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ABSTRACT

High-purity-doped ceria compounds Ce1-xRExO2-d (RE = Sm, Gd; 0 B x B 0.30)

were synthesized by the Pechini method at 400 �C. Nanostructured products of

crystallite size 5–11 nm were obtained, presenting a single fluorite cubic phase

and high surface area values in the range of 75–110 m2g-1. Dense ceramic

products with a relative density of 96–98 % resulted after sintering at 1450 �C.

Impedance spectroscopy was used to study the conductivity of these com-

pounds in the temperature range of 200–750 �C. Between 600 and 730 �C, the

compounds with x = 0.15, 0.20 show conductivities on the order of 10-1 Scm-1,

with activation energies between 0.9 and 1.1 eV. Surface areas and conductivity

values were found to be comparable with the highest values reported in the

literature for similar compounds.

Introduction

The search of a way to generate electric energy in a

clean and efficient manner is a critical economical

and technological challenge, which arises from the

need to conserve natural resources while reducing

ecological impact from energy production [1–3]. Fuel

cells are a promising avenue of research into finding

the solution to this problem, in particular solid oxide

fuel cells (SOFC), which are conformed by three main

elements: an anode, an electrolyte, and a cathode; all

three elements are made from ceramic materials.

SOFCs are an excellent alternative for energy pro-

duction from ‘‘non-renewable’’ traditional means

(based on the combustion of fossil fuels), because

they do not emit pollutants (NOx, SOx, CO2), have

low sound pollution level (without noise, vibrations),

and they possess a strong advantage over ‘‘renew-

able’’ means such as hydroelectric or wind and solar,

since fuel cells can be operated on-demand regardless

of time of the year. They are also capable of reaching

high operating efficiencies since they convert chemi-

cal energy directly into electricity via an electro-

chemical process without any intermediate steps [4].
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For the construction of the cell, the solid electrolyte

should satisfy important requirements, i.e., good

ionic transport, thermodynamic stability over a wide

range of temperatures in oxygen partial pressure,

thermal expansion coefficient compatible with both

electrodes, among other properties. A present chal-

lenge in the implementation of these devices is the

development of materials which can operate effec-

tively at a temperature range of 500–800 �C (the

current operating temperature is over 1000 �C),

maintaining adequate conductivity for its function-

ing, on the order of rion *10-1 Scm-1, and still

keeping a high enough temperature for internal fuel

reforming. Reducing the operating temperature

brings the all-around benefits of prolonging the use-

ful life of the cells, lowering costs. Electricity gener-

ated becomes cheaper and investment in the

materials used in cell construction is shifted toward

more common alloys than used at present [5]. These

cells are known as intermediate temperature solid

oxide fuel cells (IT–SOFCs) [6].

The most common material used as solid elec-

trolyte in commercial SOFCs is yttria-stabilized zir-

conia (YSZ), with an operating temperature of

1000 �C [7, 8]; however, diverse electrolytes have

been used in this type of cells as an alternative to

this compound, these can be seen in the following

table:

Rare-earth doped CeO2 exhibits superior ionic

conductivity (O2-) at temperatures of 600–1000 �C,

and lower activation energy [23–25] in comparison

with YSZ; however, it is still necessary to improve

the conductivity in the intermediate temperature

range mentioned before. This improvement is

achieved with modifications to the structure,

physical and chemical properties through a careful

synthesis method [26]. Doped ceria compounds can

be produced by synthesis methods such as com-

bustion [27], surfactant-assisted [28], hydrothermal

[29, 30], hydrothermal microwave-assisted [31],

chemical precipitation [32], coprecipitation [33],

freeze-dried precursors [34], sol–gel [35], and

citrate methods [36]; the latter two methods have

provided the highest purity and homogeneity. In

this work, nanometric powders of solid solutions

of Ce1-xGdxO2-d (GDC) and Ce1-xSmxO2-d (SDC)

with 0 B x B 0.30 were obtained via the Pechini

method, in a fast and low cost way, improving

homogeneity of the compounds, reducing particle

size and porosity, increasing surface areas, and

with a conductivity of 10-1 Scm-1 between 600 and

730 �C.

