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ARTICLE INFO ABSTRACT

Keywords: Pyrochlore structures based on SmyZry (MgyO7.x (x = 0, 0.1, 0.15 and 0.2) were synthesized by hydrothermal
Spark plasma sintering method at 180 °C and the resulting powders fired at 1200 °C for 2h. Two sintering methods were employed:
Pyrochlore

Conventional Sintering (CS) with uniaxial pressing and Spark Plasma Sintering (SPS), both at 1350 °C. Resulting
pellets had relative densities of ~70 % (CS) and ~97 % (SPS), with nano-size grains.

Electrochemical Impedance Spectroscopy (EIS) was performed under various atmospheres to assess the impact
of sintering on electrical properties. All samples exhibit ionic conductivity, with Mg-doped compositions showing
the highest conductivity whatever the sintering process used. SPS samples showed higher conductivity than those
sintered by CS, with the x = 0.10 composition (SMZ01) exhibiting the highest conductivity. The overall con-
ductivity was unaffected by atmosphere (air, Ny and Hy-Nj), indicating good stability and resistance to reduc-
tion/oxidation. Notably, SMZ01 sintered by SPS exhibits total conductivity comparable to Yttria-Stabilized
Zirconia (YSZ), a standard electrolyte in oxide-ion conducting applications. These Mg-doped ceramics, especially
when processed by SPS, offer excellent relative density and conductivity, making them promising candidates for
use in Solid Oxide Fuel Cells (SOFCs), Solid Oxide Electrolysis Cells (SOECs), gas sensors, and other clean energy
technologies requiring thermal and physical stability.

Ionic conductivity
Electrochemical impedance spectroscopy

1. Introduction along with the development and growing interest in low or zero-

emission vehicles, has made ionic conductors a central focus of these

In recent decades, research has intensified to find alternatives to
current energy sources that are more economical and, above all, non-
polluting. Although nuclear and fossil sources remain the primary en-
ergy providers, environmental awareness and the limitation of current
resources, such as oil and coal, make it essential to find new ways of
generating, storing, and distributing energy.

The most significant advances in this field are oriented towards
technologies that harness renewable energy sources, such as solar cells
and fuel cells. These technologies, in turn, require efficient energy
storage methods, making the field of rechargeable batteries one of most
actively researched topics today.

The increased use of battery-powered portable electronic devices,
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developments. Consequently, these materials play a fundamental role in
modern technology and remain the subject of ongoing research and
development aimed at discovering new applications and improvements
in their properties.

Ceramic materials with high ionic conductivity are used, for
example, in Solid Oxide Fuel Cells (SOFCs) and Solid Oxide Electrolysis
Cells (SOECs). In SOFC technology, fuel oxidation occurs at the anode,
releasing electrons, while 02~ ions travel through the electrolyte from
the cathode to the anode, where they react with the fuel to complete the
electrochemical reaction [1-4]. Ensuring a steady and fast transport of
oxygen ions at the electrolyte-electrode interfaces is crucial for
achieving optimal cell performance, which in turn requires

E-mail addresses: blascos@uji.es (S. Blasco-Zarzoso), cordonci@uji.es (E. Cordoncillo), mir@uji.es (H. Beltran-Mir).

https://doi.org/10.1016/j.jmrt.2025.07.080

Received 28 April 2025; Received in revised form 7 July 2025; Accepted 8 July 2025

Available online 9 July 2025

2238-7854/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0000-0002-9537-996X
https://orcid.org/0000-0002-9537-996X
https://orcid.org/0000-0002-7836-1602
https://orcid.org/0000-0002-7836-1602
mailto:blascos@uji.es
mailto:cordonci@uji.es
mailto:mir@uji.es
www.sciencedirect.com/science/journal/22387854
https://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2025.07.080
https://doi.org/10.1016/j.jmrt.2025.07.080
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2025.07.080&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Blasco-Zarzoso et al.

compatibility and precise control of all cell components.

Pyrochlore-type compounds have been identified as promising oxy-
gen electrode because of the presence of oxygen vacancies in lattice.
Pyrochlore materials, with general formula AyB,07, offer interesting
flexibility in terms of crystallo-chemistry. The A-site is typically occu-
pied by rare earth cations positioned at the centre of the oxygen octa-
hedra, while the B-site is usually occupied by smaller transition metal
cations, which often exhibit higher oxidation states. Additionally, these
materials possess inherent anion vacancies at the 8a site, which reside in
the tetrahedral interstice between adjacent B-site cations. This distinc-
tive structural arrangement distinguishes pyrochlores as a ceramic class
with exceptional chemical and physical properties, along with excellent
thermal and chemical stability, making them promising candidates for a
wide range of applications [5,6]. The different coordination environ-
ments in the pyrochlore structure allows for a diverse cationic ar-
rangements and various oxidation states [7-9].

