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High-temperature solid oxide electrolysis cells (SOECs) a—
offer high energy efficiency and environmental compatibility for CO, ;22 —
conversion but currently face the critical challenges of phase . 'coz ”2 e //
instability and coke formation, especially under the strong polarization “) %mngpmmam gl:n /
conditions. In this study, redox phase-stable CeO, cathode materials o clectrolysis e I—
were modified by co-doping with Mn and Ni, enabling the in situ Bulk doping R0 petsall ot ek
formation of self-assembled and strongly coupled metal Ni/ceria Surface self-assembly 'T‘;::s e
heterostructures and the modification of bulk properties by increasing = %i: fure €0
redox Ce* active site numbers, Ni exsolution, oxygen defect o 'g:—: r P ™|
concentrations, and electrical properties, which consequently Tg‘.;, e
effectively enhanced surface reaction kinetics and electrode series i
conductivity. The optimized Mn-Ni codoped ceria (CMN) exhibited ¢ timew

stable electrochemical performance for nearly 140 h at 750 °C with minimal degradation under mild electrolysis conditions. Under
strong polarization (2.0 V) condition, SOECs based on the CMN electrode delivered an impressive current density of 3.05 A-cm™ at
800 °C, accompanied by reliable operational stability over the state-of-the-art Ni-based cermet and widely investigated perovskite
oxide cathode catalysts. These findings underscore the synergistic benefits of transition metal codoping and in situ heterostructure
engineering in enabling high-performance, carbon-tolerant ceria-based electrodes for SOEC operation under both moderate and
harsh operating conditions, advancing practical application.
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1 Introduction the various electrochemical technologies under investigation, CO,
electroreduction via solid oxide electrolysis cells (SOECs) has
garnered considerable attention [7-9]. This high-temperature
electrochemical conversion method not only enables the
sustainable storage of intermittent renewable energy in the form
of chemical energy but also features high energy efficiency and
strong environmental compatibility by mitigating greenhouse gas,
enabling the highest technical readiness level among all CO,

With the rapid advancement of modern society, the demand for
fossil fuels has continued to increase. However, the excessive
reliance on conventional energy sources has led to substantial
emissions of greenhouse gases, such as CO, and NO,. Among
these, the accumulation of CO, is recognized as a major
contributor to global warming [1], highlighting the urgency of
developing CO, capture/utilization/storage and renewable energy

technologies [2,3]. In response to these challenges, the conversion conversion technologies [10-12].

of CO, into value-added CO and other combustible gases, or its Under SOEC operating conditions, the cathode serves as the
transformation into hydrocarbon fuels via advanced technologies ~site for the carbon dioxide reduction reaction (CO,RR), while the
such as the Fischer-Tropsch process, has emerged as promising oxygen evolution reaction occurs at the anode. The electrode

approaches [4]. In particular, the electrocatalytic reduction of CO, electrochemical processes can be described by Reactions (1) and
offers a highly efficient and cost-effective pathway [4-6]. Among (2) [13-16]:
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CO, +2e” +V5;=CO+ 05 (1)
% 1 _ .
o = EO2 +2e” + Vg (2)

In this context, V; denotes the number of oxygen vacancies on
the electrode surface, whereas Og refers to the number of lattice
oxygen ions occupying these vacancies. Nonetheless, the
widespread deployment of SOEC technology is currently hindered
by the limited operational stability, which is related mainly to the
insufficient activity and instability of the cathodic catalysts, as they
meet severe CO, reduction conditions, such as high temperatures,
redox cycles, CO, corrosion, and high electrical reduction
potentials [16]. Moreover, owing to its linear geometry and the
relatively high bond dissociation energy of the C=O bond
(~750 kJ/mol), the rate-determining step of the CO,RR process in
SOEC:s typically occurs at the cathode side [17,18]. Consequently,
research and development efforts prioritizes the exploration of
active and reliable cathode materials for SOECs [1].

In the SOEC operating mode, the cathodic CO,RR can be
broadly divided into the following five elementary steps [1,16,19]:

1) CO, gas (CO,s) is adsorbed onto the surface of the
cathode catalyst, simultaneously interacting with an V5 and one
electron to form surface-adsorbed CO, species (CO; ,4), as shown
in Reaction (3):

COZ,gas + e + VO = Coé,ad (3)

2) CO,,,4 subsequently reacts with a nearby Og and receives
one electron to form a surface bidentate carbonate species
(COs 44), as shown in Reaction (4):

CO,.a+05+e =CO; 4)

3) COs; 4 dissociates into adsorbed CO (CO,q) and two lattice
oxygens (Og), as shown in Reaction (5):

COS,ad = Coad + 206 (5)

4) One O dissociates to generate an O*~ (which subsequently
migrates toward the anode) and an V, as shown in Reaction (6):

0=0"+V, (6)

5) Finally, the CO,q desorbs and is released as gaseous CO
(COgqs ), as shown in Reaction (7):

COad = Cogas (7)

