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ENHANCING SAMARIUM-DOPED CERIA ELECTROLYTES WITH MANGANESE
FOR SOLID OXIDE FUEL CELL

This study focuses on synthesizing new electrolyte materials for solid oxide fuel cell (SOFC) with the composition of Ce g_,
Mn,Smg,0; 9.5 (x = 0, 0.025, 0.05, 0.1). The main aim is to investigate the effect of varying molar concentrations of manganese
(Mn) as a secondary dopant on density, phase composition, and ionic conductivity of samarium-doped ceria (SDC). Accordingly,
X-ray diffraction (XRD) and impedance spectroscopy (IS) were employed to characterize the samples. Mn-doped samples sintered
at 1400°C for 5 hours exhibited a single-phase cubic fluorite structure with larger lattice parameters and volumes compared to
the undoped sample. All samples achieved a high relative density exceeding 94%. Notably, the sample with 10 mol% Mn reached
a relative density of 99.6%. Impedance data revealed that the ionic conductivity of the Mn-doped samples was enhanced by an
order of magnitude compared to the undoped samples. This indicates that Mn is a promising dopant for SDC in electrolyte ap-

plications for SOFCs.
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1. Introduction

Solid oxide fuel cells (SOFCs) are a promising energy con-
version technology due to their high efficiency, fuel flexibility,
and environmental benefits [1-3]. A key factor in the performance
of SOFCs is the development of effective solid electrolytes that
exhibit high ionic conductivity at intermediate to low tempera-
tures [4-6]. Among the potential candidates, ceria-based elec-
trolytes, especially samarium-doped ceria (SDC), have gained
significant attention. This is largely due to their superior ionic
conductivity compared to traditional yttria-stabilized zirconia
(YSZ) electrolytes, especially at reduced operating temperatures
[7-9]. Nonetheless, ongoing research is focused on further en-
hancing the performance of SDC through strategic doping and
compositional modifications [10-12].

Doping rare-earth dopants such as Sm, Gd, La, and Y into
ceria-based electrolytes is a well-established approach. In ad-
dition, incorporating transition metal dopants into ceria-based
electrolytes also has been shown to influence various material
characteristics. This includes densification, grain growth, and

ionic conductivity. Furthermore, recent studies have particularly
explored the incorporation of transition metal dopants for ex-
ample FeO;, CuO, and V,0Oj5 into the ceria lattice to enhance its
ionic conductivity [13-17]. Among these, manganese (Mn) has
demonstrated potential promise as an effective dopant due to its
ability to substitute for the parent ions in the lattice. This modi-
fies the crystal structure and influences the defect chemistry of
the material. Notably, the substitution of Mn into Ce*" sites may
introduce lattice strain and promote the formation of oxygen
vacancies to maintain charge neutrality. These vacancies acts as
pathways for oxygen ion migration, which are crucial for facili-
tating the conduction of oxygen ions. It is also crucial to consider
the potential electronic conductivity at higher Mn concentration,
which can arise from Mn reduction due to its multiple oxidation
states, should also be considered. Additionally, Mn enhances
the sintering behavior of ceria-based materials, potentially
leading to improved densification and, consequently, higher
conductivity [18,19]. However, the precise mechanisms by
which Mn doping affects the properties of SDC require further
investigation.

! UNIVERSITI MALAYSIA PERLIS (UNIMAP), FACULTY OF CHEMICAL ENGINEERING & TECHNOLOGY 02600 ARAU, PERLIS, MALAYSIA
2 UNIVERSITI MALAYSIA PERLIS (UNIMAP), CENTRE OF EXCELLENCE FOR FRONTIER MATERIALS RESEARCH (CFMR), JALAN KANGAR — ALOR SETAR, 01000 KANGAR, PERLIS,

MALAYSIA

3 UNIVERSITI MALAYSIA PERLIS (UNIMAP), FACULTY OF MECHANICAL ENGINEERING & TECHNOLOGY, KAMPUS TETAP PAUH PUTRA, 02600 ARAU, PERLIS, MALAYSIA
4 CZESTOCHOWA UNIVERSITY OF TECHNOLOGY, FACULTY OF PRODUCTION ENGINEERING AND MATERIALS TECHNOLOGY, DEPARTMENT OF PHYSICS, 19 ARMII KRAJOWEJ

AV., 42200 CZESTOCHOWA, POLAND

*  Coressponding author: salmie@unimap.edu.my

() @

is attributed to the author.