Thanks to the properties mentioned above, the pyrochlores struc-
tures are highly suitable for use in high-temperature applications,
including Solid Oxide Fuel Cells [10-13], gas sensors [14-16], and
catalytic converters [17,18]. Their effectiveness is particularly notable
when incorporating ions with different oxidation states, such as Pr
(I1I/1V) and Ce(III/IV) [19-22]. Moreover, characteristics such as low
thermal conductivity [23,24], low dielectric losses [25,26], and ionic
conductivity [27-29] make pyrochlore ceramics as strong candidates for
advanced energy conversion and storage applications. Among the
possible pyrochlore compositions, this work focuses on SmjyZr07,
including compositions in which different amounts of Zr(IV) is replaced
by Mg(Il), selected to study its electrical properties.

Table 1 reports a literature survey and summarizes different studies
carried out on materials based on SmyZry0; [30-41], including the
nominal compositions used and, in each case, the proposed application.
Different compositions with various ion dopants substituting Sm or Zr,
as well as the stoichiometric composition, have been prepared. Diverse
applications are proposed depending on the composition, although their
use in SOFCs remains one of the most prominent. The examples cited in
Table 1 regarding ceramics used as oxide ionic conductors in applica-
tions like SOFCs [30,32-36,40] exhibit high conductivities, comparable
with other ionic conductors, which range from 1 to 4.7 x 103 S cm ™! at
temperatures above 800 °C in pellets sintered at 1600-1700 °C. The
common synthesis methods used in literature to prepare the powders are
solid-state reaction or mechanical activation. Conventional sintering,
used either alone or in combination with other sintering methods at
different pressures, was employed to prepare the pellets. In some cases,
the sintering process involved multiple steps, such as uniaxial pressing at
20 MPa followed by cold isostatic pressing and occasionally concluded
with pressureless sintering [33-35]. These studies demonstrate that the
synthesis methodology, sintering temperature, and operating conditions
used for electrical measurements are key factors in determining the
conducting material’s properties.

Achieving the desired properties in ceramic materials, particularly
pyrochlores, requires careful attention to the processing steps, ensuring

Table 1

Literature for different compositions based on SmyZr;0;.
Year First author Composition Application Ref.
2007 Shlyakhtina SmyZr;07 SOFC [30]
2008 H.-S. Zhang Smy(Zrg 7Ce.3)207 Thermal conductor [31]
2009 X.-L. Xia (Sm; xCay)2Zry07. SOFC [32]
2011 Z.-G. Liu Smy_(LayZr,07 SOFC [33]
2011  Z.-G.Liu (Smy xyGdyxYby)2Zr,0;  SOFC [34]
2012 X.-L. Xia Smy <EuyZr,0;, SOFC [35]
2014 D.S. Vaisakhan Smy(Zr; 4Cey)207 SOFC [36]
2016 Y.-H. Ma Smy(Zr; 4 Tiy)207 Thermo-Optic [37]1
2017 D.Y. Wang Sm,Zr;0, Thermal barrier [38]
2018 Wei Guo Smy,Zr,07 Thermal barrier [39]
2019 Shlyakhtina Smy CayZry07.x /2 PC-SOFC [40]
2020 Yong Zheng SmyZr;07 NO,, detection [41]
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the preservation of the crystalline structure while obtaining a dense
ceramic. Conventional sintering methods often fall short of achieving
the required density (>95 %) [42]. However, innovative sintering
techniques such as Flash Sintering [43], Cold Sintering Process [44], and
Spark Plasma Sintering (SPS) [45] have proven highly effective for
densifying functional ceramics. Among these, SPS stands out due to its
combination of uniaxial pressure and pulsed electrical current, enabling
efficient heat transfer and fast sintering kinetics [46-49]. This process
significantly improves relative density, enhancing key properties like
mechanical strength, electrical conductivity, and chemical stability in
pyrochlore ceramics. Additionally, the low partial pressure of O during
SPS processing may facilitate the reduction of chemical species, thereby
modifying the material’s characteristics and increasing their suitability
for various applications. Moreover, in terms of energy consumption, low
sintering temperature, short cycle, fast heating rates contribute also to
the benefits of SPS compared to conventional sintering.

In this context, the present work studies the influence of Mg doping
and the sintering process of the powders on the electrical properties of
the pyrochlore material with general formula SmyZrs yMgyO7.x (x = O,
0.1, 0.15 and 0.2) To do so, two different sintering processes were used:
Conventional Sintering (CS) and Spark Plasma Sintering (SPS). This
work aims to achieve a better understanding of how doping and sin-
tering affect pyrochlore ceramics, thereby advancing our knowledge and
broadening the potential applications of these materials.