To achieve efficient CO, reduction, cathode catalysts must first
exhibit moderate CO, adsorption, high activation, and low CO
desorption capacity. Traditional Ni-based cermet electrodes, such
as Ni-YSZ, have excellent catalytic activity but suffer from carbon
deposition, nickel particle agglomeration, and oxidation issues, all
of which compromise long-term stability [20-23]. Perovskite
oxides such as well-studied Sr,Fe, sM0,5O0¢_s [24,25], (La,Sr)FeO; 4
[26], and Lay;5S19,5CrysMnys05 5 [16], which have mixed
electronic and ionic conductivities [27,28], display excellent
carbon deposition resistance. However, they suffer from low
catalytic activity compared with the Ni-based cermet electrode
and insufficient electrochemical phase structural stability,
especially under strong polarization conditions [18,29]. Various
strategies, such as mechanical mixing with highly ionic conductive
electrolytes [30], impregnation with active nanoparticles [19],
cation/anion site doping [31,32], metal exsolution [32,33], and in
situ self-assembly of heterostructures [18,34,35], help improve the
CO,RR rate, but performance degradation under strong
polarization and high current conditions remains a challenge
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[18,29]. Notably, versatile perovskite oxides have been proposed
and developed for the CO,RR in SOECs, but most durability
testings were performed under mild operating conditions, ie., the
current density applied is generally lower than 1 A-cm? and/or
the applied cell voltage is lower than 1.5 V, severely inhibiting the
potential applicability of SOEC technology [32,36]. This is caused
mainly by the detrimental A-site segregation and phase
transformation, even decomposition, of perovskite oxide under
excessively high voltages [36,37].

Fortunately, as promising alternatives, fluorite-type ceria
(CeO,) materials offer advantages in terms of structural stability,
in addition to adjustable oxygen vacancies and redox flexibility
between Ce’* and Ce* [38—41]. These features not only enhance
catalytic activity but also suppress carbon deposition by
promoting the formation of gaseous CO species and facilitating
the reverse Boudouard reaction (C + CO, »> 2CO) [4243],
shedding light on the cost-effective and ideal structural stability
under strong polarization-high current working conditions
compared with those of Ni-based cermet and perovskite oxide
counterparts [44]. However, the intrinsic limitations of pure CeO,,
namely, its low electronic conductivity and insufficient Ce*
concentration under typical operational conditions (its doped
form is used as a functional electrolyte for solid oxide cells), still
restrict its electrochemical performance, underscoring the need for
further material optimization. In previous studies, the main focus
has been on increasing the number of active sites by doping with
transition metals, such as Ni [45], Fe [39,46], and Co [46], and
those metals subsequently exsolve and are finely dispersed at the
surface of ceria, forming a socketed nanometal/ceria
heterostructure with an active interface, which indeed improves
the catalytic activity. However, the overall electrochemical
performance is still limited because of the low density of active
sites and insufficient bulk electronic conductivity. A high content
of transition metal doping and exsolution is not favored, as bulk
transitional metals may result in detrimental coking formation.
Typical rare-earth elements such as Gd [47] and Sm [48] mainly
contribute to increased oxygen vacancy concentrations and ionic
conductivity; their influence on bulk ceria properties is limited.
Since the Ce™ content in ceria-based electrodes is highly related to
the electronic conductivity and electrode active site, methods that
increase its concentration under typical CO, reduction conditions
should be developed [38,49]. Furthermore, when multiple dopants
are introduced simultaneously, synergistic effects may arise
between the different substitutions. These interactions can
optimize defect structures, increase the number of surface active
sites, and further enhance charge transport, ultimately resulting in
superior CO,RR performance [45,50]. These multifaceted
improvements highlight the potential of codoping strategies in
advancing ceria-based materials for highly efficient SOECs.

This study is dedicated to enhancing the catalytic performance
of ceria-based materials through improving both their electronic
and ionic conductivity, as well as their catalytic activity through
doping with Mn and Ni, coupled with the in situ exsolution of
metallic Ni at elevated temperature of 800 °C (Fig. 1). Notably, the
rationale for Mn substitution is slightly different from that of
Sm/Gd doping: Although its doping shares the same principle by
creating more oxygen vacancies and increasing the Ce*
concentration, its valence state under atmospheric conditions and
the formation of redox-stable oxide phase improve the parent
oxides’ electronic conductivity and help maintain electrode
microstructure stability, which are extremely important for ceria-
based electrocatalysts to reduce the series resistance originating
from the electrode. We aim not only to optimize the
physicochemical properties of the ceria-based electrode material
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Fig.1 Schematic illustration of synergetic strategy of codoping and in situ self-assembly of a ceria-based cathode for CO, reduction.

but also to elucidate the underlying interaction mechanisms on
the modified oxide surface, which is characterized by the presence
of multivalent Mn ions, exsolved Ni nanoparticles, and the CO,
reaction environment. Moreover, its electrocatalytic performance
and durability under rarely touched strong polarization conditions
have been investigated and discussed, considering that a high
applied operating voltage not only reduces cathodic ceria,
resulting in a high concentration of Ce* (or a high Ce*/Ce* ratio)
but also promotes further exsolution of Ni nanoparticles
compared with a high-temperature reducing atmosphere,
resulting in the formation of a fine dispersed and extended
Ni-ceria active interface, which consequently enhance
electrocatalytic activity for CO, reduction. A comprehensive
investigation of these interactions will provide deeper insight into
how such bulk/surface modifications and proper choices of
operational conditions influence electrode performance and
stability during the CO,RR in SOECs.

