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A B S T R A C T

Ceria-based solid electrolytes exhibit superior electrical conductivity compared to traditional yttria-stabilized
zirconia ceramics. However, they require high sintering temperatures to achieve full densification. Transition
metal oxides exhibiting low melting points, such as CuO, have been used as additives to lower the sintering
temperature of these materials. In this context, the present work is focused on the evaluation of the effects of
gadolinium oxide (Gd2O3) content on the structure, densification and electrical properties of ceria co-doped with
CuO. Nominal compositions of Ce0.99−xGdxCu0.01O2-δ (0 ≤ x ≤ 0.3) were synthesized by the polymeric pre-
cursor method. The precursor powders were characterized by simultaneous thermogravimetry and differential
thermal analysis (TG/DTA) and the calcined powders were studied by X-ray diffraction (XRD) and Rietveld
refinement to obtain crystallographic parameters. The sinterability of green bodies was evaluated by dilatometry
up to 1200 °C. The relative density was determined in samples sintered between 950 and 1050 °C and the
microstructural characterization was performed by scanning electron microscopy (SEM). The electrical prop-
erties were investigated by impedance spectroscopy (IS). The XRD results confirms the formation of a cubic
fluorite type structure in the entire composition range. The lattice parameters obtained by Rietveld refinement
showed a reduction in the crystallite size with increasing gadolinium content. Densification was improved with
increasing Gd-content up to x = 0.15. The electrical conductivity was enhanced by gadolinium addition,
reaching a maximum of 7.81 mS cm−1 at 600 °C for the composition x = 0.15 sintered at a temperature as low
as 1050 °C.

1. Introduction

The development of technological devices aiming to improve
human life quality has generated a demand for alternative energy
sources, with an intensity never seen before. Currently energy needs are
still met by the use of fossil fuels, non-renewable resources that result in
high emissions of pollutant gases [1]. In this scenario, solid oxide fuel
cells (SOFCs) are regarded a highly attractive method of providing
electric power for a sustainable development. Such devices have the
capability of producing electricity with high efficiency, accompanied by
minimal emission of harmful pollutants. Moreover, they operate
without producing noise, with good fuel flexibility and the heat pro-
duced during SOFC operation can be used for co-generation to further

increase their overall efficiency [2,3]. The basic structure of a SOFC
includes a solid ceramic electrolyte sandwiched between two porous
electrodes (cathode and anode), combined with interconnectors and
sealants. The cathode is fed with an oxidizing gas, promoting oxygen
dissociation into O2- ions, while the anode is fed with a combustible
gaseous fuel. The electrolyte material carries the oxygen ions from the
cathode to the electrolyte/anode interface, where oxidation of the fuel
and the formation of electrons (channelled through an external circuit)
take place. Water vapor and other by-products (depending on the fuel
used) are produced on the anode side [4].

Considering an integrated SOFC system, excess heat from the pro-
duction of electric current can yield an overall systems efficiency of up
to 70% with low CO2 emissions [5]. Nonetheless, the market entry of
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these devices is still hindered by the high manufacturing cost of the
components and their low durability at high operating temperatures,
typically between 700 and 1000 °C. To improve longevity, efforts have
been made to reduce SOFC operation temperature to the intermediate
level, 500–700 °C. However, on such reduction in temperature, selec-
tion of component materials becomes critical to avoid efficiency losses
related to potentially lowered reaction kinetics of the electrodes as well
as increased ohmic resistances of the electrolyte. In the case of the
electrolyte, the ohmic losses can be minimised by decreasing thickness
and/or by using materials with higher ionic conductivity [6]. The main
requirements of an electrolyte material include high densification, high
ionic conductivity, good thermal expansion match with other cell
components and chemical stability in reducing and oxidizing atmo-
spheres [7,8]. The ionic conductivity of ceria-based solid solutions
(Ce1–xMxO2−δ) is typically maximised through the addition of a suitable
aliovalent dopant, such as gadolinium (Gd) or samarium (Sm). In such
cases, doping with up to 20 mol% Gd2O3 increases the ionic con-
ductivity allowing more competitive values to be offered [9,10] than
traditional yttria-stabilized zirconia (YSZ) electrolytes in the lower
temperature range.