2. Experimental section
2.1. Synthesis of the samples by hydrothermal method

Four compositions based on SmyZry {Mg,O7.x with x = 0, 0.1, 0.15
and 0.2 (named as SZ, SZMO01, SZMO015 and SZMO02, respectively) were
prepared using the hydrothermal method. This synthesis method offers
advantages over the conventional solid-state method. For example, its
ability to produce nano-sized particles, is straightforward and cost-
effective, ensures better control of reaction stoichiometry, and is
consistently reproducible [21].

The starting reagents were Sm(NO3)3-6H20 (99.9 %, Sigma-Aldrich),
ZrOCly-8H50 (98 %, Sigma-Aldrich) and Mg(CH3COO0)5-4H50 (98 %,
Panreac). Initially, the stoichiometric amounts of each precursor were
dissolved in 40 mL of distilled water. The pH of the solution was
adjusted to 10 using an ammonium solution (32 % w/w, Scharlab) and
was stirred for 10 min. The prepared mixture was placed into a 100 mL
Teflon-lined vessel, which was then introduced in a digestion bomb and
subjected to heat treatment in an oven at 180 °C for 24 h. The resulting
precipitate was cooled and dried at 100 °C for 24 h. Finally, the dried
powders were ground and calcined at 1200 °C for 2 h, with a heating
rate of 5 °C min~'. A schematic representation of this procedure is
shown in Fig. 1 (a).

To perform electrical measurements and investigate the effect of
ceramic density on the electrical response, the powders of the undoped
and doped samples were pressed and sintered using two different
methods: the Conventional Sintering (CS) and the Spark Plasma Sin-
tering (SPS).

2.2. Pellet preparation with conventional sintering (CS) process

The conventional sintering method involved uniaxially pressing the
powder into a pellet, with a diameter of 5 mm and a thickness of
approximately 1 mm. A force of 1 ton (500 MPa) was applied and
maintained for 2 min. After realising the pressure, the pellet was sin-
tered at 1350 °C for 2 h in air with a heating rate of 5°C min~'. A scheme
of this process is shown in Fig. 1(b).

2.3. Pellet preparation with SPS process

Pellets with a diameter of 10 mm and a thickness of approximately 1
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Fig. 1. Schematic representation of (a) hydrothermal synthesis method, (b) Conventional Sintering (CS) process and (c) Spark Plasma Sintering (SPS) process.

mm were prepared from the powders of the samples using SPS. The SPS
process was performed using SYNTEX, Dr. Sinter Lab model 515S
equipment as schematically depicted in Fig. 1(c). To prevent graphite
oxidation, the process was carried out under a primary vacuum (~10 Pa)
at a temperature of 1350 °C. A short dwell time of 5 min and high
heating rates (50 °C-100 °C min_l) were employed to enhance densi-
fication while minimizing grain growth. A uniaxial pressure of 100 MPa
was applied from room temperature and maintained throughout the
heating process until the sintering time at the target temperature was
completed. During the cooling step, the pressure was gradually released
when the temperature dropped to T < 600 °C. Then, the current was
switched off and the sample was allowed to cool at room temperature.
Graphite molds and punches were used in the process, with the interior
of the mold covered with graphite foil to ensure optimal electrical
contact between all components.

For both CS and SPS prepared samples, the final pellets were polished
to clean the surface before depositing the platinum electrodes to carry
out the electrical measurements.

2.4. Characterization techniques

Phase analysis of the samples was carried out using powder X-ray
diffraction (XRD) with a Bruker-AXS D8 X-ray diffractometer with CuK,
radiation. Measurements were conducted at room temperature over a
°20 range of 10°-70°, using a step size of 0.03° and a counting time of 1 s
per step.

The experimental density of the sintered pellets was measured
through the Archimedes method [50], with several repetitions
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performed for each sample to ensure data accuracy and reproducibility.
Relative density and densification percentages were calculated by
comparing the theoretical density obtained from XRD and the experi-
mental density.

Raman spectra of the different compositions were recorded in the
frequency range of 200-700 cm ™! at room temperature using a modular
Raman system (WITec GmbH). The system features an automatic ver-
tical confocal microscope (alpha300 apyron), an ultra-high-efficiency
EMCCD detector cooled to 60 °C, and a 532 nm laser coupled to the
microscope.

The morphology and microstructure of the pellets were analyzed
using a JEOL 7001F Field-Emission Scanning Electron Microscope (FE-
SEM) equipped with an energy dispersive X-ray Spectrometer (EDX)
from Oxford instruments, using an acceleration voltage of 15 kV. For the
analysis, a cross section of the pellets was used. The samples were placed
on carbon supports and coated with sputtered platinum.