2 Experimental methods

2.1 Materials synthesis

CeO,, Cegg5Nig 50,5 (CN), CeyoMny 160, (CM),
CeygsGdy1oNigesO2s (CGN), and CeygsMny 1oNip:0, 5 (CMN)
powders were synthesized via the sol-gel method. Ce(NO;);-6H,0
(99.99%, Macklin), Gd(NO,)6H,0 (99.99%, Macklin),
Mn(NO,),4H,0 (99%, Aladdin), and Ni(NO,),.6H,0O (99.99%,
Macklin) were dissolved in deionized water at stoichiometric
ratios, and the precursor solution was stirred at 80 °C until it
became a transparent solution. Then, citric acid monohydrate
(99.5%, Aladdin) and ethylene-diamine-tetra-acetic acid (EDTA;
99.5%, Aladdin) were added successively to the above solution
according to the molar ratio of n(cations) : n(citric acid) :
n(EDTA) =1:2: 1, followed by an ammonia solution (25%-28%,
Aladdin) to adjust the pH of the solution to 7-8 for absolute
dissolution of the metal salts. The precursor solution was dried at
200 °C for 5 h, and then, the dried powders were subjected to heat
treatment at 1000 °C for 5 h at a heating rate of 5 °C:min™ to
obtain well-crystallized fuel electrode powders.

The anode material LaySr,,Coy,Fe;50;_5 (LSCF) powder was
also synthesized via the sol-gel method, except that the added raw
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material was changed to La(NO,),6H,O (99%, Macklin),
Sr(NO;), (= 99.0%, Aladdin), Fe(NO;), (98.5%, Macklin), and
Co(NO;),,6H,0 (99%, Aladdin), and the precursor was calcined
at 900 °C for 5 h. The other procedures were the same as those for
the ceria-based cathode material. Finally, the synthesized LSCF
powder and commercial CeysGdy,0, 5 (GDC; SOFCMAN,
China) were mechanically mixed by ball-milling at a weight ratio
of 5:5 for 24 h in a planetary mill (YXQM-1L, MITR) using
ethanol as the solvent at a rotation speed of 200 r/min to obtain
the LSCF-GDC composite anode material. The electrolyte
LaygSry,GaggMgi,0; 5 (LSGM) powder was purchased from
Wouxi City Kaistar Electro-Optic Materials Co., Ltd.

2.2 Cell fabrication

First, 0.2 g of LSGM powder was dry pressed and sintered at
1450 °C for 6 h at a heating rate of 2 °C-min™ below 1000 °C, and
a heating rate of 1 °C:min™ from 1000 to 1450 °C to obtain a
dense sample, which was further polished to a thickness of
approximately 200 um. The GDC was ground with terpineol
containing 6 wt% ethyl cellulose at a weight ratio of 2: 3 for 1 h to
prepare the buffer layer slurry. Subsequently, it was coated onto
one side of the LSGM electrolyte by spin-coating on a vacuum
adsorption spin coater. Finally, the GDC buffer layer was obtained
by sintering in air at 1400 °C for 2 h at a heating rate of 2 °C-min™.

Then, CMN (fuel electrode) or LSCF-GDC (air electrode)
powders and terpineol (containing 6 wt% ethyl cellulose) with a
2 : 3 weight ratio were ground for 1 h to obtain the electrode
slurry. The CMN slurry was coated on the side with the buffer
layer, whereas the LSCF-GDC slurry was coated on the other side
without the buffer layer. Single cells were then obtained by
sintering in air at 1000 °C for 2 h at a heating rate of 2 °C-min™.
The electrolyte pellet diameter of all the cells was approximately
13.6 mm, with an electrode active area of approximately 0.2826 cr’.
Silver paste (Sino-Platinum Metals Co., Ltd.) was brushed onto
the surfaces of both electrodes to serve as the current collector,
and a piece of silver wire was attached to each electrode via
conductive adhesive to act as the lead wire.

2.3 Materials characterization

The phase structures of the powder samples were detected via an
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X-ray diffractometer (XRD; PAN-analytical Empyrean) with Cu
Ko radiation at 26 intervals ranging from 20° to 80°. The crystal
structure and lattice parameters of the ceria-based materials were
fitted by GSAS refinement. An X-ray photoelectron spectrometer
(XPS, K-Alpha+, Thermo Fisher Scientific Inc) with a
monochromatic Al Ka source (hv = 1486.6 eV) was used to
determine the valence states of the elements on the surface and
calculate the oxygen vacancies at high temperatures. A field
emission scanning electron microscope (FE-SEM; JSM-7800F &
TEAM Octane Plus, JEOL) was used to characterize the ceria-
based fuel electrode morphology and the cross-sectional
microstructure of the cell. Thermogravimetric analysis (TGA) was
performed via a simultaneous thermal analyzer (TGA/DSC 3+,
Mettler) to evaluate the oxygen vacancy concentration of each
ceria-based material. Prior to testing, the samples were held at
200 °C for 1 h to remove moisture and then heated to 850 °C at a
rate of 10 °Cmin® in air. CO, temperature-programmed
desorption (CO,-TPD) was employed using a catalyst analyzer
(BELCAT-A, Microtrac) to investigate the CO, adsorption
capacity of the ceria-based materials. Additionally, an electron
paramagnetic resonance (EPR) spectrometer (A300-10/12,
Bruker) was used under ambient air conditions at room
temperature to further quantify the oxygen vacancy
concentration. A Raman spectrometer (17008200, Renishaw) was
used on the surface of the cell's cathode material before and after
the long-term stability test to determine whether carbon
deposition occurred.

