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Sintering and electrical conductivity of gadolinia-doped ceria
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Abstract Bulk specimens of Ce0.9Gd0.1O2-δ prepared with
powders within a range of specific surface area were sintered
in oxidizing, inert, and reducing atmospheres. The aim of this
work is to investigate the effects of the sintering atmosphere
on the microstructure and grain and grain boundary conduc-
tivities of the solid electrolyte. The lattice parameter deter-
mined by Rietveld refinement is 0.5420(1) nm, and the
microstrain was found negligible in the powder materials.
Specimens sintered in the Ar/4 % H2 mixture display larger
average grain sizes independent on the particle size of the
starting powders. The grain and grain boundary conductivities
of specimens sintered under reducing atmosphere are remark-
ably lower than those sintered under oxidizing and inert atmo-
spheres. The activation energy (∼0.90 eV) for total electrical
conductivity remains unchanged with both the initial particle
size and the sintering atmosphere.
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Introduction

The structural and transport properties of Ce0.9Gd0.1O2-δ,
hereafter named GDC, have been extensively investigated,
since it possesses attractive properties for application as solid
electrolyte in solid oxide fuel cells (SOFCs) operating at in-
termediate temperatures (500–750 °C) [1, 2]. The relevant
property for this application is the high oxide ion conductivity,
which results from the compensating mobile oxygen vacan-
cies created by partial cation substitution. This solid electro-
lyte is known to behave as pure ionic conductor at high oxy-
gen partial pressures (> 10−5 atm) and up to moderate temper-
atures (< 800 °C) [2]. At high temperatures and/or low oxygen
partial pressures, loss of oxygen readily occurs in GDC and in
other doped ceria, thereby Ce4+ reduces to Ce3+ according to
the defect reaction (written in Kroeger and Vink notation [3]):

2CexCe þ Ox
O↔V ::

O þ 2Ce
0
Ce þ

1

2
O2 ð1Þ

with introduction of oxygen vacancies and electrons local-
ized on trivalent cerium forming small polarons [4].

As a consequence of the reduction reaction, an electronic
conductivity arises turning the doped ceria mixed ionic and
electronic conductors (MIECs) at temperatures above 600 °C
[5]. Ceria-based MIECs have potential application as elec-
trode material in SOFCs and for other applications under ox-
ygen lean atmospheres. Dense ceramics are required for most
of these applications.

The relatively low sinterability of GDC is well document-
ed, and the main approaches to overcome this problem are the
use of nanostructured powders (see for example [6] and refer-
ences therein), or the introduction of a sintering aid [7–10].
Recently, an increased densification of gadolinia-doped ceria
was reported after sintering in reduced oxygen partial pressure
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[11]. This effect was attributed to an enhancement of the den-
sification during the early stage of sintering, due to the oxygen
vacancies generated by the Ce4+ to Ce3+ reduction reaction.
That work was extended to investigate the effect in GDC
prepared with powder with specific surface area of
35 m2 g−1 [12]. It was found that the powder compacts could
be sintered in reducing atmosphere (N2/9 % H2) to near full
density at a relatively low temperature (1050 °C). In a recent
work, it was shown that sintering under reducing atmospheres
may be catastrophic resulting in severe cracking of GDC bulk
specimens, depending on the temperature and oxygen partial
pressure [13].

In this work, the effect of sintering in oxidizing, inert, and
reducing atmospheres green compacts of GDC prepared with
powders with different specific surface areas (from ∼7 to
∼210 m2 g−1) was systematically investigated, aiming to con-
tribute to understand the influence of the different atmo-
spheres on the microstructure and ionic conductivity of this
solid electrolyte. Special attention was given to the grain and
the grain boundary components of the electrical conductivity
of GDC.

Experimental

Ce0.9Gd0.1O2-δ (99.5 %+, Fuel Cell Materials, USA) with dif-
ferent specific surface areas of 7.4, 36.2, and 210 m2 g−1,
hereafter designated S1, S2, and S3, respectively, were used
as starting materials without further purification. No additives
were employed during processing, and the powders were care-
fully handled to avoid contamination. X-ray fluorescence
analysis showed that the starting powders contain very small
amounts of calcium (< 0.4 wt. %).