Electrochemical Impedance Spectroscopy (EIS) using an impedance
analyzer (Agilent 4294A, Madrid, Spain) was used to study the electrical
behavior of the prepared materials. Both faces of the pellets were coated
with platinum paste electrodes, which were dried and decomposed by
gradual heating to 800 °C. The electrode-coated samples were placed in
a conductivity jig and placed within a quartz chamber to enable and
control the gas flow. EIS measurements were performed using an AC
voltage of 0.1 V in a frequency range from 40 Hz to 13 MHz. Measure-
ments were conducted at different temperatures, ranging from room
temperature to 800 °C, and under various atmospheres, including dry
N, O3 and a mixture of 5 %Hy - 95 %N5. Impedance data were corrected
according to the geometric factor of the pellets.
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3. Results and discussion
3.1. Structural and morphological evaluation

XRD patterns of the powders obtained after hydrothermal synthesis
and fired at 1200 °C for all compositions revealed a single-phase ordered
pyrochlore structure (Fd-3m space group) for all samples, Fig. S1 of the
Supplementary Information. Pellets prepared using both CS and SPS at
1350 °C were also analyzed by XRD, confirming that the pyrochlore
structure is maintained for all compositions and whatever the sintering
process, Fig. 2a and b. The formation of the ordered pyrochlore phase is
evidenced by the appearance of superstructure peaks around 26 ~ 14°
(111) and 37° (331), as indicated by the hkl planes in these figures.
These peaks arise from the structural reorganization required to convert
a fluorite phase into a pyrochlore. This transformation involves scat-
tering effects caused by the rearrangement of A- and B-site cations, the
displacement of oxygen atoms from their ideal lattice positions, and the
introduction of oxygen vacancies [51,52]. In cases where these super-
structure reflections are less evident, Raman spectroscopy (discussed
later) will provide additional confirmation of the XRD observations.

No peak displacement toward higher 20 angles was observed, as
might be expected when an ion of a different size replaces another ac-
cording to Bragg’s Law, n A = 2d cos0. This is consistent with the similar
ionic ratios of Zr(IV) and Mg(II) for the same coordination index [53].
Moreover, no appreciable peak of MgO or other additional phases can be
observed, which could indicate that the solid solution is formed.

The XRD patterns also clearly reveal broader peaks in the SPS sam-
ples compared to the CS samples, which would likely indicate a reduc-
tion in crystallite size in the SPS samples. The commonly accepted
formula for calculating the average crystallite size of a material based on
the broadening of XRD peaks is known as the Scherrer formula [54],
equation (1):

Kz
" Bcos g

@

where, t is the thickness of the crystals (in 10\), ) the X-Ray wavelength, 6
is the Bragg diffraction angle, K is the dimensionless factor that depends
of the shape of the crystallites in the powder (commonly assigned a
value of 0.9), and B is the FWHM (Full Width at Half Maximum) of the
XRD peak at the diffraction angle, Table 2. The average crystallite size
for powder samples was around 87 nm, whereas for the samples pre-
pared by CS and SPS was 108 nm and 93 nm, respectively. It is clear that
the sintering method affects the final crystallite size and that SPS allows
limiting grain growth.

In order to confirm that the pyrochlore structure was obtained in all
the samples prepared by both sintering methods at 1350 °C, comple-
mentary analyses were performed using Raman spectroscopy. According
to factor group analysis, A;B2O7 pyrochlores are expected to exhibit six
Raman-active and seven infrared-active vibrational modes, that in the
case of Raman can be represented as follows:

= A + By + 4F5, @

The ordered pyrochlore structure has six active Raman modes, while
the defective fluorite structure has only one mode, F;. The Raman
spectra of the samples prepared by both sintering methods have similar
profiles, Fig. 3(a) and b. The five active modes identified in the range of
200-700 cm ™! are marked in each spectrum. As reported in the litera-
ture [55,56], the Raman band at.

525 cm ™!, known to exhibit notable intensity variations under
different polarization directions, is assigned to the A;; mode (BOg
bending vibrations). The most intense peak, corresponding to the Eg
mode at approximately 302 cm ™, is primarily attributed to the O-B-O
bending vibrations, whereas the other two vibration frequencies at
~390 and 599 cm ™!, can be assigned to two of the four Fo; modes and
occurs mainly due to B-O stretching, with contributions from A-O
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Fig. 2. XRD patterns of the pellets prepared by (a) CS and (b) SPS process, both
sintered at 1350 °C for 2h. The reference phase for SmyZr,0; (JCPDS — ICDD
24-1012) is included.