2.4 Electrochemical tests

Single cells were sealed on the top of a ceramic alumina tube using
a ceramic sealant (Ceramabond 552), with the cathode and anode
exposed to pure CO, and ambient air atmospheres, respectively.
The flow rate of pure CO, was 50 mL-min™. The electrochemical
performance was evaluated by an electrochemical workstation
(VersaSTAT 4, Ametek) from the open-circuit voltage (OCV) to
1.6 or 2.0 V at a scan rate of 10 mV-s™. The short-term CO,RR
test was performed at constant voltages of 1.2, 1.3, 1.4, and 1.5 V,
each of which was stabilized for 20 min at 800 °C. The long-term
stability under mild conditions was tested at a constant voltage of
1.1 V at 750 °C. Electrochemical impedance spectroscopy (EIS)
measurements were acquired in the frequency range of 10°-0.1 Hz
with an AC amplitude of 20 mV. The distribution of relaxation
time (DRT) analysis was studied via DRT tools via MATLAB
software with a regularization parameter of 10~ [50,51]. Under
strong polarization test conditions, the terminal voltage of the I-V
curves and short-term CO,RR tests was increased to 1.4-2.0 V.
The short-term stability test was conducted at 800 °C under a
constant voltage of 1.8 V. The other conditions were consistent
with those of the conventional voltage tests.

3 Results and discussion

3.1 Materials
microstructure

As shown in Fig. 2(a), both individual and codoped Mn and Ni
were successfully doped within the ceria-based material system
after heat treatment in air, with no detectable impurity phase
peaks, indicating the formation of a single-phase solid solution.
Rietveld refinement of the XRD data reveals that the unit cell
volume of the ceria-based materials decreases with increasing
metal doping (Table SI in the Electronic Supplementary Material
(ESM)). This contraction can be attributed to the smaller ionic

phase structure, morphology, and
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radii of the transition metal cations (Mn and Ni) than that of Ce,
whereby their substitution for Ce leads to a reduction in the cell
volume. To observe the phase and microstructure of the reduced
sample, a mixed atmosphere of 30% CO and 70% CO, was used
to simulate the working cathodic conditions for a 2-h reducing
treatment at 800 °C. The specific mixing gas composition was
determined by Faraday’s law of electrolysis, and the theoretical
CO production rate of the CMN cathode cell at 800 °C under a
polarization voltage of 1.8 V was calculated to be 15.48 mL-min™
(assuming 100% current efficiency using the LSGM electrolyte)
[52], which accounted for 30% of the CO in the CO/CO, mixing
gas (the feed gas flow rate was 50 mL-min™). The i situ exsolution
behavior of Ni was therefore observed. After reduction, a distinct
diffraction peak at 44.3° appeared in the XRD patterns of the
CMN, CN, and CGN samples (Figs. 2(b) and 2(c) and Fig. S1 in
the ESM), corresponding to the metallic Ni phase. The rough
Rietveld quantitative phase analysis results (Fig. S2 in the ESM)
confirmed that the Ni metal content increased from 0.36 wt% in
the CN sample to 3.85 wt% in the CMN sample (Table S2 in the
ESM), suggesting the positive role of Mn doping in promoting the
exsolution of the Ni nanoparticles. SEM images further revealed
the formation of uniformly dispersed spherical particles on the
reduced sample surface (Figs. 2(d) and 2(e), and Figs. S3 and $4 in
the ESM), which was consistent with the XRD results. The
particles are mainly 30-50 nm in size, suggesting that the applied
reducing conditions effectively controlled the Ni particle size. To
further identify the exsolved particles, TEM analysis was
performed on the reduced CMN sample (Figs. 2(f) and 2(g)). The
measured interplanar spacing of 0.238 nm corresponds to the
(111) plane of NiO, which is likely due to the oxidation of metallic
Ni nanoparticles upon exposure to air. These particles were found
to be partially embedded within the ceria matrix; this is frequently
observed for exsolved metals reported in Refs. [6,53,54]. This
socketed structure results in strong metal-oxide interactions
between Ni and CeO,. This configuration not only increases the
number of catalytically active sites (both on exsolved Ni and its
related interface) but also contributes to the structural stability of
the exsolved nanoparticles, suggesting promising prospects for
their application in CO, reduction.

3.2 Material surface chemistry

XPS analysis (Figs. 3(a) and 3(b)) revealed that the physically and
chemically adsorbed oxygen contents of the ceria-based materials
increased progressively with increasing transition metal doping
level, suggesting a corresponding increase in the oxygen vacancy
concentration. This enhancement is attributed primarily to the
substitution of Ce* ions in the fluorite lattice by lower-valence
transition metal cations. To maintain overall charge neutrality,
partial release of lattice oxygen (O*) occurs, thereby generating
oxygen vacancies. As discussed above regarding the
electroreduction mechanism of CO, molecules on SOEC cathode
surfaces, these oxygen vacancies act mainly as preferential
adsorption centers for CO,; the doping of transition metals
increases the concentration of oxygen vacancies, thereby
increasing the population of CO, adsorption sites during
electrolysis and consequently enhancing the catalytic activity of
ceria-based materials for CO, electroreduction [39]. XPS peak
fitting analysis of the Ce 3d spectrum is shown in Figs. 3(c) and
3(d); the peak pairs labeled u-v and ul-v1 are attributed to Ce*
species, whereas the remaining peaks correspond to Ce*. These
results indicate that transition metal doping not only increases the
concentration of oxygen vacancies but also promotes the partial
reduction of Ce™ to Ce™. In the context of CO, electroreduction,

J Adv Ceram 2026, 15(1): 9221219
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Fig.2 Phase and microstructure of samples: (a-c) XRD patterns and SEM images of CMN sample (d) before and (e) after reduction; (f, g) TEM images of CMN sample

after reduction.

