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Abstract

Significant efforts have been dedicated to developing next-generation optimal electrolytes for
high-performance low-temperature solid oxide fuel cells (SOFCs). In this study, we present an
innovative co-doping strategy, incorporating samarium (Sm>*) and copper (Cu?") into ceria
(Cu,Smy ., Cep 07, x =0, 0.05, 0.10, 0.15). By leveraging Sm3* and Cu?? to create oxygen
vacancies and Cu?" to further induce the controlled electronic characteristics, we engineered a
material with enhanced proton conductivity and efficient electronic transfer and ionic transport.
Distribution of relaxation times and electrochemical impedance spectroscopy analyses revealed
significantly reduced grain boundary resistance and efficient proton conduction over the
temperature range of 320 °C to 520 °C. Notably, the optimized Cug ;Smg ;CeygO, composition
achieved a peak power density of 902 mW c¢cm~2 with appreciable ionic conductivity of

0.16 S cm~! at 520 °C, demonstrating its potential as a high-performance electrolyte. UV-Vis
analysis indicated a reduced band gap, while DC polarization measurements indicated
electronic conductivity of 0.019 S cm™!, suggesting the material possesses semiconducting
properties suitable for the electrochemical applications. Advanced physical characterizations
and their analysis provided detailed information of the materials, which are suitable for the fuel
cell applications. In addition, the post stability of fuel cell device’s characterizations provided
the detail information and evident the stable behavior of the as-prepared optimal
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Cug,1Smyp ;1 Cep O, (10-CSC) material acted as electrolyte. These findings position
Cug,1Smy 1 Cey 3O, as a promising candidate for intermediate-temperature SOFCs, representing
a significant advancement in semiconductor ionic electrolyte materials.

Supplementary material for this article is available online

Keywords: samarium—copper co-doped ceria (CSC), oxygen vacancy engineering,
optimized ionic—electronic conductivity (OIEC), protonic conductivity,
low-temperature semiconductor ionic membrane fuel cells (LT-SIMFCs)

1. Introduction

As global energy demands surge and environmental con-
cerns escalate, the quest for efficient, sustainable, and scalable
energy solutions has never been more pressing. Among the
diverse technologies under exploration, semiconductor ionic
membrane fuel cells (SIMFCs) stand at the frontier of innov-
ation, offering a promising route to clean energy generation
[1, 2]. SIMFCs capitalize on the hybrid properties of semicon-
ductor materials, bridging the gap between electronic and ionic
conductors. This unique combination offers a pathway to over-
coming many challenges associated with high-temperature
fuel cells, particularly those linked to performance losses and
material degradation at intermediate temperatures. A critical
aspect of SIMFC performance is developing advanced elec-
trolyte materials that can efficiently transport ions while min-
imizing electronic leakage [3, 4]. One material that has drawn
significant attention in the context of intermediate-temperature
fuel cell operation is ceria (CeQO;), valued for its excellent
oxygen-ion conductivity and relatively low operating tem-
peratures compared to conventional SOFC electrolytes [5,
6]. Doping strategies have been employed using numerous
single dopants, like samarium and gadolinium, to enhance
ionic conductivity in ceria by stabilizing oxygen vacancies to
modify ceria’s defect chemistry, enhancing oxygen vacancy
formation and ionic conductivity, as reported in the literature
[7]. Gadolinium-doped ceria (GDC) and samarium-doped
ceria (SDC) materials have been employed as electrolyte
membranes for intermediate-temperature SOFCs, where, SDC
showed particularly high ionic conductivity due to efficient
vacancy formation [7, 8]. These dopants operate by substi-
tuting Ce*t with Sm3* or Gd**, which introduces a charge
imbalance that is compensated by the formation of oxygen
vacancies, critical for oxygen-ion transport [9, 10]. Recent
studies on doped ceria systems have revealed that incorpor-
ating transition metals like copper has the potential to enhance
ionic conductivity as well as span operational temperature by
improved electro-catalytic properties and generation of oxy-
gen vacancies [11, 12]. While traditional doping with elements
like Gd** or Sm>* has been associated with certain limita-
tions, using copper-like metals as co-dopants can potentially
optimize both ionic and electronic transport properties. Hence,
carefully selecting dopants with complementary roles, where
co-doping allows researchers to tune the defect chemistry
of the material finely, optimizing oxygen vacancy formation

while utilizing electronic characteristics as a supporting prop-
erty in materials acting as electrolytes [12, 13].

Samarium has a well-documented ability to stabilize oxy-
gen vacancies [14], facilitated by the excellent electro-
catalytic activity of copper, thereby promoting ionic conduc-
tion. The +3 state of samarium and the +2 state of cop-
per interact with the +4 state of cerium, forming a defect
structure that can improve the electrical properties of the pro-
posed material’s overall performance [12, 15, 16]. The pres-
ence of adjacent oxidation states (Sm™*3, Cu™2, Cet*) may
facilitate electron hopping, improving charge transport within
the material. The interplay between these oxidation states
may also facilitate the movement of electrons between adja-
cent species, which is expected to influence the band struc-
ture of the material, improving the electron-ion (E-I) coupling
mechanism within the material. However, controlled electron
transport is crucial, as excessive electronic conduction would
undermine the electrolyte’s effectiveness [11]. Alterations in
the band gap could also result in more favorable conditions
for charge transport, particularly the SIMFCs operate at the
intermediate temperatures [4, 17].

Therefore, considering previous studies and their mechan-
isms, here we introduced a new strategy and mechanism by
introduction of samarium and copper (5%, 10% and 15%) into
C602 (Cl]xsmo_zfxceo_goz, X = 0, 005, 010, 015), which
leads to change in grain size and grain boundary proper-
ties, where both play a critical role in modulating the ionic
conductivity [18]. Unlike conventional single-dopant or co-
doping strategies, the co-doping of Sm** and Cu’* intro-
duces a synergistic effect, where Sm>* contributes to stabil-
ized oxygen vacancy formation and Cu?* facilitates redox-
active electronic transfer pathways while enhancing oxygen
vacancy formation. This innovative approach leverages com-
plementary dopant functionalities to achieve optimized mixed
conduction pathways. The interplay between defect chemistry
and microstructure due to Cu and Sm doping is a key factor
in the performance of co-doped ceria electrolytes, where this
study is primarily focused in this investigation. This study fur-
ther aims to systematically investigate the impact of Sm-Cu
co-doping on the electrochemical performance, semiconduct-
ing properties, and microstructure of ceria-based materials.
The optimized ratio of Cu to Sm, we aim to develop a new class
of electrolytes that can operate efficiently at lower operational
temperatures, with minimal voltage loss and improved ionic
conductivity. Furthermore, we systematically investigate how
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varying concentrations of Sm and Cu influence both the micro-
structural and electrochemical properties of CeO,. Our goal is
to delicately balance the electronic conduction pathways intro-
duced by high content of Cu doping while maximizing ionic
conductivity through enhanced oxygen vacancy formation and
morphological control.

2. Experimental materials

2.1. Materials availability and their implementation in
synthesis of the proposed materials

The materials used in this study were of high purity and
sourced from Sigma-Aldrich. Cerium (III) nitrate nonahy-
drate (ACS 99% purity), samarium (III) nitrate hexahydrate,
copper nitrate hexahydrate (ACS 99%), and Sodium carbon-
ate monohydrate (ACS 99%) were employed as the primary
chemical precursors. Commercially available SDC was used.
A co-precipitation method was applied to synthesize the
Cug 1Smg Ceo g0, solid solution, where molar ratios for the
cerium nitrate, samarium nitrate, and copper nitrate precurs-
ors were calculated according to the stoichiometric ratio and
dissolved in deionized water (DI) under continuous stirring.
The cerium nitrate solution was prepared in 300 ml of DI
water and stirred at 400 rpm at the heating temperature of
60 °C. Simultaneously, copper nitrate and samarium nitrate
solutions were prepared in distinct beakers in 100 ml of DI
water. Afterward, the solutions of copper nitrate and samarium
nitrate were poured into the cerium nitrate solution and stirred
at 700 rpm for 3 h at 80 °C until complete dissolution. In addi-
tion, a concentration of 1 M of sodium carbonate (Na,COs3)
solution was prepared in 150 ml of DI water and gradu-
ally added dropwise to the above solution to obtain the co-
precipitates and stirred continuously. Ammonia was used to
adjust the pH of the solution in a range of 7-8. Afterward, the
resultant precipitate was filtered, washed several times with
ethanol and DI water, and subsequently dried at 120 °C for
12 h. The dried sample was ground into a fine powder and
sintered at 750 °C for 4 h at a heating rate of 4 °C min~!, res-
ulting in a homogeneous Cug ;Smg CeygO, powder for fur-
ther physical and electrochemical characterizations.

Similarly, other compositions (CugosSmygp 5CepsO, and
Cuyg.155mg 05Ce30,) were prepared for physical and electro-
chemical characterizations. Preparation of several composi-
tions help to organize and recognize the optimal composite
electrolyte and then further physically and electrochemical
characterized for fuel cell application.

2.2. Fuel cell device fabrication

The fuel cell was constructed with a three-layer con-
figuration: anode, cathode, and electrolyte membrane.
NiggCoq.15Alp05sLiO, (NCAL) was used as symmetric elec-
trodes and NCAL was obtained from Tianjin Bamo Company.
NCAL was referred to as triple ion conductors due to their
ability to perform both hydrogen oxidation reaction (HOR)
at the anode and oxygen reduction reaction (ORR) at the
cathode [19]. Initially, the NCAL electrode was prepared by

making NCAL slurry in an appropriate amount of terpineol
as the solvent agent and then painted onto nickel foam. The
electrode was then dried for 1 h at 90 °C. Afterward, a pellet
of Cug1SmyCepgO, was prepared using a hydraulic dry-
press technique. The final cell configuration was assembled
by sandwiching the Cug;SmgCeys0O, powder between the
two NCAL electrodes and pressing them at the pressure of
220-250 MPA. The active area of the cell was 0.64 cm, with a
total cell thickness of 1.5 mm and an electrolyte thickness of
510 pm. Moreover, Ni-foam was employed to provide mech-
anical strength and serve as the current collector. Finally,
a cell configured as Ni-NCAL/Cug ;Smg ;CesO,/NCAL-Ni
was prepared specifically for electrochemical testing, allowing
for an evaluation of its performance under controlled condi-
tions. Similarly, cells for other prepared compositions were
configured such as Ni-NCAL/Cugo5Smg 15CeogO,/NCAL-
Ni, Ni-NCAL/Cll(),] Sm(),] CC(),SOQ/NCAL-Ni, and Ni-
NCAL/Cug 15Smg ¢5CeggO>/NCAL-Ni and tested wunder
identical conditions. For electrochemical performance
measurements, the IT8511A+ DC electronic load
(150 V/30 A/150 W) by ITECH was used, with measure-
ments conducted under standard fuel cell conditions. For elec-
trochemical impedance spectroscopy (EIS) measurements,
Solartron Energy Lab XM’s impedance potentiostat was util-
ized. The flow rate of hydrogen and oxygen was 120 ml min—".

