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The effects of CaO and ZnO as sintering aids on the electrical and thermal properties of Gd-
doped CeO, ceramics were investigated. Different systems of general formulas Gd, Ce, O, ,, and

A, Gd Ce O

0.02 0.08 0.971.94

1.95

(where A= Ca and Zn) were obtained by mechanochemistry, with a maximum milling

time of 20 h. XRD analysis of synthesized samples revealed pure phases with a fluorite-type structure,
derived from the CeO, cubic system. Heat treatments from 800 to 1500°C enhanced crystallinity and
confirmed the formation of the solid solution. SEM studies of samples sintered at 1200 and 1350°C
showed similar characteristics across all systems. Both CaO and ZnO improved the materials’ relative
density (~95%) at a sintering temperature of 1200 °C. Impedance spectroscopy demonstrated that the
sintering aids did not have an adverse effect on ionic conductivity at 650°C, while thermal conductivity

tended to decrease as the temperature increased, aligning with density results.

Keywords: SOFC, Gd-doped ceria, solid electrolytes, mechanochemistry, sintering aids, thermal

barrier coatings.

1. Introduction

Solid oxide fuel cells (SOFC) represent an innovative
approach to generating electrical energy aimed at decarbonizing
the environment. They provide high-efficiency methods for
producing electricity through reactions between hydrogen
fuel and oxygen'. These cells consist of an anode, a cathode,
and a solid electrolyte, the latter of interest for this research.
The 8YSZ (8% molar yttria-stabilized zirconia) is the most
commonly used electrolyte at operating temperatures of
700 to 1000 °C 2. These conditions eventually lead to the
degradation of cell materials, either through microstructural
alterations that result in fractures and delamination or through
external factors like corrosion or reactions with fuel gas,
which undermine the performance of the SOFC3. This is
why materials such as doped ceria have gained significance
in reducing the operating temperature of SOFCs to below
650 °C, resulting in Low-Temperature SOFCs (LT-SOFCs).

On the other hand, thermal barrier coatings (TBCs) are
systems designed to thermally insulate metallic substrates
exposed to high temperatures and harsh environments by
applying thin ceramic layers. These coatings reduce the
internal temperature of machinery, enabling higher operating
temperatures, improved efficiency, and extended service life.
The ceramic materials used for these coatings must possess
specific properties, including low thermal conductivity
(below 3 W/m K), a high coefficient of thermal expansion
(CTE), excellent thermal and chemical stability, and strong
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mechanical resistance. The most commonly used material
for TBCs is zirconia partially stabilized with 4-4.6 molar
% yttria (YPSZ). However, it has some drawbacks, such
as its tendency to densify at temperatures around 1200 °C,
which reduces porosity and consequently increases thermal
conductivity*.

Ceria doped with divalent, trivalent, or pentavalent
elements such as Sm, Gd, Dy, Ca, Mn, and others®'? has
shown promising properties for various applications, including
spintronics, photocatalysis, and gas sensors'*!4. However, its
most notable applications are in SOFCs and TBCs, which
constitute the primary focus of this research. However, it still
has some limitations, requiring high sintering temperatures
to attain adequate densification. Processing the material
under these conditions results in chemical changes such as
reduction from Ce* to Ce™, thus leading to a reduction in the
cell’s electrical efficiency due to the electronic conduction
arising from this conversion®®. Various investigations have
been focused on promoting the densification of doped ceria
at lower sintering temperatures through different synthesis
methods'>! or chemical compositions'”!8, indirectly affecting
ionic conductivity.

This research uses a novel approach by utilizing divalent
sintering aids, such as Ca and Zn, to simultaneously enhance
oxygen vacancy concentration and densification. This
innovative strategy optimizes density in Gd-doped ceria
while maintaining the high ionic conductivity and low
thermal conductivity essential for LT-SOFCs and TBCs.
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Furthermore, high-energy mechanical milling as a synthesis
method enables the production of highly structurally disordered
ceramics at room temperature, activating the material for the
sintering process, thereby lowering the required sintering
temperature'. Mechanical milling is an effective method for
synthesizing compounds, solid solutions, and new crystalline
phases through solid-state reactions, which typically require
high temperatures®**'. However, high-energy milling, such
as planetary or vibratory mills, enables these reactions to
occur at room temperature. This technique provides precise
control over material properties by introducing structural
defects that are difficult to achieve with other methods. The
resulting materials often have a metastable state, structural
disorder, and high vacancy concentrations, making them
ideal for developing SOFC electrolytes.

These characteristics may also improve the materials’
thermal insulation properties, making them well-suited for
a variety of applications.