S. Blasco-Zarzoso et al.

Table 2
Average crystallite size and relative densities of the powder and pellets sintered
using CS and SPS. Apparent densities were calculated by Archimedes Method.

SZ SZMO1 SZMO015 SZMO02
Powder (1200 °C)
Crystallite size/nm 72(4) 94(5) 92(5) 90(5)
Conventional sintering (CS)
Crystallite size/nm 104(5) 108(5) 111(6) 107(5)
Apparent density/g cm ™3 4.6131 4.6204 4.5918 4.6889
Relative density/% 68 70 70 72
SPS
Crystallite size/nm 80(4) 98(5) 99(5) 95(5)
Apparent density/g cm 3 5.9691 6.4100 6.3851 6.2006
Relative density/% 93 97 98 96

stretching and O-B-O bending vibrations. A much weaker peak,
observed at ~474 cm ™!, appears most prominent in samples prepared by
conventional sintering, and may correspond to another F; mode. The
reduction or absence of this band, associated with the vibrational modes
of the Zr-O bond in the octahedral environment (ZrOg), could indicate a
higher degree of disorder in the structure, and consequently, an
increased number of oxygen vacancies [57]. This could be the case in
samples prepared by SPS, where higher disorder and a greater number of
defects may be present.

Therefore, the results obtained by Raman corroborate the XRD
findings and indicate the presence of a pyrochlore phase in all samples
prepared using both sintering methods. In addition, based on Raman
spectra, the samples prepared by SPS could have a greater number of
oxygen vacancies resulting in structural disorder, which may affect the
electrical properties of the material.

The relative density of each pellet was calculated by comparing the
experimental density, determined using Archimedes’ principle, with the
theoretical density. The results, summarized in Table 2, indicate that
pellets prepared by the CS method at 1350 °C for 2 h achieved relative
densities around 70 %, whereas pellets prepared by SPS reached relative
densities of around 97 % for Mg doped ones. This demonstrates that the
combined effect of pressure and the rapid heating employed in SPS
significantly enhances densification, emphasizing the high efficiency of
SPS in producing dense ceramics within significantly short sintering
times. It is important to note that magnesium also slightly improved
densification, in particular for conventional sintering.

Fig. 4 shows the SEM micrographs of cross section of the pellets
prepared using CS and SPS, highlighting the distinct microstructural
features in the two compositions, SZ and SZMO1. Note that the samples
doped with higher Mg content had similar microstructure than the
composition SZMO01, and therefore, were not included in this figure. In
view of the grain size revealed by SEM, polycrystalline grains are
considered, and the samples prepared by CS exhibit larger grain sizes
than those prepared by SPS. However, it is challenging to estimate the
average grain size due to the high level of densification. Note that
transgranular fracture mode is observed in Mg-doped samples prepared
by SPS, reflecting a strengthening of the grain boundaries. This
improvement in density, increasing it, and reduction in grain size of the
samples prepared by SPS could significantly enhance the electrical
properties, particularly the transport of oxide ions [58-60], and also
offers advantages, such as the improvement of mechanical properties.
There was no evidence of secondary phases by backscattered electron
analysis and EDX for all compositions.

3.2. Electrical measurements under nitrogen

Although the low partial oxygen pressure generated during the SPS
process could cause partial reduction of the materials during sintering,
in this case, as confirmed by ref. [61], and as will show later, these
samples, due to their constituent elements, do not undergo any reduc-
tion. Nevertheless, to prevent any changes in the oxygen content that
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Fig. 3. Raman spectra of the pellets prepared by (a) CS and (b) SPS process,
both sintered at 1350 °C for 2h.

could affect the results of the electrical measurements, these were car-
ried out under a dry nitrogen atmosphere.

EIS measurements were used to characterize the electrical behaviour
of ceramics. EIS is a powerful tool to determine the ionic conductivity of
the ceramic sample but could also help to distinguish the bulk and grain
boundaries contributions. Such analysis is very important because ionic
conductivity of polycrystalline ceramic is influenced by the sample
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(b) SZMO01 _Cs

(d) SZMO01 _SPS

Fig. 4. Micrographs of the cross section of the pellets sintered at 1350 °C by CS and SPS for: (a-b) SZ and (c-d) SZMO1.

microstructure. A selection of typical impedance data for two of the four
compositions prepared, undoped (SZ) and a Mg doped sample (SZM01)
sintered by the two methodologies proposed, CS and SPS, at 1350 °C, is
shown in Figs. 5 and 6. Note that the other Mg doped samples with
higher concentration are not included for the analysis because they
presented similar electrical behavior to SZM01 (Fig. S2 of the Supple-
mentary Information).