To investigate proton conduction, a five-layer cell config-
uration was developed incorporating BaZry9Yo103 (BZY)
as a protonic conductor. This design features BZY lay-
ers strategically positioned on both sides of the electro-
lyte membrane such as Cuy;SmgyCengO,. BZY is well
known for effectively blocking oxygen and electron trans-
port, facilitating selective proton conduction only [20]. Each
layer was carefully processed to optimize interfacial qual-
ity and adhesion to maintain five layered configurations of
NI-NCAL/BZY/CUO1SIHQ]C60302/BZY/NCAL-N1 A sim-
ilar methodology was applied to other prepared compositions
of Cug5Smy,15Cen g0, and Cuy,155myg 05CepgOs.

For the distribution relaxation time (DRT) analysis
of the Cug;Smy;Cerg0O, membrane, NCAL electrodes
were prepared using the previously described brush-
coating method. Approximately 0.2 g of Cug;Smg;Ceys0,
powder was used to assemble the cell in a Ni-NCAL/
Cugp1Smgp CeggO2/NCAL-Ni configuration via dry press-
ing. The assembled cell was heated to 550 °C for 45 min to
activate the cell and air was introduced at both sides of the
cell (at 520 °C) to stabilize the environment for the initial
measurements. EIS measurements were conducted using a
symmetrical cell configuration (NCAL/CSC/NCAL) fabric-
ated via uniaxial pressing at 250 MPa. Measurements were
performed using a Solartron 1260 impedance analyzer, cov-
ering a frequency range from 0.1 Hz to 1 MHz with an AC
signal amplitude of 10 mV. A reducing hydrogen atmosphere
(flow rate: 30 ml min~'), and air (flow rate: 30 ml min~")
was maintained, ensuring stable operating conditions. Each
measurement was conducted initially in air-air environment
followed by proton injection at the anode side to take repeated
measurements after 10 min each. The DRT was calculated
using an open-source MATLAB-based algorithm designed
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for high-resolution impedance data analysis. Tikhonov reg-
ularization was employed with the regularization parameter
(A = 1073) optimized using the L-curve method, balancing
fitting accuracy and noise suppression. The frequency range
(0.1 Hz - 1 MHz) was chosen for DRT analysis based on
observed relaxation processes in grain boundary, and interfa-
cial regions. Peaks in the relaxation spectrum were assigned
to specific electrochemical processes based on characteristic
time constants and validated with existing literature. Peak
fitting was cross-checked to ensure consistency in extrac-
ted parameters. Impedance spectra were pre-processed using
ZSim software to eliminate any outlier noise, and MATLAB-
based scripts were utilized for DRT computation and visual-
ization. The key outputs included Relaxation peak positions,
representing grain boundary and mass transfer resistance con-
tributions. Quantified resistances extracted from the DRT and
compared across different compositions.

Furthermore, the fuel cell was also configured for Hebb—
Wagner DC polarization studies with a similar setup, follow-
ing the same protocol used for electrochemical performance
measurements. Initially, the prepared cell was activated at
550 °C for 45 min. Afterward, hydrogen was introduced at
a rate of 120 ml min~! alongside air, replicating the condi-
tions of a fuel cell for proper activation of the electrolyte mem-
brane. After 15 min, the gases were replaced with nitrogen.
The experimental procedure began after another 15 min (at 520
°C) in the nitrogen atmosphere, during which 1500 data points
were collected over approximately 30 min. This methodology
was consistently applied to all other compositions.

Besides, conductivity calculations were conducted to
investigate the electronic as well as ionic conductivity in the
prepared compositions using different experimental setups.
For EIS data, total conductivity was derived from the equation
R. = Ry + R;, where R, represents the total resistance, Ry is
the ohmic resistance, and R; is the grain boundary resistance
[21]. To assess changes in ionic conductivity over time in
the DRT experiment, the formula ¢ = L/RA was applied,
where L represents the measured thickness of the prepared
cell, and RA denotes the resistance measured in € cm?.
Additionally, ionic and electronic conductivities were determ-
ined from the DC polarization curves corresponding to each
composition. The DC polarization conductivity was calculated
using Ohm’s law, which relates current (), voltage (V), and
conductivity as follows:

U:LXI/AXV

where o is the DC polarization conductivity and L is the thick-
ness of the cell, and I is the current. A is the cross-sectional area
of the sample and V is the applied voltage.

The ionic conductivity was determined through the ana-
lysis of current-voltage (/-V) and current—power (/-P) curves,
which provide insights into ion transport efficiency across
the electrolyte material. Initially, the /-V analysis was used
to calculate the total resistance by determining the slope of
the linear region, using Origin software [22, 23]. This res-
istance is inversely related to conductivity. The I-V curve
was analyzed for each composition under H;-Air atmosphere

at varying temperatures to determine the ionic conductivity.
The I-P curve further complements this analysis by correlat-
ing power output to charge carrier mobility. This relationship
helps in identifying optimized ion transport pathways and val-
idating the efficiency of ionic conduction, supporting the over-
all performance of the electrolyte material.

2.3. Physical and electrochemical characterization

The synthesized materials underwent a comprehensive char-
acterization using several techniques to evaluate their struc-
tural and morphological properties, along with the determ-
ination of co-doping effect on the band gap. Powder x-ray
diffraction (XRD) was conducted by using a PANalytical
Empyrean diffractometer scanning between 10° to 90° 26 at a
rate of 0.02° per second, Cu Ko radiation (A = 1.5418 A).
The XRD patterns were analyzed using X’Pert High Score
and JADE software to confirm the crystalline structure and
the presence of a single-phase solid solution. Raman spectro-
scopy was performed using a Renishaw in Via Raman micro-
scope to analyze the Fp, band associated with the cubic flu-
orite structure of ceria (CeO,). This band reflects the sym-
metric stretching of oxygen ions in the lattice. By examin-
ing the F», band, we aimed to assess the structural changes
resulting from doping with various elements. The Raman
spectra were recorded at a wavelength of 532 nm and at
a power of 10 mw to avoid thermal degradation of the
samples. Changes in the position and intensity of the Fy,
band provide insights into the effects of doping on ceria’s
vibrational characteristics and can indicate alterations in ionic
and electronic transport properties. Morphological and com-
positional characteristics were examined using field emis-
sion scanning electron microscopy (FE-SEM) supplemented
by energy-dispersive x-ray spectroscopy (EDS) for detailed
elemental analysis.

For surface composition and chemical state analysis, x-
ray photoelectron spectroscopy (XPS) was utilized. This ana-
lysis was performed with a Thermo Fisher Scientific K-
Alpha+ system, which operates in parallel data acquis-
ition mode, employing monochromatic Al Ko radiation
(hv = 1486.68 eV) with a 400 um spot size. A high-purity,
sputter-cleaned silver sample, known for its 3d5/2 binding
energy of 352 eV, was used to calibrate the energy scale
within the concentric hemispherical analyzer. The raw XPS
data were processed with linear background subtraction before
assessing individual spectral weights. Gaussian peak fitting
was applied to resolve overlapping peaks. XPS was used
to investigate the surface chemical states, Ce?t and Ce*t
ratios, and the formation of oxygen vacancies. The raw XPS
data were analyzed using XPSPEAK41 XPS software. UV-
Vis absorption spectroscopy was also employed to determ-
ine the optical band gap of the materials employing a Perkin
Elmer Lambda 950 spectrophotometer across a wavelength
range of 250-1000 nm. High-resolution transmission electron
microscopy (HRTEM) was employed to observe the micro-
structure and morphology of the 10-CSC and SDC mater-
ials. HRTEM images were analyzed to evaluate grain size,
boundary formation, and structural stability. Additionally,



Mater. Futures 4 (2025) 025102

M S Sharif et al

electron paramagnetic resonance spectroscopy was utilized to
investigate the presence of defects, particularly oxygen vacan-
cies, and to assess the electronic environment of copper ions in
the material. Both techniques provided valuable insights into
the structural and electronic properties of the CSC electro-
lyte, enhancing the understanding of its ionic conductivity and
long-term stability.

3. Results and discussion

3.1. Morphological and structural characterization

Four compositions SDC, Cugos5SmgosCeO, (5-CSC),
Cll()‘] Smo,] CCOz (IO-CSC), and Cu0,158m0‘05CeOZ (IS-CSC))
reveal distinct differences in their structural and morpho-
logical properties due to strategically introducing various
content of Cu and Sm in a periodic manner. XRD analysis
was performed to investigate the co-doped ceria electrolyte’s
crystalline structure and phase purity. XRD data for all com-
positions were analyzed using retrieved refinement via Full
proof software to determine structural parameters and phase
composition. The results of the Sm—Cu co-doped CeO, reveal
that the material maintains the cubic fluorite structure, similar
to pure CeO, for all prepared compositions as evident from
figure 1(a) for SDC, 5-CSC and 10-CSC compositions, where
supplementary data figure S(1) shows retrieved refinement
for 15-CSC composition [24]. The diffraction peaks mainly
correspond to reflections from the (111), (200), (220), (311),
(222), (400), (331), (420), and (422), confirming the preser-
vation of the basic ceria structure [24, 25]. Notably, slight
peak shifts are observed due to the incorporation of Sm** and
Cu?* into the ceria lattice. These shifts can be attributed to
lattice expansion resulting from the substitution of Ce** by
ions of different radii, with Sm3* having a slightly smaller
ionic radius than Ce** and Cu?* being even smaller [26].
Further analysis of the XRD data shows that there are no
additional phases, indicating that both samarium and copper
are successfully incorporated into the ceria matrix without
forming separate oxide phases for all prepared compositions.
The slight broadening of the peaks may be related to the
formation of defects such as oxygen vacancies or the intro-
duction of micro-strain into the lattice [27]. This defect chem-
istry, induced by co-doping, plays a critical role in improving
the material’s electrochemical performance, especially for
applications in SIMFCs.