Ce* plays a crucial role by acting as an electron donor to activate
adsorbed CO, molecules, thereby facilitating CO, activation [38].
Moreover, to maintain overall charge neutrality, the increased
number of Ce™ sites further increases the oxygen vacancy
concentration. Thus, increasing the Ce™ content in ceria-based
materials is advantageous for improving their catalytic
performance. The increase in the Ce* concentration upon Mn
and Ni codoping, together with the associated increase in the
oxygen defect density, confirms that the dual-metal doping
strategy effectively modulates the electronic structure of CeO, and
enhances its electrocatalytic activity for CO, reduction.

Upon being reduced in a 30% CO-70% CO, atmosphere, XPS
analysis reveals a further increase in the concentration of oxygen
vacancies (Figs. S5(a) and S5(c) and Table S3 in the ESM) and
Ce* species (Figs. S5(b) and S5(d) and Table S4 in the ESM) in the
ceria-based material. Concurrently, Mn undergoes a valence
transition from predominantly +3 to mainly +2, indicating that
the doped Mn transition metal is also reduced to a lower
oxidation state under a reducing environment (Figs. 3(e) and 3(f)

https://doi.org/10.26599/JAC.2025.9221219

and Table S5 in the ESM), serving as an additional active site for
CO, reduction. The Ni 2p XPS spectra of the CN and CMN
samples before and after reduction are presented in Fig. S6 in the
ESM. Compared with the as-prepared samples, both reduced
samples exhibit a noticeable shift in the Ni** signal toward higher
binding energies. This positive shift indicates a decrease in the
local electron density of the Ni species, which can be attributed to
the strengthened electronic interaction between Ni and the
surrounding oxide matrix. In particular, the reduced CMN
(CMN-R) sample shows a more pronounced shift than the
reduced CN (CN-R) sample does, suggesting that the coexistence
of Mn dopants and oxygen vacancies facilitates stronger
interactions between Ni and the ceria-based lattice. This enhanced
interfacial coupling stabilizes the Ni species through charge
transfer and chemical bonding with the reducible CeO, matrix,
which benefits the catalytic activity as well as durability during
CO, electroreduction. Moreover, the reductive treatment increases
the oxygen deficiency in the ceria lattice and modifies the
electronic structure of the doped transition metal cations, thereby
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promoting the overall reducibility of the material and enhancing
its potential for CO, electroreduction. Notably, in addition to
doping, high temperatures and high electrical cathodic potentials
also increase the concentration of Ce*, which will be detailed later.
These findings will also be corroborated by the subsequent Raman
spectroscopy presented below.

In Fig. 4(a), in addition to the characteristic Ce"-O symmetric
stretching vibration at approximately 460 cm™, an additional peak
appeared at ~660 cm™ (denoted as the B peak) in the Mn-doped
samples (CM and CMN). This p peak is generally attributed to
bulk defect sites induced by heteroelement (Mn in this case)
doping [38] through the following equation: MnO RN
Mn¢, + OF + V. This suggests that Mn doping significantly
increases the bulk concentration of oxygen vacancies. Compared
with the CM sample, the codoped CMN material exhibited a
slight redshift in the B peak, likely resulting from the combined
effects of Mn and Ni codoping, which further increased the
oxygen vacancy density. Furthermore, the partial reduction of Ce*
to Ce*, whose larger ionic radius induces lattice expansion, may
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also contribute to this redshift in the Raman response [38]. A
weak signal at ~505 cm™ (denoted as the a peak) was additionally
observed in the CMN sample, which is related to the enhanced
oxygen defect structure and elevated Ce* concentration induced
by dual-cation doping. These observations serve to corroborate
the XPS findings presented earlier.

A comparison of the TGA curves of the reference samples
(CeO,, CN, CM) and the codoped experimental sample (CMN)
clearly reveals that all the materials exhibit similar weight change
trends within the temperature range of 300-850 °C (Fig. 4(b)).
This consistency reflects their common ceria-based framework,
indicating that transition metal doping does not fundamentally
alter the intrinsic physicochemical properties of ceria. However,
the extent of weight loss follows the order of CMN > CM > CN >
CeO,, with specific losses of 0.246, 0.217, 0.190, and 0.179 wt%,
respectively. The greater weight loss observed in the CMN sample
suggests a higher concentration of oxygen vacancies, which is
positively correlated with the total amount of doped transition
metals. EPR characterization further supports this, as the signal
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intensity increases with increasing doping content, with the CMN
sample showing the strongest peak at the g-factor of 2.05,
confirming that Mn and Ni codoping more effectively induce
oxygen vacancies than single doping (Fig. 4(c)). Additionally, CO,-
TPD analysis reveals that the CMN sample presented a stronger
CO, chemical desorption signal above 200 °C, particularly
between 700 and 850 °C (Fig. 4(d)), suggesting that Mn and Ni
codoping increase the surface defect density, which strengthens
the chemical interaction of the material with CO,. In summary,
the incorporation of low-valence transition metals such as Mn and
Ni into ceria-based materials effectively modulates their oxygen
defect chemistry and electronic structure. The substitution of Ce*
with lower-valence dopants leads to the generation of abundant
oxygen vacancies, which serve as crucial active sites for CO,
adsorption and activation. Simultaneously, the partial reduction of
Ce* to Ce* enhances the active site and electron-donating
capability of the electrode [38,49], facilitating CO, activation and
charge transport. These results, combined with the intrinsic Mn
and its promoted Ni exsolution effect, will collectively contribute
to improving the electrocatalytic performance of doped ceria-
based materials in CO, reduction from both thermodynamic and
kinetic standpoints.