Materials and methods

Sample preparation

Ce(NO3)3�6H2O (Sigma-Aldrich 99.99 %), Sm(NO3)3

�6H2O (Sigma-Aldrich 99.9 %), Gd(NO3)3�6H2O

(Sigma-Aldrich 99.9 %), citric acid (Sigma-Aldrich

99 %), and ethylene glycol anhydrous (Sigma-Aldrich

99.8 %) were used as starting reagents. The required

amount of each salt for obtaining the desired quantity

of product was stoichiometrically calculated with

basis on the formula:

ð1 � xÞ Ce(NO3Þ3 � 6H2O þ ðxÞREðNO3Þ3 � 6H2O �
! Ce1�xRExO2�d:

ð1Þ

The metallic salts were dissolved in distilled water at

0.5 molar, under constant stirring at room

Type Composition Conductivity (Scm-1) Temperature (�C) Reference

Zirconia-based electrolytes 6–11 mol.% Sc2O3–ZrO2 1.8–3.4 9 10-1 1000 [9–11]

Zr0.84Ca0.16O1.85 *10-2 1000 [12]

Lanthanum-based electrolytes La0.9Sr0.1Ga0.76Mg0.19Co0.05O3 4 9 10-1 1000 [13]

La0.9Sr0.1Ga0.76Mg0.19Fe0.05O3 4.4 9 10-1 1000 [13]

La0.9Sr0.1Al0.9Mg0.1O3-d 7 9 10-1 1000 [14, 15]

Ceria-based electrolytes Ce1-xGdxO2-d (x = 0.10–0.25) 5 9 10-3–4.1 9 10-2 600–700 [16–18]

Ce1-xSmxO2-d (x = 0.10–0.20) 5.7 9 10-3–8.8 9 10-2 600–800 [19, 20]

Ce0.8Y0.2O1.9 3.4 9 10-2 700 [21]

Ca, Nd doped CeO2 10-2 600 [22]
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temperature. For this homogeneous solution, the

molar ratio of citric acid and oxide was 5:1. pH was

further stabilized at neutral, resulting in a light yellow

solution. Ethylene glycol was added until the solution

became homogeneous and transparent. To increase the

homogeneity of the gel, it is necessary to add an ade-

quate quantity of citric acid, which stabilizes the che-

lated complexes, and ethylene glycol, which prevents

agglomerated compounds. Stirring on a hot plate

continued for 12 h at a temperature between 60 and

80 �C. A resin is gradually formed. As part of the

exothermic process of polymerization, NOx and water

vapor were released. After polymerization and evap-

oration, temperature was increased to 300 �C for 12 h

to dry the resin and decompose the volatile organic

compounds, leading to polymeric breakdown and

carbonization. A further calcination treatment was

applied in a furnace under air atmosphere in two steps:

1 h at 110 �C, immediately followed by 4 h at 400 �C,

and the compound was left to cool until it reached

room temperature. Homogeneous nanostructured

powders were obtained. Figure 1 shows a diagram of

the preparation process, along with photographs of the

synthesis steps used to obtain the compounds.

Materials characterizations

Synthesized compounds were analyzed by X-ray

diffraction (XRD) to check the phase formation and to

determine the structure of all compounds, using an

X-ray Bruker D-8 Advance diffractometer with CuKa1

radiation (k = 1.54056 Å), 30 kV and 40 mA, with a

secondary monochromator. Data were collected at

room temperature from 20� to 130� 2h�, with steps of

0.0088 and 1 s/step; sample was spinning at

30 rev min-1. Whole pattern fitting (Rietveld refine-

ment) was calculated to determine the variation of

lattice parameters as a function of Gd or Sm contents.