Moreover, Raman spectroscopy of Smg,Ce 30O, revealed
the characteristic F,; vibrational mode around 462 cm— !,
corresponding to the symmetric stretching of the Ce-O
bond [26]. Doping with copper led to a slight shift of this
band to lower wavenumbers, measured at 460.69 cm~! for
Cug05Smg 15Ce0,, reflecting lattice distortion due to the
incorporation of dopants and the associated oxygen vacan-
cies, as shown in figure 1(b). Interestingly, a further increase
in copper concentration stabilized the Ce-O vibrations, shift-
ing them slightly back to 462.62 cm™~!, while significantly
increasing the peak intensity, indicating enhanced structural
stabilization and defect formation. The Raman spectra for

co-doped compositions also exhibited additional broad bands
in the range of 550-600 cm™!, attributed to defect-related
vibrations caused by oxygen vacancy clusters [14]. The pro-
gressive increase in the intensity of these defect bands with
higher copper doping highlights the role of copper in pro-
moting oxygen vacancy formation, which is critical for ionic
conduction. These defect-related vibrational modes, absent
in the SDC composition, underscore the significant role of
copper as a co-dopant in the SDC matrix, not only in gen-
erating oxygen vacancies but also in facilitating enhanced
ionic transport pathways. This improvement in defect con-
centration and lattice structure directly correlates with the
observed increase in ionic conductivity and reduced grain
boundary resistance, as evidenced by EIS analysis. FE-SEM
was employed to observe the morphology of Sm-Cu co-
doped CeO, compositions. It can be seen that spherical and
less interacted particles can be observed in SDC shown in
figure 1(c) As copper is introduced into the system, it forms
a more interlinked particle structure which increases as cop-
per concentration increases in the compositions as evident
from figures 1(d) and (f). Figure 1(e) shows Cug ;Smg;CeO,
composition which exhibits the most uniform and interlinked
particle structure morphology, with a nanorods-like struc-
ture. The Cug ;Smg ; CeO; creates an optimized microstructure
that minimizes agglomeration and enhances the surface area,
which is crucial for improving ionic conductivity. In com-
parison, the CugysSmg 5CeO, and Cug 5Smgo5CeO, com-
positions show less homogeneity in particle size distribution,
with some larger clusters present, which can negatively affect
ionic transport efficiency as evident from figures 1(d) and
(f). For the comparison of EDX mapping results along with
elemental mapping analysis for all compositions as provided
in supplementary data figure S2(x-z), the Cuy;Smg;CeO,
composition shows the most uniform distribution of Cu, Sm,
and Ce, with no signs of phase separation or clustering of the
dopants. This homogeneity is crucial for ensuring consistent
ionic and electronic conductivity throughout the material. The
even dispersion of Cu and Sm within the ceria matrix high-
lights the success of the co-precipitation method in achiev-
ing controlled doping. In contrast, the CugsSmg ;5CeO;
and Cug5SmgosCeO, compositions show less uniform
elemental distributions.

Figure 1(e) shows that Cug;Smg;CeO, sample displays
relatively more interconnected and fibrous morphology that
could be beneficial for ionic conductivity by facilitating ion
transport through these interlinked pathways. The fibrous mor-
phology observed in this image may improve catalytic proper-
ties and ionic mobility by creating channels that allow ions
to move with less resistance, a factor crucial for electro-
lyte applications [28]. This analysis demonstrates that the
Sm™*3 and Cut? co-doping ceria lattice induces beneficial
morphological modifications, which are crucial for enhan-
cing the functionality of ceria-based electrolytes in fuel cell
devices. Moreover, the combination of XRD and Raman
results provides strong evidence for the successful integra-
tion of dopants, the preservation of the fluorite structure,
and the crucial role of oxygen vacancies in enhancing the
material’s conductivity.



Mater. Futures 4 (2025) 025102

M S Sharif et al

Cug 1Smy, | Ceg gO
@® Experimenial data

== Computed data

~—= Difference

| Bragg peak position

(a)

- T
=. (‘"0.055"‘0_ 1 5(1'(,3()
=

~

o

o—

w
=

£
=

—

Lr 4 - J

Smg 5Ceq g0

Cuy,155m,05Ce(.802

(b)

462.62

630.40

462.62 Cug,15mg,1Ce0,802

599.9

Cup,055mg,15Ce0.802
460.69

Intensity (a.u.)

595.68

Smq 2Cep O
P 0.2Ce0.802
l 'L 4’ bl s
15 30 45 60 75 92 200 400 600 800 1000
20 (degree) Raman shift (cm‘l)

Figure 1. X-ray diffraction (XRD) patterns with retrieved refinement via full proof software, showing the structural parameters and phase
composition for each sample of SDC, 5-CSC, and 10-CSC compositions (a), Raman spectra for respective compositions of CSC, 5-CSC,
10-CSC and 15-CSC (b), and scanning electron microscopy images of SDC (c), 5-CSC (d), 10-CSC (e), 15-CSC ().

3.2. Surface and chemical oxidation state study

The XPS analysis provides insightful details regarding
the surface and chemical states of the respective com-
positions, particularly focusing on the O-1s, Ce-3d, and
overall elemental survey spectra [29]. For the four com-
pOSitiOl’lS (SDC, Cu0_05Smo_15CeOZ, Cuo.ISmo_lCeOZ, and

Cug,155mgp 05Ce0y,), the analysis reveals key distinctions that
highlight Cug ; Smg ;CeO, as the most promising composition.
The survey spectra confirm the presence of Ce, Sm, Cu, and
O in all compositions as shown in figure S3. This analysis
specifically focuses on the Ce-3d, Cu-2p, Sm-3d, and O-1s
spectra to elaborate and understand the impact of Cu and Sm
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doping on the electronic structure, and vacancy formation, and
assist in determining oxidation states of Cu and Sm, which
assure the mixed ionic-electronic conductivity (MIEC). The
Ce-3d spectrum in Cu-Sm co-doped CeO, is composed of a
different set of peaks representing the Ce*T and Ce*t oxid-
ation states. The spectrum is divided into two primary mul-
tiples, labeled V (Ce-3ds;) and U (Ce-3d3/,), corresponding
to spin—orbit split final states in the Ce-3d core level [30].
These multiplets are further divided into distinct peaks. The
presence of Ce** characteristic peak in SDC at high binding
energy peaks, particularly u”’ and v"”’, which correspond to
the final electronic configuration Ce 3d” 4f° O,P%; [31]. These
peaks are strong indicators of Ce**, which are predominant
in SDC. Additional lower binding energy peaks in the Ce-3d
spectrum in SDC, namely u, v, u”, and v”, correspond to con-
figurations Ce 3d°® 42 O,P* and Ce 3d° 4f! O,P, associated
with Ce** states [32]. Moreover doping with Cu and Sm alters
the CeO,; electronic structure by promoting the partial reduc-
tion of Ce** to Ce**. In the Cug;Smg;CeO, sample, addi-
tional peaks labeled ug, v, and v/ which are indicative of Ce3t
states are more prominent than in SDC, 5-CSC, and 15-CSC,
depicted in figures 2(a) and (b). These peaks present the final
state configuration of Ce 3d® 4f', which are characteristics of
Ce3t oxidation state. Thus, the presence of Cu and Sm dopants
induces slight shifts in the binding energies of the Ce-3d spec-
trum. These shifts reflect local distortions in the CeO, lattice
[33] which facilitated the formation of oxygen vacancies by
altering the electronic environment of Ce atoms. The enhanced
fraction of Ce** correlates directly with an increase in oxy-
gen vacancies, as Ce* sites stabilize these vacancies within
the matrix, ultimately promoting ionic conduction pathways in
the co-doped ceria structure [34]. Moreover the Cu-2p spectra
reveal the oxidation state of copper within the Cu-Sm-CeO,
structure, showing both Cu™ and Cu?t states. Peaks at around
932 eV (Cu-2p3,) and around 952 eV (Cu-2p;.) are indic-
ative of Cu™, while satellite peak near 940 eV and 962 eV
suggest a partial Cu’>t state [35] as shown in figure S4(a).
Cu™ enhances oxygen vacancy formation, while Cu>* con-
tributes to electronic conduction, creating a MIEC conducive
to applications in electrochemical systems [36]. Afterward, the
Sm-3d spectrum shows peaks at around 1081 eV for Sm-3ds/,
and around1108 eV for Sm-3dj3/,, indicating that Sm exists
predominantly as Sm3* in the co-doped sample as shown in
figure S4(b). Sm** doping is crucial as it stabilizes oxygen
vacancies in the ceria matrix and facilitates ionic transport by
enhancing vacancy mobility. Additionally, Sm*+ doping leads
to lattice expansion, which accommodates oxygen vacancies,
aiding ionic conduction within the material [11].

The combined effect of Cu and Sm doping in CeO,
increased oxygen vacancy concentrations simultaneously and
significantly, as evidenced by the pronounced Ov peak in
figures 2(c)—(f). The XPS O-1s spectra were deconvoluted
into 3 different peaks: Opy, Ovae, and Oaps. Table 1 provides
the lattice oxygen, oxygen vacancies, and surface absorbed
at respective binding energies for each prepared composition.
The binding energies of lattice oxygen, oxygen vacancies, and
surface absorbed in SDC are at the lower side for all respective

combinations. While with the incorporation of Cu, a notice-
able shift in binding energies occurs towards higher bind-
ing energies. Furthermore, Cugy ;Smg ;CeO, composition gen-
erates the highest surface-related oxygen vacancies (56.6%)
compared to compositions due to the mixed-valence copper
(Cut/Cu?T), which introduces both pathways, such as Cu™
promoting vacancy formation while Cu?>* enhancing elec-
tronic pathways. This combination of ionic and electronic
conduction mechanisms in the optimized CSC compositions
assists in the improvement of electrochemical performance
for low-temperature fuel cell applications [37]. Recent studies
demonstrated that GDC has been favored for enhancing ionic
conductivity due to Gd**-induced oxygen vacancies [10].
However, CSC compositions provide higher oxygen vacancy
concentrations attributed to the dual doping strategy, which
offers synergistic effects between Cu™ and Sm** as denoted
in figures 2(c)—(f) and table 1. This dual doping enhances
oxygen ion mobility and stabilizes vacancies more effect-
ively than single-dopant systems, making Cu-Sm-CeO, more
suited for high ionic conduction. Unlike single-doped ceria,
CSC compositions exhibit MIEC due to Cu* and Cu?* redox
activity. Literature reports and suggests that Sm doping alone
can enhance the thermal stability of ceria [38, 39], while Cu
doping promotes redox reactions [40]. Comparative analyses
with Nb-doped ceria reveal that while Nb doping increases
electronic conductivity, but lacks the capability of vacancy
formation efficiency, resulting in lower ionic conductivity in
comparison [41]. Hence, the increased oxygen vacancy con-
centration facilitates ionic conduction, while Cut/Cu?* states
introduce electronic pathways, yielding a MIEC.