To achieve a dense electrolyte material, ceria-based ceramics are
generally sintered between 1400 and 1600 °C. However, such high
processing temperatures promote extensive grain growth, which can
lead to poor mechanical properties, and can cause undesirable chemical
expansion, resulting from the partial reduction of Ce4+ to Ce3+, which
can negatively affect the processing of anode/electrolyte/cathode
layers. To overcome these drawbacks, several sintering strategies can be
adopted, i.e., reducing the particle size or incorporating a sintering
additive. The combination of a fine particle synthesis method, such as
the polymeric precursor method, with co-doping with transition metal
oxides, such as copper oxide (CuO), has been previously reported to be
a good solution to aid the sintering process [11,12]. Moreover, in the
development of SOFCs with zirconia/ceria bi-layer electrolytes, low-
ering the sintering temperature of the ceria diffusion barrier facilitates
easy fabrication, lower manufacturing costs and lower reaction with
YSZ. Studies on the effect of transition metal doping on CGO ceramics
have been done in the case of cobalt addition, highlighted improved
densification and a shift in the electrolytic domain of this material in
respect to the oxygen partial pressure [13,14]. It was found that the p-
type electronic conductivity of CGO ceramics increases on the addition
of 2 mol% Co, while the n-type conductivity decreases. This enhance-
ment in p-type conductivity promotes an enlargement of the active
electrode surface area at the cathode side leading to a substantial im-
provement in polarisation behavior [14], while the shifted electrolytic
domain remains sufficiently wide for this material to be used as a solid
electrolyte for intermediate-temperature electrochemical applications
in the operation temperature range 500–700 °C [13,14].

In this scenario, the aim of this work is to evaluate the effect of Gd
content on the structure, densification and electrical properties of ceria
solid solutions containing 1 mol% CuO as a sintering aid. Solid solu-
tions of nominal composition Ce0.99−xGdxCu0.01O2-δ (x = 0; 0.05; 0.10;
0.15; 0.20; 0.25, 0.30) were synthesized by the polymeric precursor
method and investigated by several advanced materials characteriza-
tion techniques. This study is of a high importance for optimization of
the procedure of fabrication of anode-supported SOFCs where the
electrolyte should be densified at comparatively low temperatures in
order to avoid densification of the supporting porous anode layer [5].

2. Experimental

Ceria-based solid solutions with different Gd contents, Ce0.99
−xGdxCu0.01O2-δ (x = 0; 0.05; 0.10; 0.15; 0.20; 0.25; and 0.30), co-
doped with 1 mol% CuO, were obtained by the polymeric precursor
method. The synthesis route comprises the preparation of an aqueous
solution of citric acid (Synth, Brazil) at 50 °C, to which nitrates of
cerium (Reacton®), gadolinium (Aldrich®) and copper (Aldrich®) were

added. Ethylene glycol was then added and the temperature was raised
to 75 °C. The resulting gel was thermally treated at 300 °C for 2 h to
give the precursor powders.

To evaluate the influence of the gadolinium content on the thermal
behavior, the precursor powders were investigated by simultaneous
thermogravimetric and differential thermal analysis (TG/DTA) in DTG-
60H (Shimadzu) equipment in the 25–1000 °C temperature range, with
heating rate of 10 °C min−1 and air atmosphere. According to the TG/
DTA results, the temperature of 500 °C (with 1 h of dwell time) was
adopted for the calcination of precursor powders. The crystalline
structure of the calcined powders was analyzed by X-ray diffraction
(XRD) in a Shimadzu equipment (model XRD-7000), with a 2θ angular
sweep between 20 and 80°, 0.2° step width and a counting time of 2 s
per step using a monochromatic Cu Kα radiation (λ = 1.5418 Å) ob-
tained at 40 kV with a filament current of 40 mA. Rietveld refinement
of the diffraction data was performed using MAUD software. The
standard cards ICSD 72155, ICSD 28795, ICSD 28796, and ICSD 28797
were used to index CeO2, Ce0.9Gd0.1O1.95, Ce0.8Gd0.2O1.8 and
Ce0.7Gd0.3O1.85 phases, respectively. Based on the XRD data and
Rietveld refinement, the lattice parameters, crystallite size and theo-
retical density were determined. The values of theoretical density (ρt)
were calculated by the equation:
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where “NA” is the Avogadro's number, “a” the lattice parameter, “M”
the atomic mass of each element and “x” is the gadolinium content.