Powders were pelleted at 1 ton with an initial

diameter / of 12.7–12.9 mm and thickness between

0.7 and 0.9 mm. A further sintering step was taken at

1450 �C for 6 h; after this step, pellet dimensions

were in the range of / = 8.9–9.4 mm and 0.6–0.8 mm

of thickness. Phase identification was carried out

using the EVA software by Bruker. To analyze the

kinematics of the reaction, thermogravimetric analy-

ses (TGA) and differential scanning calorimetry

(DSC) measurements were carried out with a TA

Instruments SDT Q600 analyzer. Precursor resins

with initial weights between 30 and 50 mg were

heated from 25–1000 �C at 10 �C/min in air atmo-

sphere; powder samples of synthesized compounds

(400 �C), with initial weights between 2 and 5 mg,

were heated in the same range of temperatures, both

under air and N2 atmospheres. Results were ana-

lyzed with the Universal Analysis 2000 software, TA

Instruments. BET measurements were carried out by

Figure 1 Flow chart of the Pechini method and synthesis process: a sol, b gel, c solid solutions, d resin, e carbonization, and

f nanostructured powder after carbonization at 400 �C for 4 h in air atmosphere.
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nitrogen adsorption with a SORP MINI II equipment

from BEL Japan, Inc. Initial weights of the samples

were between 0.1 and 0.3 g. Results were analyzed

using the BEL Master software.

Previous to morphological studies, the pelleted

samples were heated at 80 �C overnight and then

cleaned under Ar pressured flux. The morphology

and elemental composition of all compounds were

studied by scanning electron microscopy (SEM) and

energy dispersive X-ray spectroscopy (EDS), respec-

tively, using a JEOL 7600F electron microscope.

Additional morphological studies by atomic force

microscopy (AFM) and high-resolution transmission

electron microscopy (HRTEM) were carried out. For

AFM analysis, a JEOL JSPM-421 SPM microscope

was used. Results were analyzed using the software

WinSPM DPD version 2.0 by JEOL. For HRTEM

studies of powder dried doped-ceria, the samples

were placed on Cu grids (300 mesh) which were

previously covered in-house in a Butvar B-98 thin

film, followed by a carbon film. The equipment used

was a TITAN FEI electron microscope, 300 kV, with a

resolution of 0.085 nm.

Conductivity measurements

A Solartron SI 1260 Impedance/Gain-phase analyzer,

connected in series with a Solartron 1296 dielectric

interphase, was used to analyze the transport prop-

erties in the range of frequencies 10-2 to 107 Hz, with

an applied voltage of 100 mV and 10 points per

decade. AC impedance measurements were taken

from dense pellets (sintered at 1450 �C), which were

coated on both sides with Au tincture, as a function

of temperature between 200 and 750 �C in air using a

Thermolyne 47900 furnace with a two terminal jig.

Impedance diagrams were fitted using the ZView

software by Scribner Associates.

Results and discussion

XRD analysis

X-ray diffraction patterns showed that all the samples

are cubic fluorite single-phase structures (ICDD file

04–013–4361, cubic fluorite structure of ceria), which

correspond to space group Fm�3m (225), with cations at

the 4(a) sites at 0,0,0 and the oxygen atoms at the

8(c) sites �, �, � [37]. Figure 2a, b shows the collected

XRD data for all doped and undoped ceria samples

investigated. Compounds Ce0.85Gd0.15O1.925, Ce0.80-

Gd0.20O1.90 and Ce0.85Sm0.15O1.925, Ce0.80Sm0.20O1.90

will be referred as G15, G20 and S15, S20, respectively.

In order to examine the lattice parameter variation

more accurately, a Rietveld refinement was carried

out on the XRD data of all solid solutions. Figure 2c,

d shows the collected XRD data and the fitted curves

for the solid solutions G20 and S20, respectively.

Figure 2e, f shows the relative lattice distortion con-

sistent with ionic radii. Table 1 shows the results of

the performed structural analysis. From the refine-

ment we can conclude that the lattice parameter ‘‘a’’

evolves linearly as a function of the content of Sm or

Gd in the CeO2 cell; such behavior follows Vegard’s

law. The expansion of the unit cell parameters com-

pared to those of undoped ceria is a consequence of

the ionic radius difference: Sm3?(1.079 -

Å)[Gd3?(1.053 Å)[Ce4?(0.970 Å) [38]; the substi-

tution of Ce4? with Sm3? and Gd3? in the lattice of

CeO2 enlarges the crystal lattice.