3.3 Electrochemical performance of SOEC under mild
conditions

Using LSGM as the electrolyte and an LSCF-GDC composite as
the air electrode, along with a GDC buffer layer between the
cathode and the electrolyte, SOECs were fabricated with various
doped ceria-based materials serving as the CO, fuel cathode. As
shown in Fig. S7(a) in the ESM, the assembled cell exhibited a well-
defined microstructure. The LSGM electrolyte, with a thickness of
approximately 225 pm, was dense and compact, effectively
preventing direct contact between the reactant gases and the two
electrodes. Distinct interfaces can be observed among the cathode,
GDC buffer layer, and electrolyte (Fig. S7(b) in the ESM). The
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buffer layer, with a thickness of approximately 7.5 um, appeared
denser than the cathode due to its higher sintering temperature
and was closely bonded to both the electrolyte and the cathode
with no discernible interfacial gaps. The ceria-based cathode and
LSCF-GDC anode exhibited porous microstructures with
thicknesses of approximately 17 and 37 pm, respectively; their
grain sizes were uniformly distributed, and most of them were
smaller than 1 pm (Figs. S7(c) and S7(d) in the ESM), which
contributed to maximizing the specific surface area and
promoting electrochemical reaction kinetics.

When operated with pure CO,, the current densities of the
SOECs with the cathode materials CeO,, CN, CM, and CMN at
800 °C under an applied voltage of 1.5 V were 0.47, 0.62, 1.25, and
1.37 A-cm?, respectively (Fig. 5(a)). Among them, the SOEC with
the CMN cathode exhibits superior CO,RR performance at 800 °C
and 1.5 V, compared to the other reference samples and most of
the currently reported works (Figs. S8-S10 and Table S6 in the
ESM). The short-term current stability test results, as presented in
Fig. S11 in the ESM, demonstrate that all ceria-based cathode
materials, regardless of doping, exhibited stable performance
under applied voltages of 1.2, 1.3, 1.4, and 1.5 V. Compared with
the undoped CeO, sample, the doped cathode materials exhibited
superior electrolytic current densities and low polarization
resistance values under an operating voltage of 1.5 V (Figs. 5(b)
and 5(c)). In addition, with the successive incorporation of the
transition metals Mn and Nij, the increased number of oxygen
vacancies and increased Ce™/Ni° concentration effectively reduce
the ohmic and polarization resistances of the ceria-based cathode
during CO, electroreduction, thereby enhancing the overall
electrocatalytic performance (Figs. S12-S16 in the ESM). Since all
other cell components remained constant across the different
configurations, these results demonstrate that doping ceria with
codoped transition metal cations, i.e., Mn and Ni, is an efficient
strategy for electrochemical reduction of CO,.

The long-term current stability of the CMN cell was evaluated
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under mild operating conditions at 750 °C and a constant cell
voltage of 1.1 V, and the results are shown in Fig. 5(d). The CMN
cathode maintained stable CO, electroreduction performance over
a continuous period of approximately 140 h, with a current
density degradation rate of only 0.25 mA-cm™>h™. In situ EIS
measurements were conducted at 20-h intervals, although a
noticeable increase in the polarization resistance was observed
during the first 20 h (Fig. S17 in the ESM), likely because the
polarization resistance had not yet reached thermal and
electrochemical equilibrium at the beginning of the test.
Thereafter, a gradual and steady polarization impedance was
recorded over time. The post-test Raman spectroscopy (Fig. 5(e))
revealed no distinct peaks associated with carbonate species or
carbon deposition, indicating the absence of carbon accumulation
after electrolysis operation. Moreover, compared with the pre-test
results, the Raman spectra of the CMN cathode after long-term
operation remain nearly unchanged, indicating that the bulk
material undergoes no significant structural alterations during
prolonged high-temperature electrolysis, thereby demonstrating
the redox and electrochemical stability of the modified ceria-based
material. Compared with the pre-test state (Fig. S7(c) in the ESM),
the cathode shows no significant microstructural changes, with
the material particles remaining well dispersed and without
obvious agglomeration (Figs. 5(f) and 5(g)). In addition, no
evident delamination was observed in the tested cell, indicating
considerable structural integrity (Fig. S18 in the ESM). This
demonstrates that the modified ceria-based material possesses
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ideal structural stability under high-temperature electrolysis
conditions, which in turn underpins its ability to maintain stable
electrochemical performance during the long-term CO,RR.