For the dilatometric, microstructural and electrical characterization,
cylindrical pellets with 10 mm diameter and 2 mm thickness were ob-
tained by uniaxial pressing at 127 MPa. Pellets were sintered in air
atmosphere at 1050 °C using a heating rate of 3 °C min−1 and a 5 h
dwell time. The dilatometric analysis was performed on a dilatometer
model DIL 420 from Netzsch, with a maximum temperature of 1200 °C
and a heating rate of 5 °C min−1 in air atmosphere. The relative density
values were obtained for each composition from the geometrical (ap-
parent density = mass/volume) and theoretical densities (Eq. (1)).
Microstructural characterization of polished and thermally etched
(25 °C below the firing temperature) samples was carried out by scan-
ning electron microscopy (LEO, model 1430). To evaluate the average
grain size, approximately 200 grains were measured in each sample.
The measured values were organized in a histogram and the distribu-
tion was refined using a Gaussian function. The electrical character-
ization of samples sintered at 1050 °C for 5 h was performed by im-
pedance spectroscopy (IS) using an inconel 600 sample holder with Pt
contact leads and a K-type thermocouple placed near the specimens.
Silver contacts were painted on the parallel faces of samples and cured
at 600 °C. Electrical measurements were carried out in the temperature
range 200–600 °C in static ambient atmosphere using a Solartron
(model 1260) impedance analyzer. The IS data were collected with
increasing temperature after stabilizing the sample (~ 30 min) at se-
lected measuring temperatures. The frequency ranged from 0.1 Hz to
15 MHz with a signal amplitude of 0.1 V. The IS data were analyzed
using the ZView program (Scribner Associates, Inc.).

3. Results and discussion

TG/DTA curves of selected precursor powders of nominal compo-
sition Ce0.99−xGdxCu0.01O2-δ (x = 0; 0.1; 0.20; and 0.30) show three
stages of thermal decomposition, as depicted in Fig. 1. The endothermic
peak between 30 and 150 °C, with mass loss of 3–5%, is related to the
desorption of physically adsorbed water. The second stage of thermal
decomposition, occurring between 200 and 450 °C, is related to the
burning of organics from the chemical synthesis. The enthalpy change,
characterized by the exothermic peak, suggests that increasing the
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content of gadolinium nitrate accentuates the exothermic character of
the combustion reaction. Mass losses ranged from 5% for a gadolinium-
free composition to 22% for a composition with Gd content x = 0.30.
The third stage of thermal decomposition (> 400 °C) can be attributed
to the oxidation of residual organic matter, followed by crystallization
of ceria-based solid solutions. The obtained powders were then calcined
at 500 °C for 1 h to achieve a nanocrystalline powder.

The XRD patterns of calcined powders (Fig. 2) confirm the ceria
cubic fluorite-type structure in the entire composition range. Within the
detection limit of XRD, no evidence of secondary phases was observed,

Fig. 1. TG/DTA curves of precursor powders of composition Ce0.99−xGdxCu0.01O2-δ (x =
0; 0.1; 0.20; and 0.30).

Fig. 2. Powder X-ray diffractograms for samples with different gadolinium content. The
inset shows the shift of the peak corresponding to the plane (111).

Table 1
Crystallographic parameters and refinement indexes for compositions
Ce0.99−xGdxCu0.01O2-δ calcined at 500 °C.

Composition (x) Crystallographic parameters

a = b = c (nm) Volume DXRD Rwp Rexp χ2

(Å) (nm) (%) (%)

0 0.5411(6) 158.48(3) 16.78 9.71 8.24 1.18
0.05 0.5418(6) 159.09(6) 14.43 7.94 7.43 1.07
0.10 0.5418(6) 159.09(2) 12.61 11.08 8.10 1.37
0.15 0.5421(1) 159.31(8) 11.33 9.41 8.27 1.14
0.20 0.5425(1) 159.67(0) 11.88 10.47 8.15 1.29
0.25 0.5436(8) 160.70(2) 10.04 8.55 8.39 1.02
0.30 0.5439(7) 160.93(8) 8.87 8.50 7.04 1.21

Fig. 3. X-ray patterns (observed, calculated and difference) of Ce0.89Gd0.1Cu0.01O1.94.