© 2025. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC-BY 4.0). The Journal license is: https://creativecommons.org/licenses/by/4.0/deed.en. This license allows
others to distribute, remix, modify, and build upon the author's work, even commercially, as long as the original work


https://orcid.org/0009-0003-0180-1715
https://orcid.org/0000-0001-8310-2923
https://orcid.org/0000-0003-2288-5447
https://orcid.org/0000-0002-4834-4051
https://orcid.org/0000-0002-6392-5065
https://orcid.org/0000-0001-8336-5213

1654

This research focuses on a series of Cey g ,Mn,Sm;,0; 9.5
(x=0,0.025,0.05, and 0.1) samples with varying Mn concentra-
tions. In this study, the Sm doping ratio was fixed at 20 mol%
to specifically investigate the effect of Mn doping in Ce. A
comprehensive characterization approach was employed to in-
vestigate the impact of Mn doping on the crystal structure, phase
composition, densification, and electrical conductivity of SDC.
By exploring the relationship between Mn concentration, crystal
structure, and ionic conductivity, we aim to identify optimal dop-
ing strategies for enhancing the performance of SDC electrolytes.

2. Experimental

Samples with the formula of Ce( 3 Mn,Sm(,0; g5 (x =0,
0.025, 0.05, and 0.1) were synthesized using cerium (II) oxide,
Ce0; (99.9% purity, Acros Organics), samarium (III) oxide,
Sm,03 (99.95% purity, Sigma Aldrich), and manganese (IV)
oxide, MnO, (99% purity, Acros Organics) via conventional
solid-state reaction. The raw materials were weighed accurately
according to their stoichiometry. Consequently, they were mixed
with ethanol for 1 hour to acquire a homogenous mixture. The
mixed powder was then pressed uniaxially under 3000 psi for
S minutes into pellets with a diameter of 15 mm and a thickness
of 4 to5 mm. The pellets were subsequently sintered at 1400°C
under an air atmosphere. TABLE 1 presents the chemical com-
position and abbreviation of prepared samples.

TABLE 1
Composition of Ceg g Mn,Sm,0, ¢.5(x =0, 0.025, 0.05, 0.10)
Sampl Composition Sample Mn mol%
ample 0mposttio Abbreviation ot7o
1 Ceg8Smp,01.9.5 SDC 0
2 Ceg 775Mng o5Smgy 01 9.5 | SDC-Mn2.5 2.5
3 C60‘75MHOAOSSm0‘201_9_5 SDC-Mn5.0 5.0
4 CeojoMnO‘lsmO‘zOl‘g_s SDC-Mn10.0 10.0

The phase composition and crystalline structure of the
sintered samples were analyzed using powder X-ray diffrac-
tion (XRD). For this purpose, a Bruker D2 Phaser x-ray dif-
fractometer was used, operating over a 26 range of 20° to 80°
with a scanning rate of 0.02°/sec, employing Cu—K,, radiation
with a wavelength of 1.54 A. In a separate crystal structure
analysis, X’ pert Highscores Plus was utilized to determine the
crystalline phases, lattice parameters, and unit cell volume.

The density of the sintered samples was determined using
the Archimedes method, which involved measuring the mass of
the sample in water to calculate the apparent density. This appar-
ent density was then compared to the theoretical density derived
from lattice parameters obtained through XRD analysis. By
comparing these two values, the relative density of the samples
was calculated, providing insight into the degree of densification
achieved during the sintering process.

Impedance measurements were conducted using LCR
meter (HIOKI IM353) to determine the electrical conductiv-

ity of the sintered samples. Prior to measurement, the samples
were polished using 800 to 1200-grit number abrasive paper to
achieve a smooth surface. A layer of silver paste was applied to
the polished surfaces, followed by heat treatment at 600°C for
1 hour to act as a current collector. Subsequently, two-point probe
technique was applied during impedance measurements, which
were conducted over a frequency range of 10 to 1 MHz. The
temperature-dependent conductivity was evaluated from 300°C
to 800°C, with data collected at 100°C intervals. Samples were
held at measurement temperature for 1 hour to ensure thermal
equilibrium. Simultaneosly, a custom-designed alumina sample
holder equipped with high-purity platinum plates and wires was
used as both current and voltage electrodes, ensuring minimal
contact resistance within a high-temperature furnace.