Fig. 5(a) and (b) present the impedance complex plane plots, Z*, also
referred as Nyquist plots (-In(Z) versus Re(Z), -Z' versus Z’), at 450 °C and
650 °C for the undoped sample (SZ) sintered by the two procedures, a
broad and distorted semi-circular arc is observed in both samples,
indicating the presence of multiple RC (resistance-capacitance) elements
connected in series. The total resistivity, R; + Ry, of the sample prepared
by CS is higher than that prepared by SPS. The resistivity values, ob-
tained from the intercept of the arc on the Z' axis, are around 150 x 10°
Q cm for the CS sample and 75 x 10° Q cm for the SPS sample at 450 °C.
This clearly demonstrates the effect of the sintering procedure on the
electrical response of the samples.

Z”/M" spectroscopic plots are widely recognized as effective tools for
distinguishing the various contributions to the overall electrical
response, particularly when the separation of different regions within a
sample is unclear in the complex impedance (Z) plots. Therefore, to
better identify the possible presence of two distinct impedance contri-
butions in these samples, Z'/M" spectroscopic plots for the SZ compo-
sition prepared by both the two sintering processes, are shown in Fig. 5
(c) and (d). As can be seen, the peak maxima of M" and Z" do not match at
the same frequency. The largest peak in the M” plot is associated with the
region of the sample exhibiting the lowest capacitance, corresponding to
the sample grains [62]. This M peak coincides with the high-frequency
peak or shoulder in the Z” plots, indicating that R; corresponds to the
bulk resistance of the samples. Note that, the Z" peak in both diagrams
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displays a broader shape than what is expected for an ideal Debye peak.
Therefore, for both samples, the impedance data may be represented
ideally by an equivalent circuit containing two parallel RC elements in
series. This electrical inhomogeneity within the sample becomes more
pronounced as the degree of sintering increases.

Capacitance values can be determined from the maxima in Z”/M”
plots, using the relation: 2nf-R-C = 1, however, they are more directly
observed in capacitance, C’, versus frequency plots, as shown for the
same data in Fig. 5(e) and (f). All measurements show a high-frequency
plateau at ~5 x 10712 F em ™! which represents the bulk capacitance, Cj,
of the samples, and a less well-resolved and low-frequency plateau, Cy,
at ~2-3 x 107 "' Fem ™% Although the capacitance value, Cy, is lower
than typically expected for a grain boundary or surface layer, it still
corresponds to an additional RyCy element associated with a small vol-
ume fraction resistance. This inhomogeneity may result from grain
boundary constriction and/or an inhomogeneous distribution of the ions
within the sample.

At low frequencies and high temperatures, C' increases reaching
values ranging from approximately 1077 to 10~ F cm !, depending on
the sintering process. These values are characteristic of ion blocking at a
sample-electrode interface. At high temperatures, low-frequency ionic
conductors typically exhibit capacitance values exceeding 107® F cm™?
[63]. This behavior is also reflected in the characteristic spike or a small
semicircle, with a small resistance associated, observed at low fre-
quencies in the impedance complex plane plots. Therefore, these results
confirmed that the ionic conduction mechanism due to 0%~ ions is
prevailing in the transport properties.

For the Mg-doped samples, the EIS measurements for both sintering
processes were similar to those of the undoped sample. A selection of
impedance data for the sample with x = 0.1 is shown as an example in
Fig. 6(a) and (b) for the two sintering processes. Two distinct RC
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components were observed in both processes, associated with the bulk
and the grain boundary, with capacitance values of approximately 6 x
1072 F em™! for the bulk and 1.8-1.2 x 1071 F cm™ for the grain
boundaries. The presence of these two RC components was more clearly
observed in the samples with magnesium. At low frequencies, a spike in
the impedance plot, which evolves into a depressed semicircle with a
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small resistance at high temperatures, was observed in both samples,
along with an increase in C' to values ranging from approximately 10~/
to 107® F em™!, depending on the sintering process, indicating ion
blocking at the sample-electrode interface. Therefore, electrically
inhomogeneous samples were obtained in both sintering methods.

The total resistance of each sample was obtained from the intercepts
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of the arc on the Z' axis in the impedance complex plane plots. This is
then presented as total conductivity in Arrhenius format as a function of
temperature, as shown in Fig. S3 of the Supplementary Information. EIS
measurements at different temperatures were conducted after the sys-
tem reached steady-state conditions. All samples prepared by SPS
exhibited similar conductivities, with SZMO02 being the most resistive. In

3746

contrast, the samples prepared by CS showed slight variations in total
conductivity, with sample SZMO1 displaying the highest conductivity.
Due to the electrical inhomogeneity observed in all samples, and to
analyze the behavior in each region of the sample in detail, the con-
ductivity data for each region, bulk (6;) and grain boundary (c3), were
extracted from the impedance data shown in Fig. 5(a-d) and 6(a-d) and
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represented in Arrhenius format in Fig. 7 for both sintering processes.

