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Active site concentration steers the reaction pathway of CO,

electroreduction
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ABSTRACT Critical influence of local active-site con-
centration and configuration on CO, reduction selectivity
remains rarely explored, due to the challenge in constructing
well-defined structures. In this study, we employ a molten salt-
assisted strategy to synthesize Ce-Ovy-Cu cascade catalyst with
tunable configurations and relative concentrations of Cu and
Ce-Oy sites. Two distinct geometries were constructed: one
featuring dense Cu sites surrounding Ce-Oy, and another with
isolated Cu centers encapsulated by Ce-Oy. These configura-
tions effectively direct the key *CHO or *COH intermediates
toward either coupling with *CO or hydrogenation with *H,
thereby switching product selectivity. The CuCe;,0, catalyst
with isolated copper centers achieves a high CH, Faradaic ef-
ficiency (FE) of 61.7% at —1.6 V vs. reversible hydrogen elec-
trode (RHE), whereas the local Cu-rich Cu;,CeO, variant
favors C, production with a maximum FE of 61.5% at -1.4 V
vs. RHE. Mechanistic studies reveal that locally concentrated
Cu sites exhibit strong *CO, binding affinity, enhancing *CO
surface coverage and facilitating *CO-*COH coupling; while
Ce-Oy-rich regions with isolated copper center supply abun-
dant availability *H, promoting deep protonation of *CHO
intermediate toward CH,. This work offers valuable insights
into catalyst design, where manipulating structural chemistry
guides catalytic processes toward targeted CO,RR products.

Keywords: electrocatalyst, CO, reduction reaction, active site
concentration, reaction pathway, selectivity

INTRODUCTION

As global energy demand grows exponentially, the resulting
massive CO, emissions pose a serious threat to the environment
[1]. Current research efforts are focused on carbon capture and
storage (CCS) and CO, resource utilization technologies.
Among these, carbon dioxide reduction reaction (CO,RR) is
regarded as a strategic approach to achieving a closed artificial
carbon cycle. This technology enables the conversion of inter-
mittent electricity from renewable energy sources (such as solar
and wind power) into high-value hydrocarbon fuels and syngas,
thereby facilitating chemical energy storage [2-5]. However, the

CO,RR involves multi-electron transfer processes and a complex
reaction network, making precise control over reaction pathways
and selective conversion of key intermediates a central scientific
challenge in the field [6,7].

The limited product selectivity in the CO,RR primarily arises
from the competition among multiple possible reaction path-
ways [8]. Therefore, the key issue lies in steering the reaction
toward desired products. In this context, the local concentration
and configuration of active sites play a critical role in mediating
the catalytic pathway. As reported by Zhai and coworkers [9], a
high density of active sites can lead to the aggregation of gas
molecules from adjacent sites. Alternatively, an appropriate
concentration of active sites can enhance the reaction rate and
increase the probability of intermediates encountering one
another. Moreover, in catalysts with multiple active sites, a high
local density of homologous active sites can raise the local
coverage of homologous intermediates, promote collision and
reaction probabilities, and lower the reaction energy barrier [10].
In the case of CO,RR over Cu-based catalysts—the only type
capable of driving C-C coupling—a variety of intermediates are
involved in the electrochemical process. Among these, species
such as *CO or *CHO play a decisive role in determining the
subsequent pathway and product selectivity [11,12]. For exam-
ple, directing the reaction toward C-C coupling versus deep
hydrogenation can selectively yield C, products or CH, [13]. In
Cu single-atom and low-copper-content catalyst systems, iso-
lated and well-dispersed copper active sites lead to a low and
sparse coverage of *CO intermediates. This distribution char-
acteristic of adsorbates favors the formation of C; products [14].
In contrast, a higher density of active sites would promote the
generation of C, products. However, precisely controlling the
local concentration of active sites to steer reaction pathways and
product distributions remains challenging, primarily due to the
difficulty in fabricating catalysts with well-controlled active site
density.

CuCe composite catalysts have emerged as a research focus in
the field of electrocatalysis due to their unique advantages in
regulating the product selectivity and catalytic stability of
CO;RR [15]. However, current research predominantly focuses
on the influence of parameters such as the overall composition
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ratio and macroscopic morphology of catalysts on catalytic
performance, with gaps remaining in the precise regulation of
local copper active sites and the elucidation of their underlying
mechanisms. On one hand, existing CuCe systems pre-
dominantly feature heterogeneous mixed structures, making it
challenging to effectively isolate the coupled effects of copper site
concentration, interfacial interactions, and Ce-based carrier
crystal phases; On the other hand, the absence of structurally
defined model catalysts as research platforms prevents the sys-
tematic separation and verification of intrinsic correlations
between local copper site concentrations and the overall geo-
metric configuration of the catalyst. In light of this, we devel-
oped a molten salt-assisted approach for the controlled synthesis
of Cu-Oy-Ce cascade catalysts with tunable local micro-
structures. Using these model systems, we systematically inves-
tigated the influence of local active site configuration and
concentration on the reaction pathways of CO, reduction. The
CuCe(O, catalyst, characterized by isolated copper centers
surrounded by Ce-Oy sites, achieved a notable Faradaic effi-
ciency (FE) of 61.7% for CH, at —1.6 V versus reversible
hydrogen electrode (RHE). In contrast, Cu;qCeO,, which fea-
tures localized Cu aggregation regions, exhibited enhanced C,
production with a maximum FE of 61.5% at —1.4 V versus RHE.
The catalytic mechanism was elucidated through advanced
characterization techniques, including X-ray absorption near-
edge structure (XANES), extended X-ray absorption fine struc-
ture (EXAFS), in situ Fourier transform infrared (FTIR) and
Raman spectroscopy, combined with detailed electrochemical
analysis and density functional theory (DFT) calculation. These
findings contribute to the identification of optimal catalyst
configurations for selective CH, and C, production, offering
valuable guidance for the rational design of efficient catalysts in
energy conversion technologies.