3. Results and discussions

The XRD patterns of Cej g, Mn,Smg,0; 9.5 (Where x =0,
0.025, 0.05, and 0.1) samples with varying Mn doping concen-
trations are presented in Figure 1. The patterns reveal distinct
changes in the SDC-Mn samples compared to the Mn-undoped
SDC sample. Notably, as shown in Fig. 1(b), (¢), and (d), the un-
doped SDC sample exhibits additional peaks at 2 theta=28.30°,
33.07°,47.14° and 56.00°, indicating the presence of a secondary
phase. These additional peaks are absent in the SDC-Mn samples.
This suggest that within the studied concentration range (2.5
to 10.0 mol%), Mn is successfully incorporated into the CeO-
lattice, forming a solid solution. This observation confirms that
all SDC-Mn samples exhibit a single-phase structure, with all
diffraction peaks corresponding to the cubic fluorite crystal
structure of doped ceria (ICDD 01-075-0158) with the space
group Fm3m.

Further analysis indicates that the secondary phase in the
Mn-undoped SDC sample corresponds to the Sm20s phase
(ICDD 03-065-3183). Considering that all samples were sin-
tered under identical conditions (1400°C, 5 hours, heating rate
10°C/min), the findings suggest that Mn doping promotes the
reaction and sintering processes among the constituent elements
[20-22]. These results indicate that Mn doping significantly
modifies the crystal structure and phase stability, positioning
Mn as a beneficial dopant for ceria-based material.

Moreover, as presented in the magnified patterns in
Fig. 1(c), the XRD patterns of the SDC-Mn samples reveal
a progressive shift of peaks to higher angles with increasing Mn
content. This shift indicates an increase in lattice strain, leading
to a corresponding decrease in lattice parameters. As the samples
possess a cubic structure, the unit cell volume decreases propor-
tionally. Notably, th reduction in lattice parameter with increasing
Mn content is attributed to the substitution of smaller Mn*" ions
(ionic radius 0.53 A) for the larger Ce*" ions (0.93 A) [23]. Fig. 2
and TABLE 2 compare the lattice parameter and unit cell volume
ofthe SDC and SDC-Mn samples. The Mn-undoped SDC sample
exhibits mixed phases has a smaller lattice parameter and unit
cell volume compared to the SDC-Mn samples. Mn doping up
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Fig. 1. XRD patterns of Ce( g, Mn,Sm;,0; .5 (x =0, 0.025, 0.05, 0.10): (a) Full range of XRD patterns, (b) Magnified XRD patterns, red dot as-
signed for secondary peaks, (c) Magnified XRD patterns at lower range, red line shows peak shifting, (d) Magnified XRD pattern at higher range

to 2.5 mol% increases the lattice parameter and unit cell volume,
while further doping results in a decrease in cell size.

The densities of the SDC and SDC-Mn samples are pre-
sented in TABLE 2. In particular, the density of the SDC-Mn

TABLE 2

XRD analysis data and relative density of Ce 5. ,Mn,Smg,01 ¢_5
(x=0,0.025, 0.05, 0.10)

Lattice parameter (A)
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Fig. 2. Lattice parameter and unit cell volume of Ce g Mn,Sm,0, o5
(x=0,0.025,0.05, 0.10)

Lattice Unit cell Relative
Sample ter, volume. densit
Abbreviation parameter, 3 ¥
A %
SDC 5.406 158.01 94.6
SDC-Mn2.5 5.434 160.38 96.7
SDC-Mn5.0 5.433 160.37 99.2
SDC-Mn10.0 5.430 160.38 99.6

samples increased to over 96% of the theoretical values, in
contrast to the SDC samples, which exhibited a lower relative
density of 94.6%. This suggests that the Mn dopant significantly
enhanced the densification of the samples. The improvement
can be attributed to the viscous flow mechanism, where the
presence of the dopant reduced friction for mass transport at
inter-particle and grain boundaries. Similar findings have been
reported in previous studies on the effects of transition metal
elements on density [13,23].
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The Arrhenius plot in Fig. 3 illustrates the temperature
dependence of conductivity for SDC and SDC-Mn samples. The
graph reveals that SDC-Mn samples exhibit higher conductivity
compared to SDC samples. Meanwhile, the lower conductiv-
ity observed in the SDC sample is attributed to the presence
of a mixed phase, potentially an impurity phase, which may
contribute to the reduced conductivity. Additionally, the lower
density of the SDC sample, as shown in TABLE 2, is another
factor, as the higher porosity of polycrystalline solid electrolytes
adversely impacts ionic conductivity by reducing the effective
conducting area [24,25]. Nevertheless, this factor is minimal
due to the intrinsic properties of the material, with the specific
type of dopants, particularly Mn, in this study playing a more
significant role in determining conductivity.