2. Materials and Methods

Systems with the general formulas Gd,Ce ,O, , and
AO »0d, .Ce, O, ,, (Where A= Caand Zn) Were synthe51zed
using mechanochemistry. The starting materials—CeO,,
Gd,0,, ZnO, and CaO powders (Sigma-Aldrich, 99.9%
purity)—were processed in a high-energy planetary mill
(RETSCH PM100) at 400 rpm for up to 20 hours. Heat
treatments were subsequently performed at 800, 1000, 1200,
1350, and 1500 °C. The selected maximum milling time
and sintering temperatures were based on prior studies®.

The crystalline structure evolution of the systems,
influenced by milling time and heat treatment temperature,
was characterized via X-ray diffraction (XRD) using a
Rigaku IV diffractometer. This utilized Cu Ko radiation
2=1.54 A with operating conditions of 30 mA current and
40 kV voltage. XRD data were also used to calculate the
lattice parameter using Bragg’s Law nA=2d sin 6, and the
equation a =d/[(h)*+(k)>+(1)’]".

Powders of each composition were pressed uniaxially at
550 MPa and sintered for 6 hours at 1200 °C and 1350 °C.
Their morphologies were analyzed using a field emission
scanning electron microscope (FE-SEM, TESCAN-MIRA 3)
with secondary electron mode under an accelerating voltage
of 20 kV, beam intensity index 9, working distance of 12 mm,
and spot size of 40 nm.

The relative density was determined by comparing the
theoretical density, calculated from the lattice parameter
obtained via XRD, with the experimental density measured
using the Archimedes method.

Impedance spectroscopy was conducted on samples
sintered at 1200 °C. The samples were coated with silver paint
on both sides and subjected to a heat treatment at 700 °C for
2 hours to remove organic components, enabling the silver
paint to function as blocking electrodes. Measurements
were performed from 300 to 650 °C using a Solartron 1260
Frequency Response Analyzer (FRA) with a custom-built
sample holder and furnace.

Thermal conductivity (k) at various temperatures was
calculated using the equationk=a -p - C . where a is the
thermal diffusivity measured via the laser flash method
(Linseis LFA 1000, under Ar atmosphere), C, is the specific
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heat determined using a Netzsch Jupiter DSC 404 differential
scanning calorimeter, and p is the experimental density.

3. Results

The XRD patterns of sample Ca- GDC with composition
Ca, ,Gd, Ce, 0, ,, at different milling times and heat
treated at different temperatures are presented in Figure 1.
Their respective references from the International Centre for
Diffraction Data (ICDD) are included as well for comparison
purposes. This figure represents all the systems. At 0 hours
of milling as shown in Figure 1(a), and according to the
reported pattern in ICDD, the signals for ceria and gadolinia
appear as sharp and prominent peaks. With an increase in
milling time, only the broadened peaks typical of the cubic
fluorite-type structure of ceria can be observed, indicating the
incorporation of Gd and Ca into the structure. The reflections
become wider and less intense due to the structural disorder
introduced during mechanical milling. Likewise, it is shown
that raising the heat treatment temperature results in the peaks
becoming sharper and more intense, which is attributed to
the enhanced crystalline order of the solid solution. These
findings demonstrate the effectiveness of mechanical milling in
producing the proposed compositions, confirming the absence
of starting reagents after 20 hours of milling, followed by
heat treatments at temperatures reaching up to 1500°C. The
prevailing structures in all cases correspond fundamentally
to phases similar to cubic fluorite, characteristic of CeO,.

In Figure 2 (a) the XRD patterns of all systems after
1350 °C heat treatment with their lattice parameters are found.
A common issue in synthesis through mechanical milling is
product contamination from the mortar or milling media (in
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Figure 1. XRD pattern of the sample Ca-GDC. (a) Milled from 0

to 20 h and heat treated at 800, 1000, 1200, 1350, and 1500 °C; (b)

(c) and (d) are the reported ICDD patterns for Gd,Ce O, ,, cubic

Gd,0,, and cubic CeO,, respectively.
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this case, zirconia balls), which can occur due to the constant
collisions of materials. However, none of the three systems
depicted in the image show any signals of secondary phases
related to contamination from milling, dopant elements, or
sintering additives. All patterns are consistent with that of
the ceria reported by ICDD (Figure 2(b)), confirming the
formation of the ceria solid solutions. On the other hand,
in the lattice parameters (a ), it is observed that this value
increases slightly in the doped systems, this difference may
be originated from the partial substitution of the Ce** ions
(r, (VIID)=0.97 A) by ions of larger radius such as Gd** (s
(VIII)= 1.053 A)®. This observation indicates the necessity
of preserving a neutral ionic charge within the crystalline
structure, which leads to the creation of oxygen vacancies
when tetravalent atoms are replaced by trivalent ones.
This process is described with the following reaction:

(1/2yGdy03) + (I —yCeOy) — Gd,Cep_ ,05_5 (1)

Where 6 denotes the quantity of oxygen that has exited
the system and will increase with lower valence ions. The
vacancies created facilitate ionic conduction within the
material through vacancy migration, leading to improved
electrical properties at lower temperatures.