EXPERIMENTAL SECTION

Chemicals

Cu(NO3),-3H,0 (M: 241.6, >98%) and Ce(NO;),-6H,O (M:
456.9, 99.9%) were purchased from Macklin. NaNO; (M: 84.99,
99%) was purchased from Huaxia Reagent Company. All
reagents were used without further purification.

Synthesis of the CuCe O, catalyst

The synthesis of Cu,Ce, O, was via a molten salt-assisted syn-
thetic method. First, 5 g of NaNO; was added to a crucible and
then put in a muffle furnace. After heating to 350 °C for 20 min,
the NaNO; was molten. Cu(NO;),:3H,O (0.2g) and
Ce(NO;),6H,0(0.036 g) (molar ratio of Cu to Ce is 10:1) were
added to the crucible. After 3 min, the crucible was removed
from the muffle furnace and cooled to room temperature
naturally. The product was washed several times with deionized
water to remove NaNOs. Finally, the product was redispersed in
ultrapure water and freeze-dried. The collected products were
named Cu;(CeO,. While the Cu.,Ce,O, catalysts were synthe-
sized with varied molar ratio of Cu to Ce.

Synthesis of CuO and CeO, catalysts

CeO, was synthesized following the same procedure as that used
for the CuCe catalysts, but without the addition of
Cu(NO:;),-3H,0. Similarly, the CuO catalyst was prepared using
the same method in the absence of Ce(NO;),-6H,0.

RESULTS AND DISCUSSION

Catalyst synthesis and characterization

As illustrated in Fig. la, Cu-Ce-based heterojunction catalysts
and solid solution catalysts were fabricated via the molten salt
method using NaNOj as the solvent. For clarity, the samples
were designated based on the feeding ratios: for instance,
CuCe (O, (Cu:Ce = 1:10) and Cu;,CeO, (Cu:Ce = 10:1), among
others. Scanning electron microscopy (SEM) characterization
reveals that pure CuO consists of elongated nanoclusters
(Fig. Sla), whereas pure CeO, is composed of irregular poly-
hedral nanoparticles (Fig. S1b). Particle size analysis indicates
that the diameters of pure CeO, nanoparticles range from
approximately 150 to 300 nm. In contrast, the Cu;,CeO, catalyst
exhibits a heterojunction structure, with CeO, nanoparticles
supported on CuO nanoclusters (Fig. Slc). As for the CuCe,(O,
catalyst (Fig. S1d), it also displays a nanoparticle-based mor-
phology; however, compared with pure CeO,, its particle size
increases, with diameters ranging from approximately 200 to
500 nm. High-resolution transmission electron microscopy
(HRTEM) image in Fig. 1b, along with the corresponding fast
Fourier transform (FFT) pattern shown in the inset, reveals the
microstructure of the CuCe;(O, catalyst. The material exhibits a
cubic phase structure, with a measured lattice spacing of 3.24 A,
which can be indexed to the (111) plane of cubic CeO,. For
comparison, Fig. 1c and Fig. S2 display the HRTEM image of
pristine CeO,, showing a lattice spacing of 3.15 A for the same
(111) plane. This corresponds to a lattice expansion of
approximately 2.9% in CuCe,;,O; relative to pure CeO, (Fig. 1h),
a phenomenon attributed to the incorporation of a small
amount of Cu atoms into the CeO, lattice, resulting in the
formation of a solid solution. In this structure, the Cu sites are
present at low concentrations and are highly dispersed, leading
to a low concentration of *CO intermediates. As a result,
effective C-C coupling reactions are hindered [16].

Moreover, the abundant CeO, substrate supplies ample *H
intermediates, promoting the protonation of *CO (e.g., *CO +
*H — *CHO or similar pathways), which favors the formation
of C; products such as CH,. As shown in Fig. 1d, the Cu;(CeO,
catalyst exhibits a typical heterojunction structure with a distinct
interface, as marked by the red line. The measured lattice spa-
cing of 2.75 A corresponds to the (110) plane of CuO (Fig. le),
while the spacing of 3.12 A is attributed to the (111) plane of
CeO, (Fig. 1f).

Fig. 1g displays the X-ray diffraction (XRD) patterns of the
representative as-prepared Cu-Ce catalysts, further confirming
the composition and structure of CuCe;,O, and Cu,(CeO,. As
shown, only the diffraction peaks corresponding to CeO,
(PDF#81-0792) are observed in the pattern of CuCe,O,, indi-
cating the formation of a solid solution where Cu is incorporated
into the CeO, lattice. In contrast, the XRD pattern of Cu;(CeO,
reveals the presence of two distinct phases: CuO (PDF#80-1917)
and CeO,. These results are consistent with the HRTEM ana-
lysis. Existing studies have indicated that the (110) crystal plane
of Cu exhibits specific adsorption characteristics toward the
*CO intermediate, thereby facilitating the C-C coupling reac-
tion. Furthermore, constructing a bimetallic heterojunction
structure can effectively modulate the binding energy of key
intermediates, overcoming the limitations imposed by linear
scaling relations. The interfacial charge redistribution induced
by such a structure significantly reduces the energy barrier of