The nanometric size of the synthesized powders

was evidenced by diffraction peak broadening. The

average crystallite sizes DXRD were calculated from

the full width half maximum (FWHM) of the (2 2 0)

reflections by using the modified Debye–Scherrer

equation [39] and Rietveld refinement [40]. Crystallite

sizes obtained are in the range of 5–11 nm.

DSC–TGA analyses

Thermal decomposition of the precursor resins was

investigated in a dry air atmosphere by simultaneous

DSC–TGA. Figure 3a shows the DSC–TGA curve of

G20 sample. From the DSC plot, two endothermic

peaks were observed, centered at 87 and 195 �C,

which correspond to the two stages of weight loss, as

shown in the TGA curve. Although the first

endothermic peak corresponds to loss of moisture in

the sample, the second endothermic peak may be due

to further water loss, but mainly due to the decom-

position of nitrates and the expelling of different

volatile organic compounds, i.e., NOx, CO, and CO2,

with a considerable total weight loss of *82 %. Also,

one shallow and one large exothermic peak are

observed at 300 and 402 �C, respectively. The large

peak showing a weight loss of *11 % is due to an

autoignition process of the ethylene glycol polymer-

ized with the metallic ions of the resin. On heating
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Figure 2 XRD patterns of

ceria-doped compounds with:

a Gd and b Sm, both heated at

400 �C for 4 h. Rietveld

refinement from selected

samples: c G20 and d S20.

Lattice parameter as a function

of dopant content: e Gd and

f Sm.

Table 1 Unit cell parameters and R-factors, obtained from Rietveld refinement of the XRD patterns of samples heated at 400 �C for 4 h

Sample (400 �C, 4 h) a (Å) Crystallite

size (Rietveld) (nm)

v2 Bragg

R-factor

RF-factor

CeO2 5.4111 6 1.55 2.55 1.52

Ce0.85Gd0.15O1.925 (G15) 5.4197 5 1.03 1.45 1.35

Ce0.80Gd0.20O1.90 (G20) 5.4234 5 1.03 1.59 1.44

Ce0.85Sm0.15O1.925 (S15) 5.4290 5 1.31 2.33 1.62

Ce0.80Sm0.20O1.90 (S20) 5.4351 5 1.28 2.50 1.72

Number of space group: 225, Hermann–Mauguin symbol: Fm-3m, crystal system: cubic, general multiplicity: 192
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above 410 �C, the weight value remains constant as

well as the DSC curve, showing that the synthesis

process has ended, and a final product has been

obtained. Figure 3b shows an analogous behavior for

the S20 sample. These results are consistent with

those reported by Arabacıa et al. [41] and Mercadelli

et al. [42] who observed that the syntheses for similar

compounds were completed around 400 �C. Fig-

ure 3c, d shows the DSC–TGA plots under air and N2

atmospheres for the solid solutions G20 and S20

synthetized at 400 �C, in which we observe a low

temperature weight loss (*1–2 %) corresponding to

the adsorbed water, and a second weight loss

(*4–5 %) related to the thermal dehydration of the

hydrous gadolinium/samaria-doped ceria around

200–400 �C, observing total dehydration of the com-

pounds until 700–800 �C for both samples. DSC–TGA

results suggested the heating and cooling rates for

both synthesis and sintering processes to control the

microstructure and to obtain the optimal

densification.

BET measurements

For materials used as electrolytes, the surface area,

mean pore diameter, and particle size are all impor-

tant properties, since these materials should be dense

(non-porous) and with a high area-to-volume ratio to

avoid short circuit and/or combustion processes.

Nitrogen adsorption was determined for all samples

synthesized (G15, G20, S15, and S20). Figure 4a, b

shows BET plots for Gd- and Sm-doped ceria, with

corresponding sorption isotherms. Based on IUPAC

classification, the obtained N2 adsorption/desorption

isotherms (type II) may be associated with non-por-

ous or macro-porous materials (pore size [50 nm)

[43]. To identify the nature of these materials, BET

results indicated that the mean pore diameter for all

samples is between 3 and 5 nm, so it can be con-

cluded that all samples are non-porous materials.

Table 2 shows the data derived from BET results.