For the samples prepared by CS (Fig. 7a and b), the effect of doping is
evident in the SZMO01 sample, where conductivity increases drastically,
promoting oxide-ion conductivity as Zr(IV) is substituted by Mg(Il) in
the pyrochlore structure. However, when the Mg concentration is
higher, conductivity decreases. This behavior is similar in both regions
of the sample.

For the samples prepared by SPS (Fig. 7c and d), the effect of doping
is more evident in the bulk region, with the SZMO01 sample showing the
highest conductivity. However, similar conductivities were observed

Journal of Materials Research and Technology 37 (2025) 3739-3751

plots in Fig. 7, are presented in Table 3. The activation energies for the
bulk and grain boundary regions differ clearly, but there is no significant
variation in activation energy with respect to dopant content; thus,
oxygen-ion conduction remains the conduction mechanism in all cases.
On the other hand, a notable increase in the pre-exponential factor is

Table 3

Activation energies and pre-exponential factor extracted from the Arrhenius

plots.

concerning the grain boundary contribution. Consequently, as the total 5z SZM01  SZMO15  SZMO02
resistance of the samples is dominated by the grain boundaries, all Conventional sintering
samples exhibit similar values in total conductivity (see Fig. S3 of the Ea/eV 61 070 0.71 0.73 0.76
SD 6, 091 0.95 0.93 0.92
. . -1
Therefore, in both sintering processes, the SZM01 sample exhibits Pre-exponential factor/Scm :2 f';zs ?.182?72 2'88_;0 f;gs
the highest conductivity, with conductivity decreasing as the magne- SPS
sium concentration increases. This behavior in the decrease of conduc- Ea/eV 61 072 0.72 0.70 0.69
tivity could be associated with the density of mobile charge carriers. ) ., %2 L00 1.00 0.99 0.99
The activation energies and preexponential factors for all samples Pre-exponential factor/Scm or 426 13.24 7-66 5.83
o . 6, 2264  266.6 288.6 160.7
prepared by the two sintering processes, extracted from the Arrhenius
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Fig. 7. Arrhenius plots of bulk (c},) and grain boundary (cgp) conductivity in dry N for all samples prepared by the two sintering processes: (a, b) CS and (c, d) SPS.
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observed with doping, with a maximum for the SZMO01 sample, which
also exhibits the highest conductivity. Since the preexponential factor is
known to be associated with the density of mobile charge carriers, this
suggests that SZMO1 has a significantly higher concentration of mobile
charge carriers compared to the other samples.

Since the SZMO1 sample has the highest conductivity, and in order to
compare it with the stoichiometric sample, SZ, a fitting of the data was
performed at high and mid frequencies for these samples sintered by CS
and SPS to extract accurate data for the two components and evaluate
the potential blocking effect within the material. The fits of the samples
are shown in Fig. S4 for measurements taken at 450 °C, and the data
obtained from these fits are included in Table S1 for four different
temperatures. The equivalent circuit chosen to represent the high- and
medium-frequency ranges of the impedance data is also shown in
Fig. S4. The proposed circuit for modelling this frequency range consists
of two parallel combinations of a resistance (R) and a Constant Phase
Element (CPE), connected in series. The high-frequency R;-CPE; com-
bination is attributed to the bulk, while the medium-frequency R,-CPEy
combination is attributed to the grain boundary. The fitting data, along
with the original data and the two components extracted from the
fitting, are shown in Fig. S4, demonstrating a good fit for all data.

On the other hand, Fig. 8 show the variation of the log fmax with
temperature in Arrhenius format for SZ and SZMO1 samples sintered by
CS and SPS. This representation serves as a powerful tool for deter-
mining the activation energy of the processes responsible for blocking
charge carriers. The blocking factors, ag, which is proportional to the
blocking surface, and oy, corresponding to the blocking thickness, can be
estimated using the following equations (3) and (4):

Ry
- " 3
R (Rg +Ry) 3
a :% )

Therefore, the product ag x ayis proportional to the blocking volume
in the ceramic sample. According to the EIS measurements at different
temperatures, the SPS process significantly reduces the average blocking
volume from 7.9 % to 4.3 % for SZ and from 1.5 % to 1.3 % for SZMO01,
likely due to a decrease in sample porosity.

To more clearly evaluate the conductivity of the samples prepared by
both sintering processes, Fig. 9(a) and (b) show a comparison of the total
conductivity of the SZ and SZMO1 samples, respectively. As seen in this
figure, conductivity is higher in both cases for the samples prepared by
SPS. The increase in conductivity could be assigned to the higher density
of the samples, which reduces the blocking effect due to the porosity.

