO2 has higher conductivities than that 
of the Sm-doped one, which is regarded as the best 
doping technique reported in literatures, at all applied 
temperatures. Bi-doped ceria shows higher conductivities 
than that of Sm-doped ceria at the temperatures higher 
than 400 ℃. 

4) The association enthalpy and ionic radius play an 

important role on the conductivity and activation energy 
of the trivalent-cation doped CeO2-based oxides. 
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