Disc-shaped specimens with 10-mm diameter and 2–3-mm
thickness were prepared by uniaxial pressing with 50 MPa
followed by cold isostatic pressing (National Forge Co.) at
70 MPa. Sintering of the green compacts in powder bed was
carried out in a resistive furnace (Lindberg Tube Furnace) with
10 °C min−1 heating rate up to 1250 °C for 2 h under air,
argon, nitrogen, and argon-4 % hydrogen mixture atmo-
spheres. The purity of these gases was 99.99 %, and the flow
rate was 2 cm3 min−1. The sintering profile was chosen to
result in specimens with relative densities higher than 92 %.

X-ray diffraction analysis (XRD) (Bruker-AXS, D8
Advance) was performed on powders and sintered specimens
in the 23–73° 2θ range with 0.04° step size and 5-s counting
time with Ni-filtered Cu Kα radiation. Instrumental broaden-
ing and peak asymmetry were determined with CeO2 stan-
dard (particle size ∼10 μm) and fixed during refinements.
The XRD patterns were used for crystallite size (dXRD), lat-
tice parameter (a), and microstrain (e) determination with
Rietveld refinement by GSAS. The peak profiles were
modeled using a modified pseudo-Voigt function (function

#2). Density measurements were performed by measuring
the specimen dimensions and mass. Polished (diamond
pastes of 6 and 1 μm) and thermally etched (80 °C below
the sintering temperature) surfaces of sintered specimens
were observed in a field emission scanning electron micro-
scope (FESEM) (FEI, Inspect F50). The average grain size
(G) was determined by the intercept method using the
ImageJ software. Raman spectroscopy measurements
(Renishaw inVia Raman microscope) were carried out in
the phonon (200–800 cm−1) and electronic (1800–
2300 cm−1) ranges looking for possible Ce3+ formation dur-
ing sintering. For these measurements, a laser with 633-nm
wavelength and 45-mW power was set. These room tem-
perature spectra are mostly related to the surface chemis-
try of the studied specimens. Then, possible formation of
Ce3+ in the bulk of sintered materials was investigated by
electron paramagnetic resonance (EPR) measurements in
a X band instrument (Bruker, EMX, 9.5 GHz). All anal-
yses were performed at room temperature, in standard
Wilmad quartz tubes (4 mm, internal diameter), on pow-
der as well as on sintered and finely ground specimens,
using 20.07 mW of microwave power and 100 kHz of
modulated field. α,α′-Diphenyl-β-picrylhydrazyl (DPPH)
was used for frequency calibration. Usually, 1.12 to
4.48 × 102 gain and 15-G modulation amplitude were
used when registering the spectra and double integration
to compare the intensity of the signals. Electrical conduc-
tivity measurements were carried out on metalized (silver
paste followed by curing at 400 °C) specimens with an
impedance analyzer (HP 4192A) in the 5 Hz–13 MHz and
150–330 °C frequency and temperature ranges, respec-
tively, with 100 mV of applied voltage. All impedance
spectroscopy measurements were carried out in air
(pO2 = 0.21 atm). Preliminary results on densification
and electrical conductivity of specimen S2 may be found
elsewhere [14].

Results and discussion

Figure 1 shows, as an example, the X-ray diffraction pattern of
one of the powders (S2) with the Rietveld refinement. Small
marks in the bottom of this figure are the Bragg angular posi-
tions of reflections of the cubic phase (Fm-3m, space group).
The value of chi-square was 1.109.

The experimental pattern corresponds to the characteristic
cubic fluorite-like phase of ceria. The broadening of the dif-
fraction peaks is related to the small crystallite size of this
powder. Similar results were obtained for other powders (S1
and S3).

Table 1 lists values of the crystallite size (dXRD) and
microstrain (e) for the starting materials.
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The crystallite sizes correlate with those obtained from
transmission electron microscopy (not shown here) revealing
that the starting materials consist of single crystalline nano-
particles, within the resolution limits and experimental preci-
sion of the diverse techniques. The microstrain is found neg-
ligible for all powders, although a net tendency to increase
with decreasing the particle size may be noticed.

The lattice parameter and the theoretical density deter-
mined after Rietveld refinements are 0.5420(1) nm and
7.2146(9) g cm−3, respectively. These figures are in general
agreement with literature data [15, 16].

The relative green density of specimens prepared with
these nanopowders is a decreasing function of the specific
surface area: 60 % (S1), 48 % (S2), and 40 % (S3), as expect-
ed. The relative density of specimens sintered at several atmo-
spheres is summarized in Table 2.