2 © The Author(s) 2026. This article is published with open access at link.springer.com.
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Figure 1 Synthesis and characterizations of Cu.Ce,O, catalysts. (a) Schematic illustration of the synthetic procedure. HRTEM images of (b) CuCe;,O, (inset:
FFT pattern), (c) CeO, (inset: FFT pattern), and (d) Cu,;,CeO,. (e) Lattice spacing corresponding to the green dotted areas in (d). (f) Lattice spacing
corresponding to the orange dotted areas in (d). (g) XRD patterns of Cu;oCeO,, CuCe;(O,, CeO, and CuO. (h) Intensity line profiles of CuCe;(O, (top) and
CeO, (bottom). (i) High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image of CuCe;,O, and corresponding
elemental mappings of O, Ce, and Cu. (j) HAADF-STEM image of Cu,,CeO, and corresponding elemental mappings of O, Ce, and Cu.

critical steps (e.g., ¥*CO — *COH), ultimately promoting the
formation of multi-carbon products such as ethanol and ethy-
lene [17-19]. It is noteworthy that an excessive accumulation of
*H intermediates could markedly enhance the hydrogen evo-
lution reaction (HER). Therefore, tuning the Ce-to-Cu ratio is
essential to maintain an appropriate balance between *H and
*CO intermediate coverage, thereby optimizing the selectivity
toward target products. The elemental distribution in the cata-
lysts was further examined through elemental mapping and

energy-dispersive spectroscopy (EDS), as shown in Fig. 1i, j and
Figs S3-S6. The results indicate that in both CuCe;,O, and
Cu,oCeO, catalysts, the elements Cu, Ce, and O are uniformly
distributed, with no noticeable elemental enrichment or phase
separation, confirming the high structural homogeneity of the
synthesized samples.

Fig. 2a presents the XRD patterns of catalysts with varying Cu/
Ce molar ratios. The analysis reveals that pristine CuO exhibits
characteristic diffraction peaks corresponding to the monoclinic

© The Author(s) 2026. This article is published with open access at link.springer.com. 3
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Figure 2  Fine structure characterizations. (a) XRD patterns of catalysts with different feed ratios of Cu to Ce. (b) Magnified XRD patterns of (a) (20 = 26°-
31°). (c) Magnified XRD patterns of (a) (20 = 34°-37°). High resolution XPS spectra of (d) Cu 2p of Cu,;,CeO,, CuCe,;,O, and CuO, (e) Ce 3d of Cu,,CeO,,
CuCe (O, and CeO,, and (f) O 1s of Cu;(CeO,, CuCe;,O,, CeO, and CuO. (g) Cu K-edge XANES spectra of Cu;(CeO,, CuCe;oO,, CuO and references. (h) Ce
K-edge XANES spectra of Cu;oCeO,, CuCe;(O,, CeO, and references. The WT EXAFS of (i) CuCe (O, (j) Cu;pCeO, and (k) CuO.

crystal phase with lattice parameters a = 4.6893, b = 3.4268, and
¢ = 5.1321 (PDF#80-1917), while pristine CeO, adopts a cubic
fluorite structure with the space group Fm-3m (225) (PDF#81-
0792). As shown in Fig. 2b, ¢, as the Cu/Ce molar ratio increases
from 1:15 to 1:10, the XRD diffraction peaks shift toward lower
20 angles, with no detectable peaks attributable to CuO. This
indicates the incorporation of Cu into the CeO, lattice, leading
to the formation of a Cu-Ce-O solid solution. When the Cu/Ce

molar ratio is further increased to 1:5, the XRD peaks shift back
to positions similar to those of pristine CeO,, suggesting the
formation of a CuCeO,/CuO composite. At a Cu/Ce ratio of 5:1,
two distinct sets of diffraction patterns corresponding to CuO
and CeO, are observed. Notably, the CeO, peaks exhibit a slight
shift toward lower 26 angles, while the CuO peaks display a
pronounced negative shift. This implies that a small amount of
Ce has been incorporated into the CuO lattice, resulting in a

4 © The Author(s) 2026. This article is published with open access at link.springer.com.
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CeO,/CuCeO, composite structure. As the Cu/Ce molar ratio is
further increased from 10:1 to 15:1, the diffraction peaks of CeO,
show a positive shift, while no significant peak displacement is
observed for CuO, suggesting the coexistence of CeO, and CuO
phases. The lattice strain between CeO, and CuO accounts for
the observed lattice compression of CeO, [20]. Based on the
XRD shift, the cell parameters of CeO, phase in CeO,,
CuCe(O,, and Cu;(CeO, are calculated with a = 5.41656,
5.41385, and 5.41794 A respectively, which is visually evident for
lattice change (Table S1).

To investigate the evolution of the surface electronic structure
across different catalyst architectures, X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy were
performed. All XPS spectra were calibrated by referencing the C
1s peak at 284.6 eV. As shown in Fig. S7, distinct peaks corre-
sponding to Ce species were observed in the full XPS spectra of
both CuCe (O, and Cu,;(CeO, within the binding energy range
of 880-920 eV. A pronounced Cu signal was detected around
930 eV, and multiple O 1s peaks were identified near 530 eV. No
additional impurity peaks were observed, confirming that only
Cu, Ce, and O species are present on the catalyst surfaces.
Further analysis of the oxidation states of each element was
carried out using high-resolution XPS. As shown in Fig. 2d, the
Cu 2p orbital signals of the pure CuO sample showed that the
binding energies of Cu 2p;,, and Cu 2ps, located at 953.7 and
933.9 eV, respectively, which correspond to the Cu** [21]. While
the two peaks at 952.3 and 932.7 eV can be indexed to Cu’. The
other three peaks located at 940.2, 943.1 and 962.9 eV are
attributed to their satellite peaks of Cu®* [22]. In the Cu 2p XPS
spectrum of Cu;,CeO,, the peaks corresponding to Cu’ are
located at positions similar to those in CuO. However, the peaks
associated with Cu®* exhibit a relatively larger area and are
slightly shifted toward higher binding energies compared to
those in CuO. In contrast, the Cu 2p spectrum of CuCe;,O,
indicates that copper is primarily in the Cu" state, as evidenced
by the dominant peak area. Therefore, although both Cu* and
Cu* species coexist in the Cu-Ce system, Cu;,CeO, is pre-
dominantly in the +2 valence state, whereas CuCe;(O, exists
mainly in the +1 valence state.