Fig. 4. Curves of (a) linear shrinkage and (b) linear shrinkage rate of samples with dif-
ferent gadolinium contents.

Table 2
Theoretical density values calculated from lattice parameters.

Theoretical
density
(g cm-3)

Ce0.99−xGdxCu0.01O2-δ

0 0.05 0.10 0.15 0.20 0.25 0.30

7.29(7) 7.28(8) 7.30(7) 7.31(6) 7.31(8) 7.29(0) 7.32(1)
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suggesting that Cu2+ and Gd3+ contents did not exceed the limit of
solubility in the ceria lattice. Fig. 2 indicates that the gadolinium
content exerts an effect on the diffraction peaks. Such an effect is ob-
served as a shift of the main peak, plane (111), towards smaller 2θ
angles with increasing gadolinium content, as seen in the inset of Fig. 2.
These results confirm the replacement of Ce4+ ions, by Gd3+ (with
ionic radius larger than Ce4+), forming solid solutions of Ce-Gd-Cu-O.
The increased Gd-content produces a progressive increase of oxygen
vacancies that induces a broadening of the diffraction peaks and an
increase of the lattice parameter [15,16].

Table 1 summarizes the lattice parameter (nm), unit cell volume
(Å³), DXRD crystallite size (nm) and refinement indexes (Rwp, Rexp, χ2),
obtained by Rietveld refinement [17]. The good quality of the Rietveld
refinements can be evaluated by the values of the χ2 index. The refined
parameters indicate that the lattice constant for 1 mol% Cu (sample
Ce0.99Cu0.01O2-δ) is close to that of pure ceria (a = 0.5411 nm, JCPDS
43-1002). For the solid solutions with increasing Gd content, both the
lattice constant and the unit cell volume increase. This expansion of the
structure is due to the difference between the ionic radius of Gd3+

(0.105 nm) and Ce4+ (0.097 nm) with coordination VIII [18]. The in-
corporation of the larger trivalent ion causes a distortion in the ceria
structure. The crystallite sizes (DXRD = 8–16 nm) are lower than typi-
cally reported values for powders obtained by combustion (40–50 nm)
[19] and citrate complexation methods (53 nm) [20], both with calci-
nation conditions similar to that used in the present study. It is im-
portant to mention that small crystallite/particle sizes tend to increase
the sinterability of ceramics, decreasing the temperature required for

maximum densification due to the increased surface area. Graphical
evidence of the good refinement quality is shown in Fig. 3.

Fig. 4 shows the effect of gadolinia content on the sintering behavior
(linear shrinkage and shrinkage rate) of green samples. The linear
shrinkage curves (Fig. 4a) indicate the onset of the mass transport at ~
500 °C, followed by two distinct retraction stages with increasing tem-
perature that characterize different sintering mechanisms. The sintering
stage between ~ 560 and 900 °C may be associated with solid state
diffusion (grain boundary diffusion, surface and volumetric diffusion
[12]). The mechanism associated with the sintering stage occurring be-
tween 950 and 1050 °C may be associated with the formation of liquid
phase, possibly composed of a ternary phase of Gd2O3-CeO2-CuO [21],
promoting a rapid densification due to diffusion of matter under the
capillary action on surface of the grains [22]. This liquid phase is pro-
moted by the incorporation of CuO, which has a lower melting point
(1326 °C) than those of CeO2 (2400 °C) and Gd2O3 (2420 °C), decreasing
the total melting point of the ternary composition. According to Lima
et al. [23], gadolinium-doped ceria (CGO) co-doped with 1 mol% CuO
begins to shrink at approximately 600 °C, while CuO-free CGO samples
begins shrinkage at approximately 1000 °C.