In contrast, all SDC-Mn samples exhibit a remarkable en-
hancement in conductivity, exceeding two orders of magnitude,
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Fig. 3. Arrhenius plot of Cej g, Mn,Smy,0, ¢_5(x =0, 0.025,0.05, 0.10)
measured at 300-800°C
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particularly at lower temperatures below 500°C. The degree of
this conductivity enhancement decreases as temperature increa-
ses, indicating that the effect of Mn doping is more pronounced
at lower temperatures. Activation energies (E£,) were estimated
from the Arrhenius equation as follows,

oT=oyexp(—E,/kT) (1)

where g is a pre-exponential factor that reflects the effec-
tive number of mobile charge carriers, o is ionic conductivity,
T is absolute temperature, and & is Boltzmann constant, and
E, represents the activation energy. The relationship between Mn
concentration, conductivity, and estimated activation energies,
E,, is presented in Fig. 4. This figure offers an overview of the
relationship between compositions, conductivity, and activation
energy in these samples. From Fig. 4(a), a significant increase
in conductivity is observed from SDC to SDC-Mn2.5, while
SDC-Mn2.5 and SDC-Mn5.0 exhibit comparable conductivity
values. The peak conductivity is attained within the 2.5-5.0 mol%
range of Mn concentration. However, when the Mn concentration
is further increased to SDC-Mn10.0, there is a slight decline in
conductivity. This phenomenon is commonly observed in poly-
crystalline materials and can be attributed to the interactions
between dopants and the defect structure beyond the optimal
doping level, which reduces the mobility of charge carriers and
consequently lowers conductivity [26,27].

Comparing the conductivity values in Fig. 4(a) and activa-
tion energies in Fig. 4(b) reveals that doping SDC with Mn results
in lower E, than pure SDC. This observation aligns with the Ar-
rhenius equation, as E, is inversely proportional to conductivity.
Notably, the lower E, implies a reduced energy barrier for ion
conduction, resulting in higher conductivity.

The correlation between Mn concentration, cell volume,
and conductivity reveals a consistent trend: samples with larger
cell volumes tend to exhibit higher conductivity, as can be seen
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Fig. 4. (a) Conductivity versus Mn concentration, (b) Activation energy of Cey g Mn,Sm(,0; .5



in Fig. 5. Previous research reported that lattice distortions,
such as those induced by altering the composition or structure
of the material, can lower the energy barriers for ion migration.
This makes it easier for ions to move through the lattice, thereby
enhancing ionic conductivity. This suggests that modifying the
lattice structure influences the mobility of charge carriers, facili-
tating their movement through the lattice [28]. These findings
underscore the importance of strategic dopant selection and in-
corporation in significantly enhancing a material’s conductivity.
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Fig. 5. Correlation between conductivity and unit cell volume of Ce g
Mn, Smg 01 9.5

4. Conclusion

In this study, the effects of Mn doping on the structural,
densification, and electrical properties of Ce, g Mn,Sm,01 ¢_5
samples were investigated. XRD analysis revealed that Mn dop-
ing successfully eliminates secondary phases observed in SDC
sample without Mn doping. This led to the incorporation of
Mn into the CeO: lattice and formation of a single-phase cubic
fluorite structure across the studied doping range. Meanwhile,
Mn doping also led to a marked increase in sample density.
Furthermore, Mn doping resulted in enhanced conductivity,
particularly at lower temperatures. Notably, Mn doping reduced
the activation energy for oxygen ion migration, significantly
contributing to improved conductivity. At the same time, the
optimal Mn concentration for peak conductivity lies between 2.5
and 5.0 mol%. In essense, these findings demonstrate that Mn
doping in ceria-based electrolyte effectively enhances structural
homogeneity, densification, and electrical performance. This,
ultimately, makes it a promising strategy for optimizing materials
in SOFC applications and other electrochemical devices.
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