3.4 Electrochemical performance of SOEC under strong
polarization conditions

Building upon the excellent and reliable CO, electroreduction
performance demonstrated by ceria-based cathode materials
under mild operating conditions and their intrinsic redox crystal
structure stability, further evaluation was conducted under strong
polarization conditions (above 1.6 V) to assess their applicability
in high-current CO, electroreduction scenarios, as limited high-
temperature electrolysis works have been performed under such
harsh conditions due to the high potential for carbon deposition
issues at the electrode surface, especially for Ni-based cermet
electrodes, and the phase structural instability of commonly used
perovskite oxide electrodes [36,55]. Furthermore, the reduction of
Ce* to Ce™ is accelerated under high applied voltages, providing
more active sites for CO, reduction [38]. To specifically elucidate
the role of the multivalent transition metal Mn, a comparative
sample (CGN) was also prepared by replacing Mn with Gd, a
fixed-valence rare-earth element, while maintaining all other
synthesis parameters identical. To ensure a fair comparison, the
electrochemical performance of CGN was evaluated exclusively
under strong polarization conditions, where the redox activity of
multivalent Mn ions (Mn“/Mn* and Mn*/Mn*) becomes
prominent and may also facilitate the Ce™/Ce* redox cycle [56,57].

J Adv Ceram 2026, 15(1): 9221219



Concurrent surface and bulk modification of ceria-based cathodic catalyst for CO, reduction in solid oxide electrolysis cell under ...

Under milder polarization conditions, such redox-driven
enhancement is negligible, whereas the stable valence state of the
Gd-doped CGN material provides a limited contribution to
electronic conduction; therefore, this material is not included
under previous mild operating conditions. Its testing under strong
polarization could highlight the distinct effects of the multivalent
nature of Mn on the electrochemical behavior of ceria-based
cathodes. Electrolysis testing in the voltage range of 1.6-2.0 V
revealed that all tested cathodes (CN, CGN, and CMN) exhibited
steadily increasing current densities. Notably, the codoped CMN
cathode achieved a maximum current density of 3.05 A-cm™ at
2.0 V, significantly outperforming both CN (1.56 A-cm™) and
CGN (1.75 A-cm™), as shown in Fig. 6(a)); the cell with the CMN
cathode also exhibited superior electrolysis performance
compared with those CN and CGN cathodes at both 750 and
850 °C (Figs. S19 and S20 in the ESM); these results directly
indicate the promotion role of valence state changeable Mn
instead of valence state fixed Gd doping. Notably, the differential
conductance (dJ/dV) of all three cathodes increases markedly with
increasing applied potential (Fig. 6(b)). This trend indicates a
continuous decrease in the effective differential resistance (dV/dJ)

9221219-9

under higher bias, reflecting the mitigation of polarization
constraints and an enhanced charge transfer and transport
process. Among the investigated electrodes, the cell with the CMN
cathode exhibits the most pronounced increase in slope,
particularly above approximately 1.5 V, where a high-conductance
regime is established. This behavior can be rationalized by two
synergistic effects: (i) The applied potential enhances the surface
catalytic kinetics, thereby lowering the activation barrier for CO,
adsorption and subsequent electrochemical reduction, and (ii) the
strong electric field promotes the partial reduction of Ce* to Ce*
[38], generating additional oxygen vacancies and defect sites,
which facilitate mixed electronic—ionic transport as well as CO,
adsorption/activation at the electrode surface. The significantly
higher slope of CMN than those of CN and CGN under elevated
voltages thus confirms its superior ability to exploit the voltage-
induced catalytic enhancement and the increased concentration of
Ce*, ultimately resulting in reduced impedance and enhanced
electrolysis performance.

EIS results obtained at various voltages and temperatures under
pure CO, (Figs. S21-S23 in the ESM) further confirmed that
CMN exhibited the lowest overall impedance, including both
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ohmic and polarization resistances. To avoid electrolyte
breakdown under high applied voltages, the electrolyte thickness
was increased from 150 to 220 pm under these conditions, which
consequently resulted in a higher ohmic resistance among the
tested samples, whereas CGN showed the highest polarization
resistance (Fig. 6(c)). This disparity highlights the distinct
functionalities of the dopant Mn as a multivalent transition metal
that promotes the formation of oxygen vacancies/Ce* through
charge compensation upon substitution for Ce* and participates
in redox reactions during electrolysis, thereby enhancing both the
electronic conductivity and ionic conductivity [59]. Its synergistic
interaction with exsolved Ni particles effectively accelerates CO,
surface reaction kinetics and reduces polarization losses. In
contrast, Gd, although capable of improving ionic conductivity,
lacks redox activity and has low electronic conductivity. As a
result, the Gd-doped electrodes exhibit fewer active sites for CO,
adsorption/activation and higher series and electrode reaction
polarization resistance than their Mn/Ni-codeped counterparts.