3.3. UV-visible spectroscopy

Copper, being an electronic conductor, naturally introduces
electronic states that can facilitate electron properties. In sys-
tems like Cu-doped ceria, electronic conductivity is indeed
expected to increase due to the presence of Cu, which con-
tributes additional electronic states within the material’s struc-
ture but it cannot be simply considered an electronic conduct-
ing material. Moreover, the behavior of the band gap in Cu-
Sm ceria co-doped (CSC) systems does not simply reflect the
presence of copper alone but also the interaction between ions
of copper, samarium, and cerium. Thus, we employed UV-
Vis spectroscopy to dugout the semiconducting properties of
Sm-Cu co-doped CeO,, where the band gap of semiconductor
materials can be tuned by doping [42]. The Tauc plot of UV-
Vis spectroscopy provides the band gap variations across the
compositions as shown in figures 3(a)—(d). It can be seen in
figures 3(a) and (b) that with the introduction of Cu, the band
gap reduced from 3.12 to 2.93 eV because Cu has the capab-
ility to introduce certain electronic characteristics, which can
reduce the band gap by bringing valance band levels closer
to the conduction band. However, in Cuy ;Smg ;CeO,, a smal-
ler reduction in band gap is observed such as 3.13-2.93 eV,
which is possible due to the balance between the doping ratio
of Sm and Cu and also their respective optimized contribution
of ionic and electronic characteristics. This modest tuned band
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Figure 2. XPS spectrum of Ce-3d spectrum for SDC and 10-CSC composition (a), Ce-3d of 5-CSC and 10-CSC composition (b), O-1s

spectra of SDC (c), 5-CSC (d), 10-CSC (e), 15-CSC (f).

gap of 3.04 eV of Smg ;Cug ;Cey 3O shows a balance between
electronic and ionic conductivity [43]. This band gap allows
for controlled electronic conduction without compromising
ionic pathways, which is essential for efficient ionic transport
in SIMFCs. This balance between controlled ionic and elec-
tronic conduction improved the ionic transport by the form-
ation of built-in electric field, which makes CugSmg CeO,

a superior composition for SOFCs, which will be discussed
later. Similarly, For Cug 15Smg¢sCeO, composition, the cal-
culated bandgap is 3.06 eV. This increase in bandgap after
increasing the dopant concentration is in accordance with the
previously reported literature [44]. Therefore, it may be sug-
gested that Cug;Smg ;CeO, represents an optimized balance,
which can be evident in the electrochemical performance of
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Table 1. Binding energies for lattice oxygen, oxygen vacancies, and surface absorbed for each prepared composition along with oxygen

vacancy ratio.
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Figure 3. Obtained band gap from the absorbance of UV-Vis graphs SDC (a), and 5-CSC (b), 10-CSC (c), and 15-CSC (d).

the fuel cell device constructed based on various designed
materials system.

3.4. Microstructural analysis

The HR-TEM analysis for SDC (figures 4(a)—(f)) reveals a
predominantly spherical morphology with uniform and well-
defined grains, reflecting the stable, compact structure typical
of single-doped ceria. Figures 4(a)—(c) at 200 nm, 100 nm, and
50 nm show well-defined and more uniform grains, charac-
teristic of a single-dopant system, with grain size averaging
48.56 & 1.37 nm in size (calculated from figure 4(b), represen-
ted in figure 4(n)). The grain boundaries in SDC are visible but
relatively smooth, indicating low defect density in the mater-
ial. This stable and uniform crystalline structure is favorable

for maintaining consistent ionic conductivity, though the lack
of significant grain boundary density limits enhanced ion
transport pathways. This uniformity underscores the homo-
geneous crystalline structure of SDC.

In contrast, 10-CSC (figures 4(g)—(i)) shows a notable
change in morphology, with the particles adopting a cubical
shape illustrating the more fragmented particles through
200 nm, 100 nm, and 50 nm magnification, respectively, with
grains averaging 26.10 £ 0.50 nm in size (calculated from
figure 4(h), represented in figure 4(m)). The increased sur-
face area and more fragmented particle structure in 10-CSC
are indicative of the structural modifications induced by cop-
per co-doping, which alters the nucleation and growth dynam-
ics during synthesis. The 5 nm scale bars in figures 4(f)—(1)
further emphasize the reduction in crystallite size and the
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morphological shift. These observations indicate that copper
co-doping alters the nucleation and growth dynamics, leading
to smaller particles with higher surface area.

Regarding grain boundaries, while they are not as sharply
defined in 10-CSC compared to SDC, the overall grain bound-
ary density is higher due to the smaller grain size and
more disordered lattice as evident from figures 4(f)—(1). The
increased disorder at the grain boundaries, visible in the HR-
TEM images, is attributed to the lattice distortions intro-
duced by copper, which enhances oxygen vacancy forma-
tion and increases the material’s defect density. This is fur-
ther confirmed by the lattice spacing of 0.295 nm for 10-
CSC and 0.31 nm for SDC (inset figures 4(f)—(1)) aligns with
HRTEM and selected area electron diffraction (SAED) pat-
terns observations. These structural changes are crucial for
improving ionic conductivity, as the greater boundary dens-
ity provides additional pathways for ion transport. The SAED
patterns support these findings. The SAED pattern for SDC
(figure 4(e)) shows distinct, sharp diffraction spots, indicating
a predominantly crystalline structure with low defect dens-
ity. In contrast, the SAED pattern for 10-CSC (figure 4(k))
exhibits broader, weaker diffraction spots, suggesting lat-
tice distortions and reduced crystallinity due to more dif-
fused grains. This broadening is consistent with the increased
concentration of defects and oxygen vacancies in 10-CSC,
which contribute to smaller crystallites and enhanced ionic
conductivity by creating more grain boundary pathways for
ion transport.

The SEM images presented (figures 1 (c) and (e)) clearly
illustrate significant differences in the grain morphology and
size distribution between SDC and10-CSC samples where
SDC (figure 4(c)) shows a compact structure with relatively
larger and uniform grain sizes. In contrast, the 10-CSC image
(figure 4(e)) reveals a highly fragmented morphology with
smaller grain size. This reduction in grain size directly cor-
relates with the enhanced grain boundary density observed in
the HRTEM images. The combined use of HRTEM, SAED,
and SEM analyses provides unequivocal evidence that copper
co-doping into SDC results in significant structural changes,
including grain size reduction, morphological transformation,
and an increase in grain boundary density. These modifications
directly contribute to the enhanced ionic conductivity of 10-
CSC, crucial for its improved electrochemical performance.

3.5. Electrochemical characterizations

The EIS analysis of fuel cell devices based on various com-
positions were conducted to understand their electrochemical
behavior in a temperature range from 520 °C to 320 °C. This
technique helps to isolate the contributions of bulk (R), inter-
facial/grain boundary (R;), and polarization resistance (R))
components to the total resistance (R;) of the material using
an equivalent circuit of the form Ro(R;-QPE;) (R;-QPE,)
enabling a detailed analysis of its ionic and electronic con-
duction properties [21]. Table 2 provides a detailed analysis in
terms of Ry, R1, R», and R, for all prepared compositions at the
complete testing temperature range. Here R, represents total
resistance, measured as the sum of both Ry and R; formulated

Table 2. EIS simulated data for SDC and CSC compositions; where
the resistance is denoted by © cm?

Temperature (°C) Ry Ry R, Rr =Ry + Ry
Smy2Ce 502

520 0.12 0.09 0.32 0.21
470 0.15 0.12 0.34 0.27
420 0.18 0.16 1.04 0.34
370 0.22 0.25 8.03 0.47
Cug,05Smg 15Ce0Or

520 0.07 0.05 0.23 0.12
470 0.09 0.08 0.32 0.17
420 0.12 0.12 0.87 0.24
370 0.17 0.21 1.75 0.38
Cug.1Smyg,1 CeO,

520 0.055 0.035 0.20 0.09
470 0.08 0.06 0.26 0.14
420 0.11 0.10 0.64 0.21
370 0.15 0.18 1.70 0.33
320 0.23 0.30 11.50 0.53
Cug.155mg 05CeO2

520 0.08 0.07 0.25 0.15
470 0.12 0.09 0.27 0.21
420 0.14 0.12 0.89 0.26
370 0.19 0.25 5.04 0.44

as (Ry = Ry + Ry). The constant phase element (QPE) was
introduced to account for the non-ideal capacitive behavior
observed at the interfaces. This circuit model provides a good
fit for the experimental data and helps to deconvolute the
different resistances contributing to the overall impedance
as reported in the literature [21, 45]. In the Nyquist plots,
the high-frequency intercept on the real axis represents the
cell’s total Ohmic resistance, primarily due to the electro-
Iyte’s ionic resistance. The first semicircle at intermediate fre-
quencies corresponds to grain boundary resistance, indicat-
ing impedance from charge transfer and ion migration across
grain boundaries. The second, often larger, semicircle at lower
frequencies reflects polarization resistance, which arises from
electrochemical reactions at the electrode—electrolyte inter-
face and mass transfer limitations. Analyzing the resistance
characteristics various compositions of Cu,Smg,_,Ce3O,,
x = 0, 0.05, 0.10, 0.15, where Cug;Smg;CeO, has signi-
ficantly lower Ohmic as well as polarization resistances as
evident from figures 5(a)—(d) and table 2. At 520 °C, the
EIS spectra for Cug;Smg;CeO, show the lowest Ry and R,
as well as R, values made it optimized composition with
the least total resistance of 0.09 © cm?. Another factor to
notice is the bulk resistance (Ry) of 0.055 Q cm? dominat-
ing over grain boundary resistance (R;) calculated as 0.035
2 cm?. As the temperature decreases to 470 °C and further
to 420 °C, R, increases, measured at 0.06 and 0.10 Q cm?,
respectively, while bulk resistance (R() remains larger than
Ry, as shown in figure 5(c) and table 2. This indicates that at
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Figure 5. Electrochemical impedance spectroscopy with the simulated graph of SDC (a), 5-CSC (b), 10-CSC (c), and 15-CSC (d), DC
polarization conductivity in nitrogen atmosphere for 10-CSC (e), and electronic conductivity plot against copper concentration (f).