The total conductivity curve for the SZMO01 sample in a reducing
atmosphere (5 % H3/95 % N3) showed no notable differences compared
to the curves measured in nitrogen and air. This indicates that the
SZMO1 material remains stable, with no reduction or oxidation occur-
ring under the conditions tested (Fig. 10(a)). This issue is a key
parameter for the use of the material as electrolyte in SOFC and SOEC
devices.

It is important to note that the conductivity values obtained are
higher than those reported for other pyrochlore systems in the literature,
such as GdyZr,0; [64], PryZraO; [42] or Nd,ZroO; [65]. Moreover,
when compared to the conductivities of SmyZr,07-based compositions
reported by other authors [30,32-36,61], our samples exhibit similar
values; however, it is worth highlighting that they have been processed
at significantly lower sintering temperatures. Furthermore, the con-
ductivity values for the undoped SZ sample prepared by SPS are similar
to those previously reported by our group [61] at the same temperature.
Therefore, the use of SPS for sintering the samples enables achieving
high densities at lower temperatures and in very short times, while also
yielding good conductivity values. As observed in other studies
involving different materials, such as lithium-ion conducting ceramics
[66,67], ZnFe04 for energy storage materials [68], or ceramics used in
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heterostructured electrodes for hydrogen energy technologies [69], the
SPS process enables the production of various materials with suitable
properties for different applications.

Finally, since sample SZMO1 exhibits the highest conductivity,
Fig. 10(b) presents a comparison between this sample and a reference
material commonly used as solid electrolyte for SOFCs, which also
exhibit favorable characteristics such as good ionic conductivity and
high-temperature stability. In this case, sample SZMO1 shows conduc-
tivities similar or slightly better to YSZ [70] across the entire tempera-
ture range. As a result, this material appears to be promising for use in
fuel cells and other energy-related technologies.

In summary, the samples demonstrate promising ionic transport
properties, particularly those prepared by SPS, exhibiting high
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conductivity over a wide temperature range and good stability in both
oxidizing and reducing atmospheres, an important characteristic for
various technological applications. In particular, the SZMO01 sample
seems to be a promising material for a wide range of applications,
including SOFCs and High Temperature Steam Electrolysers (HTSE).

4. Conclusions

Single-phase of pyrochlore materials based on SmyZrs x\MgxO7.x (x =
0, 0.1, 0.15 and 0.2) were synthesized using the solvothermal method at
180 °C and subsequently fired at 1200 °C for 2h. Pellets prepared
through two different sintering processes, conventional sintering (CS)
and Spark Plasma Sintering (SPS), at 1350 °C also exhibited single-phase
of pyrochlore structure. However, the densities differed significantly:
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Fig. 10. Arrhenius plots of the SZMO1 overall conductivity in dry N, air and 5
%H>/95 %N, and (b) compared to referenced ion-oxide solid electrolyte ma-
terial, YSZ [65], in air.

the samples prepared by CS reached approximately 70 %, while those
processed by SPS achieved 97 %. These differences in relative density,
and consequently in the sintering quality, were clearly observed through
SEM analysis. Furthermore, a reduction in crystal size, as determined by
XRD, was evident in the SPS samples, which may contribute to improved
sintering.

Electrochemical Impedance spectroscopy (EIS) measurements con-
ducted under dry nitrogen showed that the samples were electrically
inhomogeneous. To describe the electrical response, two RC elements
associated in series were required, with the grain boundary component
dominating the overall conductivity response. The samples prepared by
SPS exhibited higher ionic conductivity values than those prepared by
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CS. Although Mg doping improves both grain boundary and bulk con-
ductivity in both sintering methods, further increasing the Mg concen-
tration does not lead to higher conductivity. The highest conductivity
values were observed in the SZMO1 sample.

Therefore, a correlation between microstructure for each of the
processes with conductivity was clearly observed, with SPS sintering
generating the highest conductivities.

A comparison with the classical ion-oxide solid electrolyte material,
YSZ, sintered via SPS revealed that the SZMO1 sample exhibited higher
conductivity over the entire temperature range. Moreover, this compo-
sition exhibited nearly identical conductivity under nitrogen, air, and
reducing (5 % Hy/95 % Nj) atmospheres, indicating that the material
remains stable under the tested conditions.

Due to their outstanding relative density and high conductivity,
especially in SZMO01 sample prepared by SPS, these materials show great
potential for use in applications that demand thermal and physical sta-
bility alongside swift oxidation-reduction capabilities. Such applications
include Solid Oxide Fuel Cells (SOFCs), and Solid Oxide Electrolysis
Cells (SOECs), gas sensors, and various clean energy technologies.
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