No substantial changes in the sintered density (< 3 %) are
found by varying the sintering atmosphere. Then, from ther-
modynamic considerations, the interactions (including solu-
bilities) of gaseous species with the ceria matrix and the dop-
ant are similar. Slightly lower values of density are obtained
for specimens prepared with powder S1 independent on the
atmosphere, evidencing a relatively small effect of the particle
size upon sintering. Specimens sintered in the Ar/4 % H2

mixture exhibit the lowest values of density. This effect seems
to be independent on the initial particle size of the powder.

The effects of the sintering atmosphere on the microstruc-
ture of GDC are illustrated in Figs. 2 and 3.

Figure 2 shows representative FESEMmicrographs of spec-
imens prepared with powder S3 sintered in oxidizing (a) and
inert (b and c) atmospheres. These specimens exhibit similar
features, such as polyhedral grains in the submicrometer range
and low porosity more often confined at grain boundaries and
triple grain junctions.

Slightly larger average grain size is observed for specimens
sintered in nitrogen (c) compared to argon (b), revealing mar-
ginal differences among the interactions of theses gaseous
species with GDC.

The FESEM micrographs of specimens sintered in the Ar/
4 % H2 mixture are shown in Fig. 3 for specimens prepared
with powders S1 (a), S2 (b), and S3 (c). The large grain size of
these specimens is worth noting compared to those sintered in
inert and oxidizing atmospheres (Fig. 2).

Surprisingly, no significant difference is observed in the
microstructure of sintered specimens as a function of the ini-
tial particle size. This means that GDC powder with very
small particle size should exhibit an accelerated grain growth.
The large grain size (in the micrometer range) in these speci-
mens is accompanied by both intergranular and intragranular
pores. Moreover, intergranular cracks were observed in gen-
eral agreement with recent observations and may be responsi-
ble for reducing the sintered density [13, 17].

The kinetics of grain growth in GDC sintered in reducing
atmosphere has been recently studied [11]. The enhanced
densification during the early stage sintering was attributed
to the formation of oxygen vacancies due to reduction of Ce4+

to Ce3+, which assists the diffusion of ions through the lattice.
These findings emphasize that the effects of the initial par-

ticle size play a minor role in the microstructure development
of GDC, at least in the particle size range investigated in this
work.

Table 3 lists values of the average grain size determined by
the intercept method for all investigated specimens.

The average grain size of specimens sintered in reducing
atmosphere is approximately four times larger than that of
specimens sintered in other atmospheres. This effect may be
related to an increase of the oxygen vacancy concentration due
to the reduction reaction according to Eq. (1).

The structure of the diverse specimens was analyzed by
Raman spectroscopy after sintering. Figure 4 shows Raman
spectra of specimens prepared with S3 powder and sintered in
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Fig. 1 Example of the Rietveld refinement for S2 powder. XRD data
(crosses), model (line), residues (line below the XRD pattern), and
angular position of the specific reflections of the cubic fluorite-like phase
(small marks)

Table 1 Values of
crystallite size (dXRD)
and microstrain (e) of as-
received materials

Material dXRD (nm) e (×104 %)

S1 72 (5) 0

S2 14.9 (3) 0.3

S3 4.2 (2) 5

Table 2 Values of
relative density of
Ce0.9Gd0.1O2-δ

specimens sintered under
air, nitrogen, argon, and
the mixture of Ar-4%H2

at 1250 °C for 2 h

Atmosphere Relative density (%)

S1 S2 S3

Air 93.2 95.6 96.8

N2 95.4 96.5 95.1

Ar 95.0 96.9 96.9

Ar/4 % H2 92.1 92.3 93.8
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oxidant and oxygen-lean atmospheres. In the 200–800 cm−1

range (Fig. 4a), the spectra display a high-intensity band cen-
tered at 460 cm−1 typical of the triple degenerated F2g mode of
the fluorite lattice of ceria and assigned to a symmetric breath-
ing mode of Ce-O8 vibrational unit. The asymmetry of this
band testifies the formation of solid solution between cerium
and gadolinium in the lattice. In addition, two low-intensity

bands in the ∼500–∼650 cm−1 range associated to extrinsic
oxygen vacancies are observed [18].