The shrinkage rate for all compositions is depicted in Fig. 4b. The
temperature for a maximum shrinking rate is lower for the composition
x = 0.15. In contrast, in the Gd-free sample the maximum shrinkage
rate temperature occurs at the highest measured T = 1010 °C, in-
dicating the effect of Gd on the sintering of the ceramic. According to
Inaba et al. [24], the densification of the ceramic occurs due to the
retraction/removal of pores and, consequently, through the release of
oxygen gas contained inside the pores. Hence, the diffusion rate of
oxygen through the ceramic is crucial for a higher densification rate,
with a higher densification rate promoted by a higher mobility of the
O2- ion [24]. With increasing Gd content there is an increase the
amount of oxygen vacancies; however, due to the association effect
between oxygen vacancies and doping cations, the vacancy mobility at
high dopant concentrations is decreased, leading to impaired ceria
sinterability for high dopant concentrations. In this work, this effect
was found for samples containing Gd contents greater than x = 0.2. As
the lowest temperature of maximum shrinkage rate was found for the
sample of composition x = 0.15, this is the best composition from the
point of view of sintering. The sample x = 0.30 is not shown because it
follows the trend of composition x = 0.25. To evaluate the effects of

Table 3
Relative density values as a function of composition Ce0.99−xGdxCu0.01O2-δ and sintering
temperature.

Temperature (°C) Relative density (%)
Composition x

0 0.05 0.10 0.15 0.20 0.25 0.30

950 76.86 74.25 72.05 70.84 67.30 a 67.73
1000 76.73 70.03 71.00 71.81 72.71 73.50 86.80
1050 91.78 96.83 91.67 91.55 92.22 87.03 97.56

a Sample damaged during handling.

Fig. 5. SEM cross-section images of samples
Ce0.99−xGdxCu0.01O2-δ (a) x = 0, (b) x = 0.10, (c) x
= 0.15, and (d) x = 0.20 sintered at 1050 °C.
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sintering temperature and Gd content on the relative density, samples
of composition Ce0.99−xGdxCu0.01O2-δ (x = 0; 0.05; 0.10; 0.15; 0.20;
0.25; 0.30) were sintered at 950, 1000 and 1050 °C. By applying the
lattice parameters from Rietveld refinement to Eq. (1), one obtains the
theoretical densities shown in Table 2. The relative density values
calculated from the theoretical and geometric densities, are presented
in Table 3.

The results show an increase in relative density with increasing
sintering temperature, as expected. For the highest sintering tempera-
ture used in the current study (1050 °C), the relative densities of most of
the studied compositions are ~ 91%. These relative density values are
consistent with the microstructures presented in Fig. 5. In addition to
evidence of slight porosity, it is also possible to observe that the average
grain size decreases with the addition of gadolinia, as listed in Table 4.

The electrical characterization by impedance spectroscopy was
performed in samples sintered at 1050 °C for 5 h. Fig. 6 shows a typical
IS diagram obtained at 600 °C for the composition Ce0.99Cu0.01O2-δ
(Ce0Gd). Two semicircles are identified: a small component at high
frequency and a major contribution at lower frequencies, which are
related to the conduction processes occurring at the bulk (I - Fig. 6b)
and the blocking of oxygen ions (II - Fig. 6a and b), respectively. As can
be observed, the sample is highly resistive, mainly due to the low fre-
quency component, which reflects the contribution of both grain
boundary and other blocking mechanisms such as pores. Such a feature
is consistent with the microstructure and density of the CuO-doped
ceria without gadolinia.

The IS data measured at 300 °C for sample x = 0.20 (Ce20Gd) is
shown in Fig. 7. Decreasing the temperature from 600 to 300 °C results
in a rapid increase of the resistance associated with both high and low
frequencies, characteristic of the thermally activated conduction of
oxygen ions in ceria-based materials. The measured IS diagrams were
fitted to electrical circuits comprised of parallel RC (Resistor/Constant
phase element) elements connected in series. For measuring tempera-
tures above 400 °C the grain bulk semicircle tends to disappear within
the frequency range of the measurement as the grain becomes very
conductive with related low time constant. The same happens for the
grain boundary (above 600 °C) leaving only the electrode response
visible.

Fig. 8 shows impedance spectra obtained at 400 °C for samples with
different Gd contents. It is observed that the grain response can be si-
mulated by a simple resistor, with the complete grain response not
being observable in the frequency window of the measurement. In
addition, it is also possible to observe (for some samples) the beginning

Table 4
Equivalent grain average diameter of sintered samples Ce0.99−xGdxCu0.01O2-δ.