In this work, the resulting specific surface area

values for G15, G20, S15, and S20 samples are

Figure 3 DSC–TGA graphs of a G20 and b S20 precursor resin in air and c G20, d S20 synthesized powder samples under air/N2

atmospheres.
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between 75 and 110 m2g-1, which are greater than

the uppermost values previously reported; for G15

49.4 [44] and 97.6 m2g-1 [31], for G20 35.9 m2g-1 [45],

and for S15 89.2 m2g-1 [31]. This holds even for

compounds of doped ceria synthesized by sol–gel,

73 m2g-1 [46].

From specific surface area values, particle sizes

DBET were calculated using the following equation

[47]:

DBET ¼ 6

aSðBETÞ�qth
; ð2Þ

where as(BET) is the surface area of the powder and qth

the theoretical densities of the samples, obtained by

[48]:

qth ¼ FW � Z

NA � V
: ð3Þ

The theoretical densities are thus 7.21 gcm-3 for

CeO2, 7.23 gcm-3 for G15, 7.24 gcm-3 for G20,

7.17 gcm-3 for S15, and 7.15 gcm-3 for S20. With

these values and Eq. 2, particle sizes of 10 nm for

CeO2, 10 nm for G15, 8 nm for G20, 11 nm for S15,

and 11 nm for S20 were determined.

SEM–EDS analyses

In electrolytes for IT-SOFCs, microstructures with

small grain sizes are preferred, to provide high

mechanical stability, and good densification to avoid

gas percolation. Micrographs show soft-agglomer-

ated nanometric powders with good homogeneity.

Figure 5a shows that the nanometric nature of the

samples led to strong interactions among them, pro-

ducing the formation of particle agglomerates, which

reduces the superficial energy. From EDS results,

obtained from global and punctual measurements,

the stoichiometry values for each compound were

calculated, which are in good agreement with the

nominal values.

Electrolytes in SOFCs should be dense, to avoid

contact between combustible and oxidant gases. To

obtain dense samples from the sintering process, it is

favorable if the starting products are nanometric

Figure 4 Doped ceria BET plots with adsorption/desorption isotherms in inset, for compounds a Gd and b Sm, synthesized at 400 �C.

Table 2 BET measurements of G15, G20, S15, and S20 samples heated at 400 �C for 4 h

Sample (400 �C, 4 h) as (BET)

(m2g-1)

Mean pore

diameter (nm)

Vm

(cm3g-1)

Particle

Size (BET) (nm)

CeO2 86.3 4 25.2 10

Ce0.85Gd0.15O1.925 (G15) 82.4 4 18.9 10

Ce0.80Gd0.20O1.90 (G20) 110.7 4 25.4 7

Ce0.85Sm0.15O1.925 (S15) 77.4 3 17.8 10

Ce0.80Sm0.20O1.90 (S20) 74.6 5 17.1 11
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monodispersed powders. Factors such as particle size

and shape, as well as agglomeration, play an

important role in the sinterability of Ce1-xRExO2-d

powders [6]. To accomplish this goal, nanometric

powders were placed under ultrasonication for

30 min. Powders were pelleted and heated at 1450 �C
for 6 h. Figure 5b corresponds to SEM micrographs

of these samples, that show high density products,

with homogeneous surface and well-defined grains.

The temperature for the sintering process was care-

fully determined to avoid stress in the samples, and

heating was stopped when the grains started to show

slip bands (Fig. 5b for S20).

Surface area analyses were simulated with the

IJ148 software to calculate grain sizes of the samples,

results are found for G15 1–3 lm and for G20, S15,

and S20 1–5 lm. Also, relative densities were deter-

mined by Archimedes principle using distilled water,

for G15 97 %, G20 96 %, S15 98 %, and S20 96 %.

AFM measurements

Additional morphological studies by AFM were

carried out for samples as synthesized. Figure 6a

shows a 3-dimensional projection of surface topo-

graphic images for G20 and S20 samples, which

exhibit high surface homogeneity and good disper-

sion with particle agglomeration. Figure 6b shows

roughness data and AFM images for G15 and S15

samples, pelleted (/ = 7 mm) and thermally treated

at 400 �C, obtained using WinSPM DPS software V

2.0. Results show that the average roughness values,

Ra, for the samples are under 1 nm, e.g.,

RaG15 = 0.56 nm and RaS15 = 0.47 nm, this low

roughness implies a high surface homogeneity. Also,

the decrease in surface roughness was found to lower

the ohmic resistance of SOFCs, which indicates that

the ion conduction mainly occurs along the elec-

trolyte surface or at a near-surface depth of the

electrolyte [49]; specialized geometric designs could

be created to take advantage of this and improve the

conductivity in the final device. Nanometric particle

sizes in the range of 7–10 nm were observed for all

compounds, as shown in Table 3.