temperatures down to 420 °C, Cug ; Smg ; CeO, predominantly
exhibits grain boundary conduction, where ionic pathways
along grain boundaries are more active than in the bulk mater-
ial. This higher bulk resistance than grain boundary resist-
ance above 420 °C is an expected behavior in such semicon-
ductor ionic membrane (SIM) [23]. The microstructural fea-
tures of CugSmgp CeO, also play a critical role in determ-
ining its impedance characteristics. The co-doping of Cu and
Sm induced special microstructure that promotes fine grain

growth and maintains a high density of grain boundaries,
which act as favorable sites for ionic transport. In solid
oxide fuel cell (SOFC) electrolytes, these grain boundaries
serve as highly conductive pathways for oxygen ions and
protons, particularly in the presence of dopants that reduce
defect formation energy and improve ionic migration [45,
46]. At higher temperatures (520 °C), grain boundary resist-
ance is also minimized due to increased thermal activation of
ion transport. As the temperature is reduced below 420 °C,
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grain boundary resistance (R;) overtakes bulk resistance (Ry).
Moreover, the other compositions, such as CuggsSmg 15CeO,
and Cug 155mg 5CeO, show more pronounced Ohmic as well
as polarization resistances at lower temperatures, which con-
tribute to their overall higher resistances, further proving the
superior electrochemical properties of CugySmg;CeO, than
other compositions. Further lowering the operating temperat-
ure to 370 °C and 320 °C, the bulk resistance (Ry) is increased
to 0.15 Q cm? and 0.23 Q cm? of prepared cell based on
Cug,1Smg ;CeO;, resulting into reduced ionic mobility in the
bulk with reduction of temperature. The introduction of optim-
ized Cu®* concentration enhances charge transfer properties
by promoting redox activity, while Sm3* stabilizes oxygen
vacancies, creating an efficient proton conduction pathway.
The combined effect reduces grain boundary resistance and
facilitates a balance between ionic transport assisted by elec-
tronic transfer. Nonetheless, the grain boundary resistance
remains relatively low, further demonstrating the importance
of grain boundary conduction in the overall performance of the
Cug.1Smgp CeO; system.

Further consider the discussion based on polarization res-
istance (R,), the values remain relatively low across the
entire temperature range for Cug;Smgp ;CeO,, demonstrating
its superior electrochemical activity at the electrode/electro-
lyte interface. The low polarization resistance is crucial for
reducing energy losses in the fuel cell, especially at lower
operating temperatures, where charge transfer at the interface
becomes more challenging [47]. When Cug ;Smg ;CeO, com-
pared with other compositions, such as Cug ;5Smg 05CeO, and
Cug95Smg 15Ce0,, it becomes evident that Cug;Smg ;CeO,
offers the lowest resistances, particularly at lower temperat-
ures. For Cug 15Smg5CeO,, the grain boundary resistance,
though relatively low at 520 °C (0.07 Q cm?), increases
more steeply with decreasing temperature. This sharper rise
in grain boundary resistance leads to a higher overall resist-
ance compared to Cug;Smg ;CeO, as the temperature drops.
This suggests that Cug15SmgosCeO, may experience more
restricted ionic transport along grain boundaries at lower
temperatures, resulting in less efficient conduction than in
Cug.1Smg CeO;. This suggests that the balance between Cu
and Sm doping concentrations in Cug;Smg;CeO, optim-
ally enhances the electrochemical performance by provid-
ing sufficient ionic pathways while maintaining stable elec-
tronic conduction. Furthermore, at 320 °C, CugSmg;CeO,
outperforms the other compositions, exhibiting a signific-
antly lower total resistance (0.53 €2 cm?). This result high-
lights the importance of co-doping in stabilizing the material’s
structure and enhancing ionic conductivity at lower operating
temperatures, making Cug ;Smg ;CeO; a promising candidate
for intermediate-temperature SOFCs (IT-SOFCs). Hence, EIS
analysis reveals that Cugy;Smg;CeO, demonstrates the best
electrochemical performance among the tested compositions,
owing to its favorable grain boundary conduction at intermedi-
ate temperatures, lower polarization resistance, and optimized
bulk and grain boundary resistances. These findings under-
score the potential of Cug;Smg;CeO, as a high-performance
electrolyte for SOFC applications, particularly at reduced
operating temperatures.

3.6. DC polarization

measurements were conducted to assess the electronic con-
ductivity of the Sm-Cu co-doped CeO, compositions as depic-
ted in figures 5(e) and (f) and supplementary data figure
S6. The analysis reveals a clear trend of increasing elec-
tronic conductivity with the rise in copper content, demon-
strating the role of copper as a key contributor to the mater-
ial’s electronic conduction properties. Here, it can be seen in
Cug05sSmg 15Ce0,, the electronic conductivity was measured
approximately 0.015 S cm ™!, indicating that at this lower cop-
per content, the material retains primarily ionic conduction,
with electronic conduction beginning to emerge but remaining
relatively low. This suggests that at this composition, the ceria
matrix is still predominantly ionically conductive, with only
a minor contribution from electron transport. The electronic
conduction is likely due to the formation of oxygen vacancies
induced by the copper doping, which provides some degree
of electron mobility through defect sites. As the copper con-
tent is increased to Cug;SmgCeO,, the electronic conduct-
ivity rises to 0.019 S cm~'. This composition shows certain
optimized ionic-electronic conductivity behavior, with elec-
tronic conduction becoming more significant. The increase in
electronic conductivity with 10% of copper doping can be
attributed to the enhanced availability of mobile charge car-
riers (electrons) as copper content increases. The material still
exhibits strong ionic conduction, but the rise in electron trans-
port improves its overall electrochemical performance, par-
ticularly in applications where mixed conduction is benefi-
cial, such as in SIMFCs. For Cuy ;5Smg ¢5CeO,, the electronic
conductivity dramatically increases to 0.3 S cm™'. At this
higher copper content, the material exhibits much stronger
electronic conduction. The significant increase in electronic
conductivity can be explained by the higher concentration
of copper ions within the ceria lattice, leading to more pro-
nounced electron transport pathways. However, this comes
with a trade-off as the excessive copper content may begin to
suppress ionic conduction, which is less favorable and deteri-
orative for SOFC applications because the optimized mixed
conduction is essential. Thus, based on the DC polarization
results, Cug;Smg;CeO, emerges as the optimal composi-
tion, balancing both ionic and electronic conductivities. The
0.019 S cm~! of electronic conductivity provided by this com-
position allows for enhanced electron transport without sacri-
ficing ionic conduction. Therefore, Cugy ;Smg ;CeO, proves to
be the most suitable composition for applications requiring

efficient MIEC.

3.7 Applicability of designed materials as electrolyte

To evaluate the fuel cell performance of the various Cu—Sm
co-doped CeO, compositions, the fuel cell devices based on
various compositions were evaluated in terms of /-V and I-
P curves in a temperature range from 520 °C to 320 °C.
Figures 6(a)—(d) shows the power outputs, OCV, and cur-
rent density for various fuel cell devices based on differ-
ent compositions at varying temperatures. Fuel cell based on
SDC electrolyte generated power density of 502 mW cm™?
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Figure 6. Fuel cell power output graphs of SDC (a), 5-CSC (b), 10-CSC (c), and 15-CSC (d) under the H,/air environments. Fuel cell
performance in terms of power output with five layers at different operational temperatures from 520 °C-370 °C for
Ni-NCAL/BZY/10-CSC/BZY/NCAL-Ni (e), Detailed power density comparison for 5-CSC, 10-CSC, and 15-CSC at 520 °C with BZY
filtered cells (f), 3D visualization of power density performance for NCAL/BZY-CSC-BZY/NCAL and NCAL/CSC/NCAL configurations,
highlighting the superior electrochemical performance of 10-CSC (g). Ionic conductivity and activation energy as a function of copper
concentration in CSC, showing optimal performance at 10% copper doping (h).
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with 1.01 V of OCV at 520 °C, while lowering the opera-
tional temperature up to 470 °C, power density reduced fur-
ther reaching the value of 375 mW cm 2. Furthermore, it only
provided significant power output till 420 °C, reaching the
value of 282 mW cm~2 as shown in figure 6(a). Furthermore,
the fuel cell device based on CugosSmg 5CeO, electrolyte
demonstrated better power output of 838 mW cm~2 at 520 °C
with higher OCV of 1.10 V, while with lowering the oper-
ational temperature, the power density reduced to 571 and
417 mW cm~2 at 470 °C and 420 °C, respectively. However,
the performance further decreases as the temperature further
drops, reaching 190 mW cm~2 at 370 °C as evident from
figure 6(b). But the power output was relatively higher at lower
temperatures compared to SDC composition due to the intro-
duction of copper concentration, which facilitates proton con-
ductivity via the formation of oxygen vacancies. Yet, the cop-
per concentration is limited (5%), restricting the redox activ-
ity necessary for enhanced electronic conduction. Afterwards,
the construct of fuel cell based on Cug;Smg ;CeO, electro-
lyte exhibited the substantial and excellent performance reach-
ing 902 mW cm~2 at 520 °C. Even though at lower oper-
ational temperature (470 °C), it maintains a relatively high-
power output of 802 mW cm~2. Upon reducing the temper-
ature, it maintains its excellent electrochemical performance
reaching power density of 565 and 363 mW cm™2 at 420 °C
and 370 °C, respectively. This is due to delicately balancing
ionic and electronic conduction, where the equimolar doping
of Sm and Cu are crucial. The flexibility in exchange of cop-
per’s redox (Cu>*/Cu™) incorporate the controlled electronic
characteristics, while Sm provides ample oxygen vacancies,
which simultaneously support and improve the proton conduc-
tion. This synergistic balance is maintained down to 320 °C,
where performance is recorded (190 mW cm~2) as evident
from figure 6(c). Hence, the intermediate doping levels (10%
Cu and Sm) allow for optimized grain boundary conductivity,
particularly at elevated temperatures, contributing to its super-
ior overall performance. Moreover, Cug 15Smg ¢sCeO, electro-
lyte membrane-based fuel cell shows lower overall perform-
ance with peak power density of 718 mW cm~2 at 520 °C and
rapidly dropped to just 119 mW c¢cm~2 at 370 °C as shown
in figure 6(d). The power density was not able be measured
at 320 °C for Cug,15SmgsCeO, electrolyte membrane-based
fuel cell, the performance is not measurable. This can be attrib-
uted to the higher concentration of Cu than optimal ratio of Cu
and also due to lower content of Sm, which resulted in a fewer
oxygen vacancy. It is also possible that the higher copper con-
centration (15%) might introduce more electronic conduction
pathways but also disrupt the grain boundary conduction due
to the excessive formation of copper-rich phases. This imbal-
ance between ionic and electronic conduction may explain the
reduced fuel cell efficiency at lower temperatures.