Fig. 2e displays the Ce 3d XPS spectra of CeO,, CuCe,,0,, and
Cu;¢CeO,. In pristine CeO,, the two peaks located at 881.6 and
897.5 eV correspond to Ce*', whereas the peaks at 884.2 and
900.1 eV are characteristic of Ce’", indicating the coexistence of
both oxidation states. In particular, the Ce**/Ce*" ratio in
Cu;¢CeO, is approximately 16.57%, while it is 11.25% for
CuCe;(O,, as determined by peak area integration. The presence
of Ce’" leads to a charge imbalance in the system and promotes
the formation of oxygen vacancies [16,23]. For Cu;,CeO,, the Ce
3d XPS peaks a noticeable shift toward higher binding energies,
reflecting a reduction in electron density that can be ascribed to
strong interactions between CuO and CeO,. In the case of
CuCey(O,, the shift further to higher binding energies suggests a
distinct structural configuration compared to Cu;pCeO, and a
more pronounced decrease in the electron density of Ce. As
shown in Fig. 2f, the O 1s XPS spectrum of CuO can be
deconvoluted into two peaks located at binding energies of 529.5
and 531.6 eV, corresponding to lattice oxygen (Or) and oxygen
vacancies (Oy), respectively [24-27]. For pristine CeO,, the Oy,
peak appears at 529.0 eV, accounting for 14.98% of the peak’s
total area, while the Oy peak at 531.6 eV accounts for 45.47%,
indicating abundant oxygen vacancies in the CeO, structure.

Additionally, the peak observed at 532.9 eV is attributed to
adsorbed oxygen-containing species, constituting 39.55% of the
spectrum. In the case of Cu;(CeO,, besides the shift in peak
positions, the proportion of Oy increases to 64.51%, suggesting a
greater concentration of oxygen vacancies compared to pristine
CeO,—a consequence of induced lattice strain. The corre-
sponding Op ratio is 22.25%. In contrast, the O ratio in
CuCe (O, is even lower than that in Cu,,CeO,, further con-
firming CeO, as the host phase and supporting the role of Cu
incorporation, whose smaller ionic radius introduces lattice
strain and promotes the formation of additional oxygen vacan-
cies [28]. Notably, all catalysts synthesized via the molten salt
method exhibit a consistent presence of a substantial number of
oxygen vacancies [29].

Fig. 2g displays the K-edge XANES spectra of CuO, Cu;,CeO,,
CuCe;,O,, and commercially available reference samples.
Clearly, the synthesized CuO exhibits a positive shift in the K-
edge position relative to the commercial CuO. The Cu,,CeO,
catalyst shows a K-edge similar to that of pure CuO, whereas
CuCe,(O, presents a positively shifted absorption edge com-
pared to the CuO. This shift is attributed to the incorporation of
Cu into the CeQ, lattice. The distinct Cu valence states observed
in Cu;(CeO, and CuCe(O, further highlight their structural
differences. The Ce L;-edge XANES spectra of Cu;oCeO,,
CuCe(0O,, CeO,, and commercial references are presented in
Fig. 2h. All samples—Cu;,CeO,, CuCe;(O,, and CeO,—exhibit
four characteristic peaks of CeO,, labeled as A, B, C, and D. Peak
A, originating from a dipole-forbidden 2ps;, — 4f transition,
arises due to cubic crystal-field splitting of the Ce 5d states [30].
The main peak C belongs to the transition from Ce 2p to the Ce
4f'5d*L configuration (where L denotes an oxygen ligand 2p
hole). The high-energy peak D is associated with the final state
of core-excited Ce*’, while the low-energy shoulder B is attrib-
uted to Ce®* [16]. These features indicate the coexistence of Ce>*
and Ce*', along with a significant number of oxygen vacancies.
Moreover, the peak intensities of C and D for Cu,,CeO, and
CuCe O, are higher than those for pure CeO,, suggesting
increased structural disorder and coordination disturbance in
the copper-containing samples. Wavelet transform (WT)-
EXAFS spectroscopy was employed to investigate the local
atomic structure of copper in CuCe;yO, and Cu;(CeO, catalysts.
As shown in Fig. 2i, j, the WT-EXAFS spectra of the two cata-
lysts exhibit distinct features. In the case of CuCe;,O,, only one
intensity maximum is observed at k = 4.8 A, corresponding to
the Cu-O interaction. In contrast, for Cu,,CeO,, two intensity
maxima are present at k = 5.25 and 10.9 A™', which can be
attributed to Cu-O and Cu-Cu/Ce interactions, respectively.
The spectral profile of Cu,;(CeO, resembles that of pristine CuO
(Fig. 2k), providing further evidence that CuO acts as the host
structure for Ce doping.