HRTEM analysis

HRTEM was used to observe the grain size and

crystal structure of samples as synthesized. Fig-

ures 7a, b correspond to the selected area electron

diffraction (SAED) patterns for samples G15 and S15,

respectively, and these display the characteristic

concentric rings, which correspond to a large number

of crystals diffracting at the same time. Micrographs

showed agglomerates of nanocrystals, with sizes in

the range of 5–10 nm (Table 3). The sizes are a match

with those determined by the use of XRD. Inter-

atomic distances were used to determine some crystal

Figure 5 SEM micrographs for G15, G20, S15, and S20, heated at a 400 �C for 4 h and b 1450 �C for 6 h.
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orientations, in particular d111 = 3.1 Å and

d200 = 2.7 Å.

Transport properties

Impedance measurements were carried out in air, in

the temperature range 200–750 �C. From 200 to

300 �C, all the plots exhibited two semicircles in the

high and intermediate frequency region, with a short

tail at low frequencies. Associated capacitances led to

the identification of different processes; the

intermediate frequency arc (10-7 to 10-8 F) corre-

sponds to the grain boundaries, while the high fre-

quency arc (10-10 to 10-11 F) is due to the bulk/grain,

and for the low frequencies region the short tail may

be ascribed to the electrode/electrolyte interface

contributions. As the measurement temperature was

increased from 300 to 750 �C, the contribution from

the bulk/grain disappears, giving way to the contri-

butions from the grain boundary and the elec-

trode/electrolyte interphase (10-3 to 10-4 F); it was

observed in all compounds that the conductivity

Figure 6 a AFM 3D–

projection of G20 and S20

samples and b roughness data

and AFM images for G15 and

S15 samples after heating at

400 �C for 4 h.

Table 3 Comparison of

crystallite and particle sizes

obtained by XRD (Scherrer),

HRTEM, SEM, and AFM

techniques, for samples heated

at 400 �C for 4 h

Sample (400 �C, 4 h) Crystallite size (nm) Particle size (nm)

XRD Scherrer HRTEM SEM AFM

CeO2 11 8–10 5–10 7–10

Ce0.85Gd0.15O1.925 (G15) 10 5–10 10–12 7–9

Ce0.80Gd0.20O1.90 (G20) 10 7–10 10–12 8–10

Ce0.85Sm0.15O1.925 (S15) 10 5–9 5–10 7–9

Ce0.80Sm0.20O1.90 (S20) 11 8–10 5–10 8–10
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associated to the grain boundary dominates the

conductive process. Impedance data were modeled

by equivalent circuits using ZView 3.3e software;

resistivity of grain and grain boundary, Rg and Rgb,

respectively, were obtained by fitting measured

impedance data with two parallel R-CPE elements

connected in series, where CPE denotes a constant

phase element. Figure 8a shows the impedance plots

for G15, G20, S15, and S20 measured at 300 �C. Fitted

data for S20 are shown in the inset, Figs. 8b, c, in

which the contributions associated to the bulk/grain

and grain boundary processes can be observed by

means of plotting the impedance data as a function of

temperature (Cole–Cole diagram). Figure 8d shows

the total conductivity of all the samples measured at

different temperatures.