Thus, we can extract several key factors which are respons-
ible for the enhanced performance of Cug ;Smg ;CeO,. Firstly,
the careful co-doping of samarium and copper creates a syn-
ergistic effect that balances ionic and electronic conduction.
As EIS analysis revealed, the grain boundary resistance is
significantly lower than both bulk and electrode resistances
between 520 °C and 420 °C, indicating effective ionic

conduction through the grains. This behavior is essential in
maintaining high conductivity consequently, high power dens-
ity in the fuel cell. At temperatures below 420 °C, while the
grain boundary resistance begins to exceed the bulk resist-
ance, the carefully tailored microstructure still supports reas-
onable conductivity, preventing a drastic drop in perform-
ance. The morphological characterizations of Cugy ; Smg ;CeO,
further reinforce its superior electrochemical properties. The
SEM images reveal spherically shaped particles, which pro-
mote favorable grain growth and minimize interfacial resist-
ance between grains, supporting the EIS findings of lower
grain boundary resistance. The cubic fluorite structure, as con-
firmed by F,, Raman band analysis, suggests a stable oxy-
gen vacancy environment, crucial for efficient ionic conduc-
tion. The presence of these oxygen vacancies, especially near
grain boundaries, is central to the enhanced ionic transport that
occurs in this material, particularly at higher operating tem-
peratures. In terms of electronic conduction, Cug ;Smg ;CeO,
shows a measured electronic conductivity of 0.019 S cm™!,
which strikes an optimal balance. This moderate level of elec-
tronic conductivity is high enough to contribute to the over-
all power density but not so high that it overwhelms the ionic
contribution, which is crucial for effective electrolyte func-
tion in SOFCs. The DC polarization measurements under-
score this balance, showing that with increased Cu-content,
the electronic conduction steadily increases. However, it is
Cug,1Smg ;CeO; that maintains the best compromise between
the two conduction mechanisms. Excessive electronic con-
duction, as observed in Cug5SmgsCeO,, leads to poorer
overall fuel cell performance, highlighting the importance of
this balance in achieving optimal results. Hence, the overall
high performance of Cuy;Smg;CeO, made it an ideal can-
didate as electrolyte for use in SOFC electrolytes. Its abil-
ity to maintain both ionic and electronic conduction, while
minimizing power loss with demonstrates its robustness and
efficiency in operating conditions typical of SOFC applica-
tions. The optimized Cug ; Smg ; Cey g0, composition achieves
superior performance with lower activation energy and higher
power density than conventional electrolytes, emphasizing
its promise for IT-SOFC applications as represented in table
S1. This Cup1Smg ;CeO, composition stands out among the
tested materials as the most promising for high-performance
fuel cells.

3.8. Verification of protonic conduction

Here we further compared the power outputs with and without
a BaZrp9Y(103; (BZY) buffer layer, the aim was to assess
the protonic conductivity of the doped materials under real-
istic fuel cell conditions. The rationale behind testing is to
explore how this proton-conducting layer affects the overall
performance. The five-layer cell setup, incorporating a BZY
layer positioned between the anode and cathode, is designed
to block oxygen ions and electronic conduction, enabling only
proton transport across the electrolyte [20]. Therefore, a com-
parison between the performance of the fuel cell based on pure
Cu,Smgp,—,Cep 07, x =0, 0.05, 0.10, 0.15 compositions and
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five-layer fuel cell provide key information on how much pro-
tonic conduction for each composition contributes to the fuel
cell operation as illustrated in figures 6(e), (f) and supplement-
ary data figure S7(a)-(b), while figure 6(g) presents the 3D
visualization of power density performance for NCAL/BZY-
CSC-BZY/NCAL and NCAL/CSC/NCAL configurations. For
Cug,05Smy,15Ce0;, the power output at 520 °C with the BZY
layer achieves a power density of 690 mW c¢m~2. This cor-
responds to a power loss of approximately 18%, suggest-
ing that the BZY layer slightly impedes electronic conduc-
tion but still allows reasonable ionic conductivity at high
temperatures. But protonic conduction-based fuel cell using
Cug.1Smg CeO; electrolyte, which shows the best perform-
ance among the compositions, the inclusion of the BZY layer
leads to some power loss. The power output of the fuel
cell based on Cup;SmgCeO, electrolyte with BZY layers
resulted 766 mW cm~2 at 520 °C, reflecting power losses
of approximately 15% due to different factors specifically
due to additional interfaces. This small drop indicates that
the addition of the BZY layer has a minimal impact on
Cug.1Smp CeO, composition proving that Cuy;Smg;CeO,
maintain more than 85% of proton conductivity. Subsequently,
the power out of the fuel cell based on Cug ;5Smg ¢sCeO; elec-
trolyte with BZY layers, the performance drops with the power
output of 606 mW cm~2 at 520 °C, resulting in 16% of the
loss. Furthermore, figure S7(c)-(e) shows Nyquist plots of
EIS that provide evidence for resistance values of Sm—Cu co-
doped CeO, compositions. The general trend observed across
all compositions is that the addition of the BZY layer provides
better ionic conduction at high temperatures but introduces
some resistance at lower temperatures, which restricts the
overall power output. However, Cuy ;Smg ;CeO, consistently
outperforms better than other compositions in both scenarios.
Furthermore, the incorporation of additional BZY layers did
not cause any significant increase in Ohmic as well as grain
boundary/interfacial resistances as can be observed in figure
S7(c)—(e) and table S2. The slight rise in polarization resist-
ance for all BZY-filtered Sm-Cu co-doped CeO, compositions
due to the addition of extra layers is minimal and with the
reported literature, not substantially affect the electrochemical
performance of the fuel cell. This demonstrates that the extra
layers did not hinder the proton transport, maintaining efficient
charge transfer across the cell while contributing to overall sta-
bility without compromising the fuel cell’s performance.
These entire performances can be further confirmed via
ionic conductivity, therefore, the ionic conductivity with and
without a BZY filter layer are shown in figures S8(a) and
(b). Figure S8(c) depicts the Arrhenius plot with activation
energies as a function of 1000 T~! (K~!) obtained from
respective I-V and I-P curve of as-prepared SDC and Sm-Cu
co-doped CeO, compositions, as a function of temperature.
Figure S8(a) shows the ionic conductivity of the prepared com-
positions with BZY filter layers, where the five layers-based
fuel cell resulted in protonic conductivity of entire composi-
tions, reflecting a modest increase in the resistive barrier for
ion transport due to a higher number of interfaces. However,
Cug.1Smg ;CeO; continues to display substantial protonic con-
ductivity (0.15 S cm™h), confirming that it remains resilient

under the additional resistance imposed by the BZY layer. The
slight increase in resistance due to the filter layer has not signi-
ficantly impacted the overall conductivity, showing that these
materials are well-suited for integration into multilayered
SOFC architectures. In figure S8(b), the ionic conductivity of
each composition is plotted as a function of 1000/T (K) in the
temperature range of 520 °C-320 °C. Among these composi-
tions, Cug ;Smg ;CeO, exhibits the highest ionic conductivity
throughout the operational temperature. At 520 °C, a fuel cell
based on Cug ;Smg ;CeO; electrolyte achieves ionic conduct-
ivity of 0.16 S cm™! and reached the value of 0.055 S cm™" at
320 °C. This indicates that the equimolar co-doping of Cu and
Sm creates a more favorable environment for high ionic con-
ductivity. As the temperature decreases, the conductivity drops
for all samples, but interestingly Cug ; Smg ; CeO, maintains its
ionic conductivity, demonstrating the benefits of an optimal
balance between Cu?T and Sm>*. In contrast, Smg»Ceg 50>
shows the lowest conductivity (0.12 S cm™!), suggesting that
Sm doping alone is less effective for promoting oxygen vacan-
cies and facilitating ion transport compared to Cu and Sm co-
doping. In figure S8(c), the Arrhenius plot demonstrates the
relationship between the ionic conductivity and temperature,
with the calculated activation energies (E,) derived from the
slope of the plots. Among these, Cug ;Smg ;CeO, exhibits the
lowest activation energy (0.31 eV), signifying the most effi-
cient ionic conduction. The low activation energy is attributed
to the optimal ratio of Cu?>* and Sm** co-doping, which facil-
itates enhanced oxygen vacancy generation and ion transport.
Cll()j Sm0,|5C602 and Cu0_15Sm0,05 CGOQ show Slighﬂy higher
activation energies (0.43 eV and 0.45 eV, comparatively),
indicating that variations in the ratio of Cu?>* and Sm** affect
the ion migration energy barrier. In addition, Smg,Ce 30O,
has the highest activation energy (0.52 eV), demonstrating
that Sm doping alone creates a higher energy barrier for ion
conduction compared to co-doping with Cu®*. Tonic conduct-
ivity and activation energy trends in Cu—Sm co-doped ceria
(CSC) reveal 10% copper doping as the optimal concentra-
tion for achieving superior electrochemical performance as
depicted in figure 6(h). These key scientific findings suggest
that the co-doping strategy of Cu and Sm in ceria signific-
antly lowers the activation energy for ionic conduction and
enhances ionic conductivity. Furthermore, the study confirms
dominant protonic conduction in prepared electrolyte materi-
als as reported activation energies fall in the range of typical
proton conductors [48, 49].