Fig. 3a presents the Fourier-transformed extended XAFS
spectra of CuO, Cu,,CeO,, CuCe;(,O,, and commercially avail-
able reference samples. A magnified view of the local region
between 0-3.0 A is provided in Fig. S8. In the synthesized CuO
sample, the main peak at 1.53 A corresponds to the first coor-
dination shell of Cu-O, while the peak near 2.75 A is attributed
to the second coordination shell involving Cu-Cu interactions.
In contrast, for Cu;(CeO,, the first-shell Cu-O peak shifts
positively to 1.55 A, an increase of 0.02 A compared to pure
CuO, while the second coordination shell peak also shifts to a
larger interatomic distance of 2.92 A. These shifts are attributed

© The Author(s) 2026. This article is published with open access at link.springer.com. 5
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Figure 3 Fine structure characterizations. (a) Cu K-edge FT-EXAFS spectra of Cu,;,CeO,, CuCe;,O,, CeO,, CuO and commercial references. (b) EXAFS R-
space fitting curves of Cu,;,CeO, and CuCe;(O,. (c) EXAFS fitting profiles at the K-space of Cu;oCeO, and CuCe,O,. (d) Ce K-edge FT-EXAFS spectra of
Cu;CeO,, CuCe;(O,, and commercial references. (e) EXAFS R-space fitting curves of Cu;oCeO, and CuCe;(O,. (f) EXAFS fitting profiles at the K-space of
Cu,¢CeO, and CuCe;(O,. The WT EXAFS of (g) CuCe;(O,, (h) Cu;¢CeO, and (i) CeO,.

to lattice strain induced at the CuO-CeQO, interface. As for
CuCey(O,, the Cu-O peak exhibits a negative shift relative to
Cu,4CeO,, located at 1.50 A. Meanwhile, the second-shell peak is
centered at 3.18 A, indicating a pronounced increase in intera-
tomic distance compared to Cu;oCeO,. This suggests that Cu
atoms occupy Ce sites, leading to the formation of a Cu-O-Ce
local structure. Through quantitative fitting of the EXAFS
spectra in k- and R-space, the structural parameters of the
synthesized catalyst were determined (Fig. 3b, ¢, Fig. S9 and
Table S2). In pure CuO, the average coordination number of
Cu-O is 4.0, with an average bond length of 1.955 A. Upon
incorporation of a small amount of Ce to form the Cu;,CeO,
composite, the Cu-O coordination number decreases to 2.4,
while the average bond length increases to 1.965 A. In contrast,
for CuCe,(O,, the Cu-O coordination number is 3.9, with an
average bond length of 1.948 A. Previous studies indicate that a
reduced coordination number implies a higher electron density
in the copper center, with the d-band center closer to the Fermi
level. This facilitates feedback m-bonding with the n* anti-
bonding orbitals of reaction intermediates such as *CO, thereby
enhancing adsorption and stabilizing key intermediates. The

© The Author(s) 2026. This article is published with open access at link.springer.com.

prolonged residence time of *CO on the catalyst surface
increases the coupling probability of *CO, driving the reaction
towards C, products. Conversely, the higher Cu’/Cu®** ratio
results in moderate *CO adsorption strength [31].

The variations in the local coordination structure of Ce were
further identified from the near-edge peaks in the Cu-Ce sys-
tem. As illustrated in Fig. 3d, the as-prepared CeO, exhibits two
dominant peaks at 2.00 and 3.62 A, corresponding to the first
coordination shell of Ce-O and the second coordination shell of
Ce-Ce, respectively. In Cu;,CeO,, both the Ce-O and Ce-Ce
peaks show a negative shift of approximately 0.02 A compared to
those in CeO,. In contrast, for CuCe;(O,, the peak located at
1.94 A—shifted negatively by about 0.04 A relative to Cu,CeO,
—is attributed to Ce-O-Cu interactions, while the Ce-Ce/Cu
peak appears at 3.63 A. Quantitative EXAFS curve fitting ana-
lyses (in both k and R spaces) were performed to further elu-
cidate the evolution of the coordination microenvironment in
CuCey(O, and Cu;,CeO, (Fig. 3e, f, Fig. S10, and Table S3). In
the prepared CeO,, the average coordination number of Ce-O is
4.7, with a mean bond length of 2.342 A. For Cu,;,CeO,, the
coordination number of the Ce-O scattering path increases to
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6.7, and the average bond length becomes 2.338 A. Meanwhile,
in CuCe;(O,, the average coordination number and bond length
of Ce-O further change to 7.0 and 2.328 A, respectively. The
WT-EXAFS contour plots in Fig. 3g-i and Fig. S11 reveal that
the spectra of CuCe;(O, and Cu;(CeO, are similar to that of
Ce0,, with a maximum intensity around k = 4.63 A™' corre-
sponding to the Ce-O scattering path, and another maximum
around k = 9.54 A™! attributed to the Ce-Ce scattering path.
However, the scattering peak intensity of the Ce-O path differs
between CuCe;,O, and Cu,;(CeO,. The intensity in CuCe,,O, is
closer to that of pure CeO,, further supporting the conclusion
that copper is doped into the host CeO, lattice. The nature of the
active sites, including their structure and distribution, is criti-
cally influenced by the host phase and coordination environ-
ment, leading to tailored catalytic performance.

Electrocatalytic CO, reduction performance

The impact of the local active site concentration and coordina-
tion on the CO,RR was investigated by evaluating the Cu-Ce
catalysts in an anion exchange membrane (AEM)-equipped flow
cell. The experimental procedure was as follows: catalysts were
pre-activated under constant-current conditions in 1 M KOH.
Subsequently, controlled-potential electrolysis was carried out
for 1 h at each potential to generate products for analysis (Fig.
S12). The gaseous and liquid products were quantified using
online gas chromatography (GC; Fig. S13) and 1H nuclear
magnetic resonance (NMR; Fig. S14), respectively. To corrobo-
rate their intrinsic activity, linear sweep voltammetry (LSV) was
conducted in both CO,- and Ar-saturated 1 M KOH (Fig. S15),
confirming that all samples were active for CO,RR.