Ionic and electronic conductivities are fundamen-

tally important properties of electrolytes; ionic con-

ductivity should be high and the electronic

contribution as low as possible or even null. Addition

of Gd and Sm as dopant increases the conductivity of

bulk/grain and grain boundaries. In air, the main

contribution on the total conductivity of ceria-based

compounds is the ionic conductivity ([99.5 %), elec-

tronic conductivity being negligible [50, 51]. For dif-

ferent compositions of ceria-based products, reported

conductivity values are rG15 = 4.1 9 10-2 Scm-1

(700 �C) [52], rG20 = 5.5 9 10-2 Scm-1 (800 �C) [53],

rS15 = 2.6 9 10-2 Scm-1 (550 �C) [54], and rS20 =

9.5 9 10-2 Scm-1 (800 �C) [53]. In this work, at

600 �C, S20 sample exhibits a conductivity of

3.6 9 10-2 Scm-1, one order of magnitude higher

than the conductivity of G20, with 3.2 9 10-3 Scm-1.

From the following relationship (r � R-1), the

maximum conductivity for each sample can be

observed when the grain boundary arc is at its min-

imum. For the compounds studied in this work, this

occurs in the temperature range of 615–730 �C; the

maximum values for conductivities are rG15 =

4.1 9 10-1 Scm-1 (730 �C), rG20 = 1.3 9 10-1 Scm-1

(660 �C), rS15 = 8.1 9 10-2 Scm-1 (670 �C), and

rS20 = 1.9 9 10-1 Scm-1 (615 �C). In this tempera-

ture range, the results are up to two orders of mag-

nitude higher than those values previously reported

[55–60].

According to Kilner and Brook, maximum ionic

conductivity in doped fluorite-structured oxide is

observed when the lattice elastic strain is minimal;

this means that the ionic radius of the dopant should

be as close to rc as possible [61]. For cerium, the

lowest size mismatch is with gadolinium and

samarium [62]. By increasing the dopant concentra-

tion, we heighten the ionic conductivity; however,

this only occurs until a certain percentage of dopant,

since the conductivity reaches a maximum value and

then decreases due to the low mobility of the

Figure 7 HRTEM micrographs, SAED patterns of: a G15 and b S15 samples heated at 400 �C for 4 h.
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associated defects in the lattice [63]; in the case of

doped ceria, the maximum associated ionic conduc-

tivities are observed in the range of 15–25 % doping

content [56, 64]. Moreover, the addition of dopants

increases the lattice parameter and therefore, the unit

cell volume, which may produce a decrease in the

contribution of the local strain and may facilitate the

diffusion of oxygen ions through the lattice reducing

the activation energy [65].

In the selected samples of this work, the total

activation energy values for all the associated con-

tribution processes (bulk/grain, grain boundary,

total) are around 0.9–1.1 eV. Although the activation

energies were in the range previously reported

[31, 53, 54, 56, 66–70], conductivities were obtained at

intermediate temperatures (500–730 �C), which are

due not only to the microstructure and high homo-

geneity of the products but also to the good densifi-

cation; this is a direct result of the controlled

synthesis process.

Conclusion

High-purity nanopowders of Ce1-xRExO2-d (RE = Sm,

Gd, with 0 B x B 0.30) were synthesized by the

Pechini method at 400 �C. XRD results showed sin-

gle-phase compounds with a stable cubic fluorite

structure in the temperature interval of 400–1450 �C.

The width of all XRD peaks, along with HRTEM

images indicated nanometric materials with crystal-

lite sizes between 5 and 11 nm, in good agreement

with values obtained by BET, SEM, and AFM particle

sizes. The specific surface area values of the com-

pounds are among the largest reported for synthesis

carried out in air. The reduction in particle size,

mesoporosity, and homogeneity in the compounds

maximized the effectiveness of the densification

process, leading to dense pellets which will diminish

issues due to spontaneous short circuit or combustion

when the material is used as an electrolyte in a SOFC.

Transport properties were observed in the tempera-

ture range of 200–750 �C, where the main conduction

mechanism is due to grain boundary processes.

Conductivity values in the order of 10-1 Scm-1, at

measurement temperatures in the range of

600–730 �C, were found to be comparable with the

highest values reported in the literature for similar

compounds, but at temperatures over 800 �C, thus

Figure 8 a Impedance plots for selected samples. For S20:

b fitted data/equivalent circuit and c impedance plots at different

temperatures. d Total activation energies for G15, G20, S15, and

S20 samples sintered at 1450 �C for 6 h.
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achieving a reduction in the operating temperature of

these types of electrolytes.
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