3.9. DRT analysis

In the analysis of DRT analysis experiment, a minimal hydro-
gen flow rate of 30 ml min~! is utilized, which is adequate
to sustain anodic activity and facilitate the HOR. DRT ana-
lysis, derived from EIS, is employed to precisely assess
the cell kinetics and allows for the predominant observa-
tion of proton conductivity. The same experimental con-
ditions and hydrogen/air flow rates are applied uniformly
across all three tested compositions. After an initial air sta-
bilization period, hydrogen is introduced and maintained for
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Figure 7. The DRT results for Cug ; Smg Cey 3O, cell at 520 °C representing sub-processes involved to demonstrate effect of
electrochemical proton injection and grain boundary conduction from air/air to Ha/air atmosphere till 60 min (a), DRT results for
Cug,05Smg 15Ce 505 cell at 520 °C at 60 min of proton injection (b), DRT results for Cug,15Smg 0sCeo 3O, cell at 520 °C at 60 min of

proton injection (c).

60 min across all compositions. The DRT profiles depic-
ted in figure 7(a) illustrate the progression of DRT for the
cell composition NCAL/Cug ;Smg ;CeysO,/NCAL in an air-
to-hydrogen atmosphere transition, showing continuous pro-
ton injection. Figures 7(b) and 6(c) display the DRT spec-
tra at 60 min for compositions CugpsSmg 5CersO, and
Cuyg.155mg 05Ceo 3O,, respectively, with supplementary figures
S9(a) and (b) illustrating the temporal evolution of DRT for
these cells. As figure 7(a) indicates, peak P’ and P,’ corres-
pond to the sub-process involving oxygen-ion transport and
charge transfer within the electrodes, according to their fre-
quency response [50]. Peaks P3’ to Ps’ are linked to electrode
processes such as oxygen reduction, incorporation into the lat-
tice, and oxygen adsorption and dissociation [50-52]. Peak
P, represents proton interfacial conduction and lattice incor-
poration, while peak P, is associated with proton formation
(HOR) and hydrogen dissociation [53-55]. Peak P3, appear-
ing at intermediate frequencies, indicates oxygen incorpor-
ation into the lattice [50-52]. Peak P, is attributed to the
ORR occurring on the air side, represented by the reaction
(2H* 410, +2e™ +» H,0). Based on the spatial and tem-
poral analysis of these peaks in both air/air and Hy/air config-
urations, peak Ps belongs to the oxygen adsorption and dis-
sociation, while the final peak Pg is related to polarization
effects due to gas diffusion [50-52]. The presence of peaks
Py, P,, and P; suggests limited oxygen-ion conduction with
dominant protonic conduction within the cell. The evidence
is through peak area analysis as the corresponding peak area

decreases with the proton injection (from air atmosphere to
proton injection). As P; decreases from 0.37 to a stable value
of 0.01, P, decreases to a stable value of 0.014 from 0.248
and Pz reduces to a stable value of 0.02 from 0.265 after
just 40 min of proton injection. These peak area in DRT is
related to the polarization resistance corresponding to the sub-
process [53-55]. Similarly, P4-Pg has been reduced as well. A
detailed comparison along with reduced area values is inserted
in table S3. Reduced peak areas for P4-Pg means that the elec-
trode reaction is accelerated after the proton injection. A com-
parison between the Cug;Smg CeqsO;-electrolyte fuel cell
and Cu0_05sm().15C60.802, CUQ.lssmo.osceo_goz COl‘IlpOSitiOl‘lS-
based fuel cells area and frequency shift calculation espe-
cially for P; can also give us some hints. It has been repor-
ted for proton transport on the surface of CeO, particles [56].
DRT results of Cu0_05 Sm0_15ceo.302 and CUQ.15 Smo.OSCC()_gOz
compositions are shown in figures 7(b), (c) and supplement-
ary data figure S9(a)—(b). Comparing the frequency of P,
for all three compositions after 60 min of proton injec-
tion, it is concluded that the frequency for P; is higher
(44300) for Cuo_losmo.loceo_802 than Cu0,058m0.15Ceo_802
(15400 Hz) and Cug 5Smg05CepsO, (15359 Hz) composi-
tions. This means proton conduction in Cug 1oSmg 19CengO>
is faster than in Cug o5Smg 15Cen80, and Cug 15Smyg o5Ce 02
compositions. A detailed comparison for frequency shift for
all CSC compositions is inserted in tables S4 and S5.
Furthermore, the area of P, is smaller than P3, which indic-
ates that proton conduction and incorporation to lattice have
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Figure 8. The Nyquist plot represents EIS data from air/air to Hy/air atmosphere for Cug ; Smg ;Cep 302 (a), ionic conductivity plots of

Cug.1Smg 1 Ce g0, as a function of time obtained from EIS (b).

less polarization resistance as compared to oxygen incorpora-
tion to lattice. More specifically, comparing the peaks P’ and
P, areas of ORR process, we can see that corresponding res-
istance under air is 0.10 €2 which rapidly decreases to 0.01
within 20 min after proton injection during fuel cell process
confirming accreted ORR after proton injection demonstrates
that ORR process is shifted from

1
0, +4e” <+ 20" to2H* + 502 +2e7 < H0[2].

Figure 8(a) shows the change in EIS at different times for
Cug.10Smg,10Ceo 3O, composition. As shown in figure 8(b), the
conductivity in the air atmosphere is 0.03 S cm~!. As protons
are injected, a rapid rise of conductivity is observed as calcu-
lated by EIS data figure 8(b) which increases ceaselessly up
to 30 min and then achieves a stable plateau within 40 min. It
is the result of the subsequent decrease in both grain bound-
ary conduction resistance and polarization resistance, seen in
the Nyquist plot, that supports this conclusion. Conductivity
is increased faster in the first 30 min of injection by reaching
the value of 0.30 S cm~! and then changes slowly until the
stabilizes at 3.5 x 10~! Scm~!.

Bode plot analysis is a key tool for understanding the
frequency-dependent behavior of electrochemical systems,
especially for SOFC electrolyte materials. It provides insights
into how ionic and electronic conduction processes vary across
low, medium, and high-frequency regions by examining the
impedance magnitude and phase angle, which helps to inter-
pret the underlying mechanisms of proton transport, inter-
facial polarization, and grain boundary effects [57, 58]. In
figures 9(a)—(f), Bode plots for SDC and Cug;Smg ;Ce30;
at 520 °C (a)—(b), at 420 °C (c)—(d), and collective Bode plots
at 520 °C and 420 °C (e)—(f) are shown, showcasing imped-
ance magnitude (IZI) and phase angle across low, medium,
and high-frequency regions. Both SDC and Cug ; Smg | Ceo 3O,
in the HF region exhibit a near-zero phase angle, as evident
in figures 9(a) and (b). This behavior indicates the presence
of purely resistive characteristics and the presence of bulk

ionic conduction, suggesting that the bulk material effectively
conducts ions with minimal interfacial impedance [59, 60].
For CupSmg Ce(30;, the presence of copper further facil-
itates proton transport within the material, evident from the
lower impedance curve in the high-frequency region as com-
pared to SDC. The MF region reveals different responses for
SDC and CU().ISmo_lceo_gOz. Here, CuollsmmCngOz exhib-
its a lower phase angle than pure SDC, which corresponds
to the presence of capacitive/inductive behavior due to grain
boundary conduction [57, 58]. In proton-conducting electro-
lytes, grain boundaries can act as additional pathways for ion
hopping, which is especially active in this frequency range
[3]. The reduced impedance curve for Cugy;Smg;CesO;
implies that Cu doping mitigates grain boundary resistance,
possibly by generating active sites that ease proton transfer
along grain boundaries [3, 57, 58]. This reduction in grain
boundary resistance suggests that the Cug ;Smg ;CegO; pro-
motes effective proton conduction, enhancing the material’s
overall conductivity at mid-frequencies. In the LF region,
Cug,1Smy ;Cey g0, shows an initial phase angle drop followed
by a return toward zero, a pattern absents in pure SDC (high-
lighted in figures 9(b)—(f)). The initial dip in phase angle points
to a capacitive effect attributed to charge separation at the elec-
trode/electrolyte interface, likely due to charge accumulation
at the electrode/electrolyte interface, a phenomenon that Cu
doping amplifies by enabling additional electronic pathways
through Cu?*/Cu? redox reactions. This enhances charge
transfer across the electrode/electrolyte interface, promoting
ORR and HOR kinetics at low operational temperatures [61].
The subsequent rise towards zero phase angle suggests a par-
tial restoration of conductive pathways balancing ionic and
electronic contributions within the material. At the lower tem-
perature of 420 °C, both SDC and Cug ; Smy ; Cey §O, compos-
itions display phase angles approaching zero in the high and
mid-frequency (HF and MF) ranges, (figures 9(c)—(f)) and then
swiftly transition to slightly negative phase angles, highlight-
ing the dominance of grain boundary conduction with minimal
resistive losses, a finding confirmed by DRT experiment.
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Figure 9. Bode plot showing impedance (IZl) and phase angle across low-frequency (LF), medium-frequency (MF), and high-frequency
(HF) regions for SDC and Cug ;Smg Ce 30, 520 °C (a)—(b), at 420 °C (c)—(d), collective Bode plot analysis at 520 °C (e), collective Bode

plot analysis at 320 °C (f).

Furthermore, in the MF range, Cu doping in SDC lowers
the phase angle with a reduced impedance curve (figures 9(c)—
(f)), indicating reduced grain boundary resistance. This
optimizes ionic conduction across grain boundaries, which
enhances electrolyte performance and stability, particularly
under low-temperature SOFC conditions. In essence, Cu dop-
ing strengthens bulk conduction in the HF region, enhances
grain boundary conduction in the MF region, and introduces
beneficial capacitive effects in the LF region, all of which con-
tribute to improved electrochemical performance in SOFCs.