Figure 4b shows the electronic Raman spectrum of the
specimen prepared with S3 powder sintered in the Ar/4 %
H2 mixture. No Raman band was detected at 2165 cm−1,
where a low-intensity band due to the electronic transition
2F7/2 → 2F5/2 of Ce2O3 is expected to occur [19]. Similar

Fig. 2 FESEM micrographs of
GDC prepared with S3 powder
and sintered in a air, b argon, and
c nitrogen at 1250 °C for 2 h

Fig. 3 FESEM micrographs of
GDC prepared with powders a
S1, b S2, and c S3 and sintered at
1250 °C for 2 h in Ar/4 % H2

1162 Ionics (2016) 22:1159–1166



Table 3 Values of
average grain size of
GDC prepared with
powders S1, S2, and S3
and sintered at several
atmospheres at 1250 °C/
2 h

Atmosphere Average grain size (μm)

S1 S2 S3

Air 0.59 0.61 0.62

N2 0.73 0.71 0.65

Ar 0.67 0.67 0.63

Ar/4 % H2 2.70 2.41 2.22
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Fig. 4 Raman spectra of specimens prepared with S3 powder and
sintered at several atmospheres: a phonon and b electronic ranges
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results were obtained for other specimens sintered in the sev-
eral atmospheres. These Raman spectroscopy results indicate
the absence of Ce3+ on the surface of sintered specimens.

Nevertheless, a visual inspection of specimens prepared
with powder S3 and sintered in oxygen-lean atmosphere evi-
denced a slight change of color from white-cream to
gray-green suggesting some degree of valence change of ce-
rium ions. Then, the same specimens were finely ground and
analyzed by electron paramagnetic resonance for possible de-
tection of Ce3+ in the bulk of the compacts.

It is generally known that Ce4+ ions are inactive or silent in
EPR for no unpaired electrons, in contrast to Ce3+, with

configuration [Xe] 4f1. Previous results on ceria and cerium
hydroxide have shown two main signals: A (g⊥= 1.967; g∥=
1.947) and D (g⊥= 1.967; g∥= 1.940), respectively. The inten-
sity of signal D was found to be much higher than that of
signal A, but decreased steadily upon heating treatments at
increasing temperatures and finally disappeared at approxi-
mately 800 °C [20]. Similar results were obtained by EPR
measurements in specimens treated under vacuum and reduc-
ing atmospheres [21].

The interpretation of EPR signals in doped ceria is not
straightforward as in undoped cerium oxide, because the par-
tial substitution of cerium ions by aliovalent ions induces a
substantial broadening of these signals along with reduction of
their intensities. In the case of (CeO2)1-x(BiO1.5)xwith x = 0.17
and 0.50 solid solutions, the intensity of EPR signals was
found to decrease drastically with increasing dopant content
[22]. The EPR signals of Ce1-xRExO2-δ (RE = Eu, Tb) broad-
enedwith both dopants, and the g values shifted to ≃2.0. These
features were attributed to Ce3+ occupying the lattice sites of
lower symmetry. Increased broadening of EPR signals and g
values around 2.0 were also evidenced in Ce1-xNdxO2-δ

(0.05 ≤ x ≤ 0.40) [23] and Ce1-xGdxO2-x/2 (x = 0.1; 0.2) [24].
The broadening of the EPR signal has been found also to
occur in other gadolinium compounds such as in
double-doped ceria [25], in the glass x.Gd2O3 + (1-x)
(La2O3)-Al2O3-B2O3-Si2O3-GeO2 [26], and in the supercon-
ductor GdBa2Cu3Oy [27]. Those independent studies have
suggested that the broadening effect is due to a magnetic cou-
pling among Gd3+ ions.

In this work, the dopant concentration is the same for all
specimens. Then, any change in the EPR signal of GDC spec-
imens sintered in different atmospheres is assigned to an in-
terference caused by the presence of Ce3+ that might be
formed in the bulk. The exact nature of that interference is
outside the scope of this paper. The EPR spectra of the starting
powders were first recorded and subtracted from those of the
sample holder (blank). The corresponding result for powder
S3 is indicated by an asterisk in Fig. 5a. The near absent EPR
signal in this spectrum reveals that the fraction of Ce3+ in the
starting materials is negligible. Similar results were obtained
for other powders.

The EPR spectra of specimens prepared with the S3 pow-
der and sintered in air, nitrogen, and argon atmospheres are
also shown in Fig. 5a. A broad band is observed for all spec-
imens. For materials sintered in the Ar/4 % H2 mixture (Fig.
5b), the relative intensity of that band is higher than that for
other atmospheres (the EPR signal for the specimen sintered
in Ar is reproduced in Fig. 5b for comparison purposes). In all
these spectra, g is ≃2.0. A low-intensity EPR signal for the
air-sintered specimen is worth noting, revealing a
non-negligible reduction of Ce4+ at the sintering temperature
even in an oxidizing atmosphere. Similar results were obtain-
ed for specimens prepared with powders S1 and S2 exposed to
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specimen prepared with powder S2 and b equivalent circuit. Numbers
stand for the frequency (Hz)

1164 Ionics (2016) 22:1159–1166

the same sintering profile. The higher intensity of the EPR
signal of the specimen sintered in the Ar/4 % H2 atmosphere
is remarkable, suggesting that a significant fraction of Ce3+

has been formed even for the mild sintering profile used in this
work. To avoid any doubt concerning the origin of the EPR
signal in our specimens, after the measurements, the powder
specimens were stored at ambient atmosphere for few weeks
and then measured again. As a result, no EPR signal was
detected independent on either the starting powder or the
sintering atmosphere.