Figure 3 represents the typical morphology of pellets of
pure GDC, with Ca, and Zn milled for 20 h and sintered at
temperatures of 1200 and 1350 °C for 6 h analyzed by FE-
SEM. In all instances, the results indicate that the systems
sintered at 1350 °C exhibit well-defined grains with a
polygonal morphology and irregular sizes, as well as clean
and clearly defined grain boundaries. In contrast, the grains
of the samples sintered at 1200 °C predominantly display a
semi-globular morphology, along with substantial residual
porosity between the grains that have not fully developed.
There is no notable difference between the micrographs of
the compositions with sintering aids and those without. It is
important to mention that, only pellets sintered at a maximum
temperature of 1350 °C were analyzed, since above this
temperature, they showed bubble formation, cracks, and
even broke completely. This behavior has been associated
by some authors to the ceria reduction reaction from CeO, to
Ce,0, at temperatures around 1500 °C (or under reducing
conditions)**?¢. This reaction usually leads to an outflow of
oxygen, and therefore to a cracked material.

The relative densities are shown in Table 1. Here it is
observed that at 1200 °C the relative density of the systems
with the incorporation of sintering aids, both Ca and Zn, was
higher than the pure sample. This confirms that incorporating
these elements into the ceria structure promotes densification
at lower temperatures. At 1350 °C the density percentage
increases for the pure sample and the one with Ca, while
the one with Zn decreases. The highest density value was
that of Zn-GDC sintered at 1200 °C.

Impedance spectroscopy results are represented in
Figure 4. A plot of the dependence of conductivity (c) on
frequencies of 100 Hz- 1 MHz and temperatures between
300 and 650 °C on a double logarithmic scale of the system
Ca-GDC representing all the systems can be found in (a). The
increase in frequencies of electrical stimuli applied to the
material is reflected in the increase in electrical conductivity.
This behavior was termed Universal Dynamic Response
(UDR) by A.K. Jonscher in 1983% and is representative
of predominantly ionic conductors. Lower frequencies
represent longer conduction times in which the ions have
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Figure 3. FE-SEM images at 20kX magnification showing the
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the opportunity to interact with each other, perform long-
range movements, and even reach the grain boundaries of the
material, areas that act as barriers to them causing a decrease
in conductivity values. Meanwhile, at high frequencies, the
ions only move to nearby sites. The dc or bulk conductivity
(c,.) is shown as a plateau where the conductivity is constant
with frequency. These results are distant from Debye’s ideal
response, corroborating that the conductivity of the material
is essentially ionic. As for the application of temperature, it
can be seen that it causes the increase of 6 . This dependence
can be studied if an Arrhenius-type representation is made
as in Figure 4(d) which follows the following equation:

oy.T = opexp (_Edc/ KbT) (2)

where o is the pre-exponential factor proportional to the
number of mobile charge carriers, and E _ is the activation
energy for oxygen ion migration. The straight lines are the
result of fitting the data, so it can be said that the process is
thermally activated.

Nyquist plots at 350 °C of all systems sintered at 1200 °C
are shown in Figure 4(b). Semicircles representing the grain
boundary contribution can be observed, followed by a tail at
high frequencies that corresponds to the electrode contribution,
a feature typical of ionic conductive materials®. The GDC and
Zn-GDC compositions present similar diameters, while the
Ca-GDC system has a smaller diameter indicating a higher
conductivity at this temperature, however, as shown in the
previous figures, at 650 °C there is no significant difference
in conductivity in all systems.
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Figure 4(c) illustrates the blocking effects in these
materials by showing the dielectric permittivity as a function
of temperature and frequency on a logarithmic scale for
the representative Ca-GDC composition. The increase in
permittivity at low frequencies is attributed to the blocking
effects of ions at grain boundaries and electrodes, highlighting
the predominantly ionic nature of these materials. These
results indicate that the sintering aids enhanced material
densification at lower sintering temperatures, such as 1200 °C,
without compromising ionic conductivity. Furthermore, the
conductivity values are comparable to those reported in the
literature for similar compositions, as shown in Table 2.

Finally, Figure 4(e) summarizes the conductivities and
activation energies at 650 °C with the composition of the
systems. Ionic conductivities of 8.48x102, 5.69x102, and
6.52x10 S/cm were found for the pure system, Ca, and
Zn, respectively. The incorporation of sintering aids in the
structure did not affect the conductivity and the activation
energy of the material, as the range of values was very
similar for all compositions.