Short-term stability tests at 1.8 and 2.0 V (Fig. 6(d))
demonstrated that both the CN and CMN cathodes maintained
stable current outputs without significant degradation, confirming
their suitability for high-voltage CO, electroreduction. This is
significantly different from those of perovskite oxide-based
cathodes, where obvious degradation is observed with increased
cell operating voltage [36,58], shedding light on the robust lattice
stability of the ceria-based cathode. During the 24-h stability test at
800 °C and 1.8 V in pure CO,, the cell with the CMN cathode
exhibits a moderate current decay rate of ~17 mA-cm™h?,
indicative of a gradual increase in resistance (Fig. 6(e)). In the first
20 h, however, notable current fluctuations are observed: After an
initial decline within the first 6 h, a sudden current surge occurs at
approximately 6-8 h, which can be attributed to voltage-driven
activation of the CMN cathode via enhanced Ce" > Ce*
reduction, oxygen-vacancy formation, and Ni exsolution, leading
to improved conductivity and CO, activation. Subsequent small
oscillations superimposed on the slow decay likely arise from
dynamic surface processes, such as transient carbonate
adsorption/desorption and local redox cycling at the Ni-ceria
interface. The brief recovery after the restart further supports the
role of surface reorganization and removal of the inhibiting
species. Overall, the current response reflects a balance between
voltage-induced activation and gradual microstructural or surface
state evolution. The signal peaks corresponding to carbonate
species and carbon deposition were not detected in the post-tested
Raman spectra, indicating the acceptable carbon tolerance of the
CMN cathode under strong polarization conditions (Figure S24(a)
in the ESM). Compared with the pre-test cell (Fig. S7 in the ESM),
there was no clear evolution in the microstructure of the
electrodes after the strong polarization long-term test
(Figs. S24(b)-S24(f) in the ESM), indicating that the structure of
the electrodes can remain stable at such a high applied voltage.

In previous studies on CeO,-based cathodes for CO, reduction
in SOECs, the improved electrochemical performance was
generally attributed to the enhanced activity of exsolved metal
particles or the metal/ceria interface, whereas little attention has
been given to the bulk properties of the ceria matrix. Although
classically doped ceria is a mixed ionic and electronic conductor, it
is generally recognized that ionic conductivity is the major
contributor, as Sm- or Gd-doped ceria have previously been
considered potential options for electrolyte materials. For the
SOEC electrode, the electrochemical reaction takes place at the
triple phase boundary, where the ionic conductor, electronic
conductor, and CO, meet. In our study, the limited electronic
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conductivity of the ceria-based electrode unexpectedly increases
the series resistance (Figs. 5(b) and 6(c), Figs. S12-S16 and
S21-S23 in the ESM). Moreover, according to Kamboj et al. [38]
and Badwal et al. [60], Ce* serves as the active site for the CO,RR
and is considered highly related to the electronic conductivity of
the ceria material. Maximizing the Ce™ content in the cathodic
ceria electrocatalyst is expected to further improve the catalytic
activity of the CO,RR. In this work, both the doping of Mn
cations and the application of high voltage or strong polarization
conditions improved the Ce* content in the bulk material. When
further combined with the redox Mn cation effect and the well-
built nanoscale Ni-ceria heterostructure, the bulk and surface
comodified ceria cathodic catalysts demonstrated exceptional
catalytic activity for CO, reduction under strong polarization
condition, which was accompanied by the expected durability
because of the redox-stable ceria-based matrix in the SOEC
cathode.

The doped and structurally modified ceria-based cathode
materials demonstrate remarkable CO, electroreduction
performance under both conventional and high-voltage operating
conditions. Under strong polarization conditions (1.8 V), these
materials sustain high current densities with slight degradation,
indicating acceptable electrochemical robustness and catalytic
efficiency. The codoping of multivalent transition metals such as
Mn and Ni significantly enhances oxygen vacancy formation,
facilitates electron and ion transport, and accelerates surface
reaction kinetics. Owing to the promoted ceria reduction under
strong polarization conditions, these combined effects not only
reduce the polarization resistance but also expand the density of
active sites for CO, activation. The results highlight the
effectiveness of tailored doping and practical operational strategies
for optimizing the functional properties of ceria-based cathodes,
offering a viable pathway toward high-efficiency and durable CO,
electroreduction under industrially relevant conditions.

4 Conclusions

In this study, a series of ceria-based cathode materials was
developed and systematically investigated for high-temperature
CO, electroreduction in SOECs. The Mn, Ni codoping strategy
not only facilitates the formation of active surface Ni-ceria
heterostructures but also increases the Ce™ concentration and
number of oxygen defects in the bulk lattice. These factors
increase the number of electrochemically active sites for CO,
adsorption and activation as well as the electrical conductivities of
the electrodes (ions and electrons). Thus, the catalytic activity of
the ceria-based cathode is promoted through multiple pathways.
Bulk Ce* phase enrichment, redox Mn cations, and surface-
coupled Ni-Ce active sites synergistically enhance CO, adsorption-
activation behavior, i.e., reaction kinetics, and charge transport in
the SOEC electrode. Under mild electrolysis conditions, the
optimized CMN cathode exhibited reliable electrochemical
performance for nearly 140 h at 750 °C and 1.1 V without carbon
deposition, matrix phase and microstructural change.
Furthermore, under strong polarization conditions (2.0 V), the
CMN cathode delivered a high current density of 3.05 A-cm™ at
800 °C and sustained stable high-current electroreduction for 24 h
at 1.8 V, underscoring its robust structural and electrochemical
stability for practical CO,RR applications. In the future, research
may emphasize deepening the understanding of defect-metal
interactions at the atomic scale, refining the redox dynamics
during electrolysis, and developing hierarchical electrode
architectures that simultaneously optimize active site accessibility
and gas diffusion pathways, thereby unlocking greater catalytic
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efficiency and stability of ceria-based cathode catalysts for next-
generation SOEC systems. Overall, this work provides valuable
insights into the rational design of advanced ceria-based cathodes
for durable and efficient high-temperature CO, electroreduction
under both moderately and strongly polarized conditions,
potentially increasing the technical readiness of SOEC technology.
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