Sample Composition x

0 0.10 0.15 0.20 0.3

Average grain size (μm) 1.630± 0.427 0.372± 0.152 0.345± 0.149 0.340±0.145 0.113±0.034

Fig. 6. Impedance spectrum of the Ce0.99Cu0.01O2-δ composition acquired at 600 °C; (a)
full view and (b) high-frequency view.

Fig. 7. Impedance spectrum at 300 °C for sample the sample x = 0.20 (I) corresponds to
grain contribution and (II) to grain boundary contribution.

Fig. 8. Impedance spectra obtained at 400 °C for samples Ce0.99−xGdxCu0.01O2-δ, x =
0.05 to x = 0.30.

Fig. 9. Arrhenius plots of the total conductivities for samples Ce0.99−xGdxCu0.01O2-δ, x =
0.05 to x = 0.30.
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of a semicircle at high frequency related to processes that occur at the
interface between the ceramics and the porous platinum electrodes
(III), marking the limit of grain boundary response and start of the
electrode response. The IS data in Fig. 8 indicate that the resistivity of
the samples decreases with increasing the Gd content, that may be re-
lated to the formation of oxygen vacancies due to increasing dopant
concentration. However, the resistivity increases for x> 0.20, which
may be related to the formation of dopant ion/oxygen vacancy clusters.
Such clusters reduce the mobility of the vacancies and, thus, electrical
conductivity. In addition, the decrease in conductivity may be related to
the increase in grain boundary density that also decreases the vacancy
mobility, as well as the presence of pores.

The Arrhenius plots of the total conductivity for the studied com-
positions are shown in Fig. 9. The sample with the lowest conductivity
values, in the temperature range of 400–600 °C, is the gadolinia-free
composition (Ce0.99Cu0.01O2-δ), in good agreement with the low con-
ductivity of pure ceria, considered a poor ionic conductor (σ700 °C =
1.9×10−5 S cm−1) [23]. Improved conductivity is observed after ad-
dition of small amounts of gadolinia (x = 0.05). The maximum con-
ductivity is found for samples x = 0.10–0.15. In all samples, doping
with Gd generates oxygen vacancies that maintain the electrical neu-
trality of the ceria lattice and permit oxygen ionic conduction [26].

A comparison of electrical properties of the herein studied ceria-
based solid solutions with literature data is shown in Table 5. The va-
lues of conductivity increase with the addition of Gd3+ cations,
reaching a maximum of 7.81 mS cm−1 at 600 °C for the sample x =
0.15. This result represents an improvement compared to a CuO free
sample containing 20 atm.% Sm and sintered at 1500 °C for 5 h
(6 mS cm−1 at 600 °C, relative density greater than 95%) [27]. Con-
sidering samples with the similar dopant contents (20 atm.% Gd or Sm),
the current conductivities measured at 500 and 600 °C are higher than
literature reports for samples sintered at 1275 °C [28] and 1500 °C [27].
The activation energy (Ea) values, ranging from 0.95 to 1.41 eV, are in
line with those of doped ceria compositions from literature, as shown in
Table 5 and Fig. 9. The increasing values of Ea with Gd-content can be
related to an increasing amount of local order, where positively charged
oxygen vacancies and negatively charged Gd substitutions combine to
form ordered clusters, thus, requiring an increased dissociation energy
for ionic conduction [31].

4. Conclusions

Nanocrystalline particles of ceria-based solid solutions Ce0.99
−xGdxCu0.01O2-δ (x = 0; 0.05; 0.10; 0.15; 0.2; 0.25 and 0.30) were
successfully obtained by the polymeric precursor method. The asso-
ciation of two processing methodologies (nanoparticles and sintering
aid) allowed the attainment of ceramics with relatively dense micro-
structures after sintering at 1050 °C. Co-doping with Gd2O3 favored

densification and decreased the sintering temperature by ~ 50 °C. Both
the gadolinium content and ceramic microstructure affect the electrical
conductivity, with smaller grains resulting in lower total conductivity.
Overall results indicate that Cu and Gd co-doped ceria sintered at
1050 °C is a promising material for application as solid oxide fuel cell
electrolyte.
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