A remarkable product selectivity switch is evident between
CuCe;(O, and Cu;(CeO, electrodes (Fig. 4a). While Cu,,CeO,
directs the CO,RR toward C, products (FE¢ max = 61.5% at
—1.4V vs. RHE), CuCe;(O, shifts the selectivity predominantly
to CHy (FEcH,max = 61.7% at —1.6 V vs. RHE). Compared with
other catalysts, it exhibits superior selectivity and higher partial
current density (Fig. S16). Another key difference is that
Cu,oCeO, demonstrates a suppression of methane FE and a
promotion of the HER relative to CuCe;,O, during cathodic
polarization. We attribute this to the kinetically challenging C,
pathway, which requires multi-electron/proton transfers and
precise intermediate adsorption/desorption kinetics [32]. This
pathway becomes especially vulnerable to suppression by the
competing HER at elevated overpotentials. Additionally, CeO,
demonstrates dominant HER behavior (>90% Faradaic effi-
ciency across all applied potentials), highlighting its effectiveness
in generating active hydrogen species (*H) (Fig. S17). According
to our previous study, Ce-Oy is the dominant active site for
water adsorption and promotes water dissociation [16]. This
feature allows for strategic control over intermediate con-
centrations by tuning the structural configuration of CeO,-CuO
composites, thereby directing reaction pathways toward selective
product formation. The structural design plays a critical role in
determining ECO,RR product selectivity. To clarify the origin of
the selectivity switch between CuCe;(O, and Cu;(CeO,, con-
trolled experiments with varying Cu/Ce ratios were conducted
(Fig. 4b, c). The results reveal a volcano-shaped dependence of
CH, selectivity on Ce content, whereas C,H, selectivity follows a
similar non-monotonic trend with increasing Cu loading
(Fig. 4d). Besides, the holding time has no significant effect on
performance (Fig. S18).

The partial current densities for C, (jc,) and CHy (jcu,) were
calculated based on Faradaic efficiencies and total current den-
sities (Fig. 4e, f). Notably, CuCe;,O, exhibits a significantly
higher jcy, than Cu;(CeO,, with a maximum value of
—199.18 mA cm™ at —1.7V vs. RHE. This enhancement is
attributed to the greater abundance of Ce-Oy sites in the Cu-Ce
solid-solution structure, which facilitates the generation of more
active hydrogen species and increases the *H coverage around
Cu sites, thereby promoting the hydrogenation process. In
contrast, Cu;(CeO, demonstrates a considerably larger jc
compared to CuCe,O,, reaching a maximum of
—-223.49 mA cm™ at —1.4V vs. RHE. These findings further
corroborate that the local concentration of active sites plays a
critical role in determining the product selectivity in the CO,
reduction. Cyclic voltammetry (CV) measurements were con-
ducted at various scan rates to determine the double-layer
capacitance (Cq) (Fig. 4g and Fig. S19). The Cy values of four
representative samples reveal an interesting trend: the Cy of
CuCe, (O, is similar to that of CeO,, while that of Cu,;,CeO, is
close to CuO, indicating that the double-layer capacitance is
governed by the host phase. Nevertheless, the Cy of CuCe;(O, is
slightly higher than that of CeO,, and similarly, Cu;,CeO,
exhibits a marginally larger Cy than CuO. This can be attributed
to the formation of additional vacancies, which help expose
more active sites—some of which may themselves serve as active
centers. To achieve a more accurate quantification of the Cu
sites, CO stripping experiments and inductively coupled plasma
(ICP) measurements were conducted (Fig. S20) to obtain the
inherent concentration and electrochemically accessible con-
centration, respectively. Evidently, the inherent concentration of
Cu is 9.112 pmol mg™" for CuyCeO, and 0.693 pmol mg™" for
CuCe,(0O,, while electrochemically accessible concentration is
0.061 pmol mg™"  for Cu;(CeO, and 0.007 umol mg~" for
CuCe(O,. Partial current density normalized to copper surface
sites was also evaluated, as shown in Fig. S21. Furthermore,
electrochemical impedance spectra (Fig. 4h) show a significant
reduction in charge transfer resistance for both CuCe;,O, and
Cu,0CeO,, suggesting enhanced charge transfer kinetics relative
to the pure metal oxides. The corresponding equivalent circuit is
shown in Fig. S22. Two possible factors may explain this
improvement: the presence of oxygen vacancies and lattice strain
that alter the relative positions of the Fermi level with respect to
the conduction and valence bands. Critically, at —1.7 V vs. RHE
(Fig. 4i, j), CuCe;,0, delivers a methane production rate (PRcy,)
of 929 pmol s™' cm™, surpassing that of Cu,(CeO, by a factor of
21.6. In contrast, Cu;¢CeO, shows superior ethylene productivity
(PRc, = 704.37 pmol stem™), exceeding that of CuCe,;,O,
(82.46 umol s em™) by 6.31 times. Moreover, both CuCe;,O,
and Cu,(CeO, demonstrate good electrocatalytic stability (Fig.
S$23), maintaining FEcy, above 50% and FEc y, above 38% over
11 h, at average current densities of approximately —325 and
—415 mA cm™?, respectively.