Figure 6a shows an impedance spectroscopy diagram
recorded at 245 °C for GDC specimen sintered in air
prepared with powder S2. These measurements were car-
ried out at a fixed time interval after sintering, due to the
oxidation reaction of Ce3+ to Ce4+.

In the temperature and frequency ranges of measure-
ments, the impedance diagrams of all sintered specimens
consist in three main contributions due to the capacitive
and resistive effects of the bulk (high frequency), grain
boundary (intermediate frequency), and electrode (low fre-
quency), as exemplified in Fig. 6a. The shape of impedance
diagrams does not depend on the particle size and sintering
atmosphere. Thus, in spite of the reduction reaction that
was observed to occur in reducing atmospheres, the electri-
cal conductivity of GDC remained predominantly ionic in
the temperature range of measurements.

The fitting of the impedance diagrams was carried out
using the equivalent electric circuit shown in Fig. 6b. The
analysis of the diagrams allowed for obtaining the grain and
grain boundary conductivities of GDC (Fig. 7). The specific
grain boundary conductivity was calculated by normalizing
the experimental data for the average grain size (Table 3).

The behavior of the grain conductivity (Fig. 7a) may be
represented by a single straight line giving an activation energy
value of 0.79 eV. There is no apparent difference in the con-
ductivity values of specimens sintered in oxidizing and inert
atmospheres. In contrast, the specimens sintered in reducing
atmosphere exhibit lower (about half order of magnitude) grain
conductivity. This effect is attributed to the reduction of cerium
ions inside the grains and the consequent loss of stoichiometry
of the solid electrolyte.

The specific grain boundary conductivity (Fig. 7b) of
air-sintered specimens (full symbols) did not change with the
particle size. On the other hand, for specimens sintered in inert
atmospheres (half-full and half-empty symbols), a small increase
of the grain boundary conductivity is observed for specimens
prepared with powders S1 and S2 compared to air-sintered spec-
imens. This effect may be assigned to the beneficial effect of
oxygen vacancy creation due to reduction reaction (see Eq. 1).
Specimens prepared with powder S3 sintered in inert atmo-
spheres, in contrast, exhibit lower grain boundary conductivity.
In this case, intergranular cracks may account for that result. All
specimens sintered in the Ar/4 % H2 mixture display the lowest
values of specific grain boundary conductivity (empty symbols)
among the investigated materials. These results along with those

Fig. 5 Room temperature first derivative EPR spectra of S3 powders a,
starting powder (asterisk), and after sintering in air, N2, and Ar and b after
sintering in Ar and Ar/4 % H2



for the grain conductivity (Fig. 7a) suggest that the consequences
of the reduction reaction are severe for both the grain and the
grain boundaries. The activation energy for specific grain
boundary conduction is 0.97 eV for compacts prepared with
powders S2 and S3 and 1.0 eV for powder S1.

The Arrhenius plots of the total electrical conductivity are
shown in Fig. 8.

The total electrical conductivity of GDC is approximately
independent on the initial particle size of the powder.
Remarkable decrease of the total conductivity (about one or-
der of magnitude) was obtained for specimens sintered in
reducing atmosphere. The presence of microcracks, pores,
and Ce2O3 may account for this effect. The activation energy
for electrical conductivity is 0.90 eV.
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Conclusion

Ce0.9Gd0.1O2-δ within a broad range of specific surface area
was sintered to high density (>92% of the theoretical value) in
oxidizing, inert, and reducing atmospheres. Electron paramag-
netic resonance allowed for detecting the effect of Ce3+

formed in the bulk of the specimens. The oxidation of
Ce2O3 readily occurs when specimens are exposed to ambient
air. The average grain size of specimens sintered in reducing
atmosphere is about four times larger than that of the speci-
mens sintered in other atmospheres. The grain conductivity of
GDC sintered in Ar/4 % H2 mixture is about half-order of
magnitude lower than that of specimens sintered in other
atmospheres.
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