3.10. Stability test with post stability structural
characterizations

The long-term stability of the 10-CSC electrolyte was system-
atically evaluated under fuel cell operating conditions at a con-
stant current density of 110 mA cm~2 and a temperature of
520 °C, with H; as the fuel and air as the oxidant. As depicted
in figure 10(a), the cell voltage exhibited negligible degrada-
tion over a period of 320 h of continuous operation, reflecting
the substantial operational stability of the 10-CSC electrolyte.
Initially, there was a short activation period during which the
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Figure 10. Stability performance of the Cu-Sm co-doped ceria electrolyte under Hy/air operation at a constant current density of

110 mA ecm™~2 and 520 °C for 320 h (a), x-ray diffraction (XRD) patterns before and after the test, showed no significant phase changes
apart from minor peak corresponding to Cu,O, confirming structural stability (b), EDX mapping images of 10-CSC before (c), and after (d)
stability testing including cerium (Ce), copper (Cu), and samarium (Sm).

voltage increased, followed by a steady stabilization phase,
where the cell maintained a consistent voltage output. This
stable performance signifies the material’s remarkable resist-
ance to redox cycling, indicating that the electrolyte can with-
stand the oxidative and reducing environments typical in fuel
cell operation. Additionally, the electrolyte in the cell showed
minimal signs of interfacial degradation, supporting the struc-
tural integrity of the designed 10-CSC electrolyte. These find-
ings suggest that the co-doping strategy not only stabilizes
the material during prolonged operation but also enhances its
ability to maintain high ionic conductivity and electrochem-
ical activity over time. Post-stability characterization, includ-
ing XRD and EDS analysis, provided further evidence of
the electrolyte’s robust performance. These techniques con-
firmed the absence of phase degradation and no leaching out
of any doped element, underscoring the durability and resili-
ence of the 10-CSC electrolyte-based cell under long-term fuel
cell conditions.

Following the stability test, XRD analysis and EDS map-
ping realized the post-structural and elemental composi-
tion characterizations. The XRD data (figure 10(b)) revealed
broadening of the peaks and the appearance of a new peak

20

associated with Cu,O after the stability test due to the revers-
ible oxidation-reduction cycling that occurs during operation
[61]. XRD results showed that the electrolyte materials of Cu
and Sm co-doping into Ceria in cell demonstrated stable opera-
tion, where the overall cubic fluorite structure remained intact,
moreover, the XRD patterns depicted that Cu(II) remains the
predominant form of copper in 10-CSC after the stability test.
These findings provide robust evidence that 10-CSC exhib-
its outstanding long-term stability under fuel cell operating
conditions, maintaining both structural integrity and chem-
ical stability over extended periods. Furthermore, figure 10(c)
depicted the EDS mapping of cerium (Ce), copper (Cu), and
samarium (Sm) before and after the stability test, where it can
be seen that each element is homogenously distributed with
similar intensities. It can be seen that XRD pattern and EDS
mapping before and after the stability test revealed unaltered
phase of 10-CSC materials and a uniform distribution of cop-
per and samarium within the cerium matrix, indicating that
copper and samarium are well-integrated into the lattice struc-
ture. The samarium (Sm) is also homogeneously dispersed,
suggesting a stable initial state of the 10-CSC. After the sta-
bility test, shown in figure 10(d), the distribution of cerium
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and samarium remains consistent with no noticeable segrega-
tion or phase changes. Copper continues to be evenly distrib-
uted, with no evidence of copper migration or aggregation.
Importantly, the XRD analysis showed no significant phase
degradation, confirming that these operational conditions did
not compromise the material’s chemical integrity or ionic con-
ductivity. Instead, they demonstrate the material’s resilience
and ability to maintain stable performance under extended fuel
cell conditions.

3.11. Proposed mechanism of proton conduction

In the Sm-Cu co-doped CeO, system, the transport mechan-
ism is driven by proton conduction mainly, supported by the
formation of oxygen vacancies and the interaction between
the dopant cations and the ceria lattice [62]. Both samarium
(Sm37*) and copper (Cu?*/Cu™) play critical roles in enhan-
cing proton mobility, while the material’s microstructure and
morphological characteristics strongly influence overall per-
formance. The microstructure of the Sm—Cu co-doped CeO,
materials plays a pivotal role in facilitating protonic conduc-
tion, particularly at the grain boundaries. The material is syn-
thesized at a relatively low sintering temperature of 750 °C,
which leads to smaller grain sizes and a higher density of grain
boundaries [63, 64]. These grain boundaries serve as primary
pathways for proton conduction, where oxygen vacancies are
more mobile compared to the bulk of the material. This obser-
vation is consistent with the EIS analysis, where grain bound-
ary resistance is lower than bulk resistance. The grain boundar-
ies effectively provide short diffusion paths for protons, allow-
ing for enhanced ionic transport [3, 57, 58].

This dual doping strategy results in a high concentration of
oxygen vacancies, creating multiple pathways for proton con-
duction. Protons (H") from adsorbed water vapor or hydro-
gen gas occupy these vacancies, allowing efficient transport
across the lattice via a hopping mechanism [65]. Protons hop
between adjacent oxygen ions via these vacancies, facilitat-
ing ionic conduction, which is particularly dominant at the
grain boundaries due to the higher vacancy concentration in
these regions [66]. The redox flexibility of copper (Cu?*/Cut)
introduces additional functionality to the material, contribut-
ing to both ionic and electronic conduction. The redox couple
Cu?*/Cu™ provides an electron reservoir that supports elec-
tron transfer alongside proton transport, a phenomenon known
as E-I coupling. E-I coupling in Cu-Sm co-doped ceria is
enhanced by Cu?*/Cu* redox cycling and oxygen vacancy
formation, facilitating localized electronic transfer and ionic
conductivity. This synergistic mechanism, supported by XPS,
EDX, and XRD results, ensures optimized performance and
stability under operational conditions.

The adjacent oxidation states of Ce (Ce**/Ce*t), Cu
(Cu?*/Cu™) and Sm** enable dynamic redox reactions, which
facilitate charge compensation and stabilize oxygen vacan-
cies, further enhancing proton conduction [3, 37—40]. This E-I
coupling mechanism adds a layer of versatility to the material,
as the introduction of electronic conduction does not hinder
proton transport but rather complements it at intermediate to
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high temperatures. The co-doped material effectively balances
ionic and electronic conductivity, which is crucial for applic-
ations such as SOFCs, where mixed conduction can improve
overall device efficiency.

3.12. Future perspectives on mechanical properties and
chemical compatibility

Building on the comprehensive electrochemical and post-
stability analyses presented in this work, future investigations
into the mechanical properties and chemical compatibility of
Cu-Sm co-doped CeO, are recommended to further substan-
tiate its practical applicability in SOFCs. While this study has
thoroughly addressed ionic conductivity, structural stability,
and long-term performance, evaluating the material’s mech-
anical resilience, including resistance to thermal stress, frac-
ture toughness, and durability during prolonged operation, is
critical for its large-scale application. Furthermore, chemical
compatibility studies are essential to assess potential interac-
tions between Cu-Sm co-doped CeO, and electrode materi-
als under high-temperature conditions. Understanding interfa-
cial stability, reaction kinetics, and diffusion processes at the
electrode-electrolyte interface will ensure optimal integration
into SOFC systems.

These additional investigations, coupled with the extensive
results presented here, will provide a holistic understanding
of Cu-Sm co-doped CeO, as a robust and reliable electrolyte
material for next-generation SOFC technologies.

4. Conclusion

This study marks a breakthrough in IT-SOFC electrolyte
development, demonstrating that co-doping Sm** and Cu?*
into ceria dramatically enhances electrochemical perform-
ance. The Cug;Smg;CeO, composition, with its unique bal-
ance of oxygen vacancy-driven proton conduction and Cu?*-
enabled electronic transport, achieved outstanding results
across structural and electrochemical analyses. DRT and EIS
data confirmed a significant reduction in grain boundary res-
istance, enabling superior proton conductivity at interme-
diate temperatures, while validating the efficacy of Cu?*
redox coupling. The designed Cug;Smg ;Ceps0,_s material
as acted electrolyte-based fuel cell generated peak power dens-
ity of 902 mW cm~2 at 520 °C underscores its potential for
high-performance fuel cells, offering both stability and min-
imal resistance. Importantly, the addition of a BZY filter layer
introduced only a marginal increase in resistance, underscor-
ing the stability and robustness of this material. The Bode
plot findings for Cu-Sm-CeO, highlight its enhanced grain
boundary conduction, stable bulk conduction, and improved
interfacial charge dynamics, making it an effective electrolyte
material for low-temperature SOFCs. This work showcases the
power of strategic co-doping in tailoring material properties
and sets a new benchmark for IT-SOFC electrolyte technolo-
gies, paving the way for future innovations in fuel cell per-
formance and durability.
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5. Future perspectives

The development of semiconductor ionic membranes (SIMs)
represents a promising pathway to overcoming key limita-
tions in current fuel cell technologies. SIMs uniquely combine
both ionic and electronic conductive properties, enabling their
use in low-temperature SOFCs (LT-SOFCs) with enhanced
electrochemical performances [67]. The ability to optim-
ize both ionic and electronic transport/transfer through sur-
face and interface engineering is a key advantage, poten-
tially improving the efficiency of IT-SOFCs while redu-
cing operational costs by lowering temperature requirements
[68]. Advancements in doping strategies, particularly through
multi-dopant systems, can further optimize defect chemistry
and enhance ionic-electronic coupling, offering improved
conductivity [3, 69]. Recently, even di-electric materials are
tuned to perform under fuel cell conditions [70]. These
developments are crucial for scaling SIM-based electrolytes
for commercial LT-SOFC applications, where cost-effective
and scalable production methods, such as solution-based co-
precipitation and advanced sintering, will be essential. Beyond
SOFCs, SIMs show considerable promise for use in hydro-
gen production, carbon capture, and energy storage, where
their mixed conduction properties can be leveraged for mul-
tifunctional applications [3]. Machine learning and compu-
tational modeling are expected to play an increasing role in
accelerating the discovery of novel SIM compositions, optim-
izing dopant levels, and simulating electrochemical perform-
ance, which will expedite the development of next-generation
materials [71, 72]. Finally, to ensure long-term operational sta-
bility, SIMs will require enhanced grain boundary engineering
and protective coatings to mitigate degradation under harsh
fuel cell conditions. These advances will be critical for real-
izing the full potential of SIMs as reliable, high-performance
electrolytes in next-generation fuel cell technologies [73].
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