Catalytic mechanism study

Due to the inherent instability of *CO, in the electrolyte
environment, the adsorption capacity of *OH was evaluated
through a single oxidative voltammetric scan as an indirect
measure of *CO, retention on the catalyst surface. As shown in
Fig. 5a, the CuCe;(O, catalyst exhibited a lower *OH adsorption
potential than Cu;(CeO,. The result suggests that Cu;,CeO,
possesses a stronger binding affinity for *CO,, which enhances

© The Author(s) 2026. This article is published with open access at link.springer.com. 7
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Figure 4 Switching CO,RR selectivity. (a) FEs of the CH, (left) and C,H, (right) over CuCe;4O; (blue) and Cu,;oCeOy (red) at applied potentials. (b) FEcy,
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CeO; and CuO. Production rates of (i) C, and (j) CH, as measured over Cu;oCeO, and CuCe;,O, catalysts.

*CO surface coverage and creates favorable conditions for C-C
coupling reactions [10]. To investigate whether *H coverage on
the catalysts influences product selectivity, surface *H trapping
experiments were conducted using -BuOH as the *H trapping
agent (Fig. 5b, c¢). Upon the addition of t-BuOH, the current
densities decreased for both catalysts. Notably, the FEcy, /FEc u,
ratio of CuCe;4O, decreased more significantly than that of
Cu;¢CeO, under the same conditions, suggesting that CH, for-
mation is more sensitive to the availability of surface *H species.

In the CuCe;(O, catalyst, the CeO, host phase provides an
abundant supply of *H, facilitating the further protonation of
the *CO intermediate and thereby promoting CH, production
[33]. Although the use of +-BuOH as a hydrogen scavenger may
indeed introduce additional effects by altering local pH and
double-layer structure, it still can support our above conclusion
as to its low concentration. At this concentration, local pH
variations (<0.5 units) exerted a negligible influence on the CO,
reduction reaction pathways of the catalyst, with the primary

8 © The Author(s) 2026. This article is published with open access at link.springer.com.
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Figure 5 Catalytic mechanism study. (a) Single oxidative LSV scans of different samples at 50 mV s~ in Ar-saturated 0.1 M KOH. (b) Ratio of FEcn,/FEc,n,
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and without the addition of 0.5 M #-BuOH. (c) Current density-time curves of CuCe;,O, at

—1.6 V vs. RHE and Cu,,CeO, at —1.4V vs. RHE in a CO,-

saturated 1 M KOH solution with and without the addition of 0.5 M #-BuOH. In situ Raman spectra under different potentials over (d) Cu;oCeO, and
(e, ) CuyCeO,. In situ ATR-FTIR spectra recorded at different potentials for (g) Cu,(CeO, and (h) CuCe,(O,.

product remaining unchanged.

To gain deeper insights into the reaction mechanism, we
systematically employed in-situ Raman spectroscopy and atte-
nuated total reflection FTIR spectroscopy (ATR-FTIR) to iden-
tify potential intermediates formed during the CO,RR. As shown
in Fig. 5d-f, Raman spectra of the as-prepared working electrode
were collected at various applied potentials, revealing changes in
the chemical environment associated with the electrochemical
process. Under open-circuit potential (OCP) conditions, both
CuCe O, and Cu;(CeO, exhibit characteristic Raman peaks for
Cu-O species at 295, 414, and 637 cm™! [34,35]. With increas-
ingly negative applied potentials, these peaks gradually disappear

in Cu,¢CeOQ,, indicating the reduction of CuO species to metallic
copper [36]. In contrast, the Cu-O vibrational features in
CuCe (O, remain largely unchanged, demonstrating that the
introduction of a high cerium content effectively stabilizes the
copper species against reduction. At a potential of —1.7 V vs.
RHE, the Cu**/Cu" ratio reaches its optimum for CH, produc-
tion, with the Cu-CO peak intensity peaking at this point,
corresponding to the maximum CH, Faradaic efficiency. The
persistent presence of the v(Cu-CO/*CO,) peaks at 382, 1318,
and 1540 cm ™', indicates excellent *CO, adsorption behavior on
both CuCe (O, and Cu,(CeO,, thereby promoting reactant
activation [37,38]. Moreover, the H,O peak intensity for

© The Author(s) 2026. This article is published with open access at link.springer.com. 9
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CuCe (O, shifts downward, which can be attributed to the rapid
consumption of water on the catalyst surface. This observation
aligns with the previously noted strong water dissociation cap-
ability of CeO,, which creates more favorable conditions for the
protonation of the *CO intermediate. The Cu-CO peak inten-
sity is stronger in the CuCe;,O, spectrum, demonstrating that
Cuy¢CeO, exhibits superior C-C coupling capability and a
higher tendency to form multi-carbon products [39]. As shown
in Fig. 5g, h, the infrared spectra of the working electrodes
fabricated from CuCe;;O, and Cu,,CeO, were recorded at dif-
ferent applied potentials. A distinct absorption band at
1325 cm™!, observed for both CuCe, O, and Cu,,CeO,, is
assigned to *COOH—commonly identified as a key inter-
mediate in the electrochemical CO, reduction reaction. In the
spectrum of CuCe(O,, additional peaks at 1152 and 1483 cm™
are attributed to *OCH; and *CH,O, respectively [40]. These
species are critical precursors for methane formation and are
consistent with the catalyst’s highest Faradaic efficiency for CH,.