There was a tendency for all materials to decrease their
thermal conductivity with increasing temperature between
100 and 300 °C followed by almost constant values, some of
them with a slight increase related to radiation heat transfer,
as shown in Figure 5 (a) and (b). This is an important
characteristic of non-metallic inorganic materials since
an increase in temperature also means higher vibrational
energy and probability of phonon scattering. The Ca-GDC
composition sintered at 1350 °C obtained the lowest thermal
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Figure 4. (a) Representative plot of conductivity vs. frequency at various temperatures (°C) for the Ca-GDC system sintered at 1200 °C,
presented on a double logarithmic scale; (b) Impedance spectra for all systems at 350 °C; (c) Real part of electrical permittivity as a function
of temperature and frequency for the Ca-GDC system; (d) Arrhenius plot of the bulk conductivity for all compositions, with the straight
line representing the best fit to the data; (e) Direct current conductivity (c,,) and activation energies (E, ) at 650 °C for each composition.
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Figure 5. Thermal conductivity (k) as a function of temperature of samples (a) sintered at 1200 °C and (b) 1350 °C. Comparison of the
termal conductivity at 900 °C of each system according to the effect of porosity (c).

Table 2. Conductivities (c), activation energies (E, ), and relative densities of similar compositions of doped ceria.

Composition Sintering d;ilizti}t/i\(];) ) 6 (S/em) E, (eV) Ref.

Ce, L2, 1,57, 0,0, s 1350°C for4 h 95 2.370 x 1072 (600 °C) 0.91 »

Ce, ,Gd, ,,Pr; O, 1300 °C for 10 h >08 1.712 x 1072 (600 °C) 0.77 30

Ce,,Sm  Ca, O, 1275 °C for4 h 95 6.48 x 107 (500 °C) 1.13 3

Ce, ,Sm 0, ,-5%MgO 1100 °C for 10 min ~92 2.76 x 1072 (650 °C) 0.8 32

Ce,,Gd ,0,,, 1400 °C for 6 h 95 3.25x 1072 (800 °C) 0.64 33
Ce,,Gd 0, 1200 °C for 6 h 89 8.48x102 (650 °C) 0.759 This research
Ca,,Gd, ,Ce O, ,, 1200 °C for 6 h 94.26 5.69%102 (650 °C) 0.692 This research
Zn, ,Gd, Ce, 0, ,, 1200 °C for 6 h 95.64 6.52x102 (650 °C) 0.695 This research

conductivity with a value of 2.89 W/m K at 800 °C (was
analyzed up to this temperature due to equipment limitations).
These findings also fit with the density results. For instance,
in the case of pure GDC, its density was lower sintered at
1200 °C; it should be remembered that a lower density
translates into a material with pores, where air is present with
a very low thermal conductivity (0.02 W/m K). Therefore,
this material resulted in a lower thermal conductivity than
the same composition sintered at a higher temperature of
1350 °C. In the case of Zn- GDC, its density did not have a
big change, and neither did its conductivity. The Ca- GDC
sample decreased its thermal conductivity a little with
a higher sintering temperature. All values oscillated between
7.63- 2.89 W/m K, and are comparable to those found in
the literature for similar compositions*, which makes them
viable for high-temperature applications.

Given that thermal conductivity can be affected by pore
volume fraction, morphology, and spatial distribution, the

k values were adjusted using Equation 3 to determine the
thermal conductivity of a fully dense material.

Klk=1-4/30 3)

Where £ is the thermal conductivity of the fully dense
material, £’ is the conductivity of the measured samples and
o is the porosity fraction of the samples. These normalized
results are shown in Figure 5 (c), where a slight increase in
all k£ values can be observed.

4. Conclusions

The systems with the general formulas Gd ,Ce, O, . and
A, ,Gd,:Ce,0, o, (Where A= Ca and Zn) were successfully
synthesized using mechanochemistry in a high-energy planetary
mill. XRD analysis indicated a highly disordered fluorite-like
structure formed after 20 hours of milling, with crystallinity

increasing as the heat treatment temperature rose. SEM



De la Rosa et al.

micrographs showed no significant microstructural changes due
to variations in chemical composition or sintering temperature.
The incorporation of sintering aids significantly improved density
from 89% to ~95%, even at lower sintering temperatures such
as 1200 °C. Ionic conductivity remained in the same order
of magnitude (1072), while the lowest thermal conductivity
(2.89 W/m K at 800 °C) was observed in Ca-GDC sintered
at 1350 °C. Importantly, the addition of sintering aids did not
negatively impact either conductivity, making these materials
promising candidates for applications in LT-SOFCs or TBCs.
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