In contrast, the in situ IR spectrum of Cu;oCeO, exhibits that a

less prominent characteristic peak observed at approximately
1180 cm™" can be assigned to the *OCCOH reaction inter-
mediates, indicating C-C bond formation through the asym-
metric coupling of adsorbed *CO and *COH species [41-43].
Moreover, the inverted adsorption peaks of H,O observed for
CuCe(O,, in sharp contrast to those of Cu;,CeO,, further
indicate the rapid consumption of water molecules without
sufficient replenishment, strongly evidencing the high water
dissociation capability of CeO,. Although similar inverted
adsorption peaks are observed for CO,, the underlying reason
differs from that of H,O. In the case of CO,, the phenomenon is
attributed to the weak adsorption capacity of CuCe;,O,, result-
ing from the limited number of Cu active sites.

DFT calculations were performed to deepen the under-
standing of the reaction mechanism. To further demonstrate
that the enhanced *H coverage and water dissociation are
attributable to Ce-Oy sites, theoretical calculations were per-
formed on the water dissociation process over CuCe,,O,. Fig. 6a
demonstrates that oxygen vacancies significantly enhance water
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dissociation activity. With an energy barrier of only 0.06 eV for
water dissociation, the CuCe; (O, surface efficiently generates
abundant active hydrogen species. This rapid hydrogen pro-
duction effectively promotes deep protonation of the *CHO
intermediate, thereby driving its conversion to CH,.

The Faraday efficiency diagram indicates that the *H provided
by the Ce-Oy site does not enhance the HER, but promotes the
formation of CO, reduction reaction products. Generally, there
is a significant competitive relationship between the HER and
the CO, reduction reaction. In the CuCe;,O, system, excessively
strong H adsorption energy at the O sites (—1.70 eV), combined
with excessively weak H adsorption energy at the Ce (2.60 eV)
and Cu sites (0.68 V) as shown in Fig. 6b and Fig. S24a-c,
jointly impedes the proton-electron transfer process, kinetically
suppressing HER. This creates favorable conditions for the
hydrogenation pathway of carbon-containing intermediates.
Specifically, on the Cu active sites, the energy barrier for *CO
hydrogenation to form *CHO is as low as 0.32 eV (Fig. 6¢),
which is significantly lower than the kinetic barrier for HER.
This drives the reaction toward the continuous hydrogenation
pathway to produce CH,, rather than releasing H,. In the
Cu;(CeO, system, the strong H adsorption at O sites (—2.98 eV)
and weak adsorption at Ce (1.40eV) and Cu (0.72 eV) sites
(Fig. 6d and Fig. S24d-f) jointly suppress HER by impeding
proton-electron transfer, thus favoring hydrogenation of car-
bon-containing intermediates. Specifically, the barrier for *CO

hydrogenation to *COH is only 0.44 eV (Fig. 6e), significantly
lower than that for HER, directing the reaction toward con-
tinuous hydrogenation rather than H, evolution.

The CO,RR reaction pathway exhibits multiple possibilities,
and computational analysis was performed to confirm the
reaction pathway. In the CuCe;(O, catalyst system, methane is
the primary product. Computational results indicate that the
energy barrier for the *CO hydrogenation pathway to form
*CHO is 0.32 eV (Fig. 6f and Fig. S25a—c), which is significantly
lower than that of the competing pathway to form *COH
(2.16 eV). This suggests that the consecutive hydrogenation
pathway via *CHO possesses clear thermodynamic and kinetic
advantages, thereby effectively driving the reaction toward CH,
formation. In contrast, in the Cu,;(CeO, catalyst system, ethylene
is the dominant product. The energy barrier for the *CO —
*COH pathway is only 0.44 eV, notably lower than that of the
*CO — *CHO pathway (1.06 eV) (Fig. 6g and Fig. S25d-f). This
indicates that the *COH intermediate is more readily formed
and accumulated, thereby promoting subsequent C-C coupling
and ultimately leading to the formation of C, products. This
comparison clearly demonstrates how distinct active site struc-
tures regulate the energy barriers for the formation of key
intermediates (*CHO vs. *COH), thereby governing the selec-
tive distribution of products. The adsorption energies of *CO on
different catalysts were also calculated. The *CO adsorption
energy on CuCe;O, (—0.51eV) is weaker than that on
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Cu;oCeO, (—1.29 eV) (Fig. 6h—j). The *CO stripping charge on
Cu;¢CeO, and CuCe (O, (Fig. S26) further confirms the high
*CO coverage on the Cu;,CeO, surface than on the CuCe;(O.,.
The stronger *CO adsorption on Cu;yCeO, facilitates its
retention and subsequent dimerization.

In brief, the local configuration and concentration of active
sites critically determine the reaction pathway in CO,RR, gov-
erning ultimate product selectivity (Scheme 1). Specifically,
copper sites exhibit higher activity toward *CO species, whereas
cerium sites coupled with Ov are more favorable for water dis-
sociation. In Cu,;(CeQ,, the abundance of Cu active sites around
Ce-Oy sites results in higher *CO coverage compared to *H
coverage. This enhances the probability of collisions among
reactive species, facilitating C-C coupling via the formation of
an *OCCOH intermediate. In contrast, CuCe;,O, features a
surplus of Ce-Oy sites enveloping isolated Cu centers, which
favors high *H coverage while limiting *CO availability. As a
result, the reaction shifts toward deep hydrogenation pathways.

CONCLUSIONS

In summary, the local configuration and concentration of active
sites play a critical role in steering intermediate migration and
reaction pathways during CO,RR, thereby governing product
selectivity. We synthesized Cu-Oy-Ce catalysts with tunable
relative concentrations and distributions of Cu and Ce-Oy sites
via a molten salt-assisted strategy. Aggregated Cu sites around
Ce-Oy enhance *CO, binding, increase *CO surface coverage,
and promote *CO-*COH coupling. In contrast, abundant Ce-
Oy sites facilitate water adsorption and dissociation, supplying
more active *H to drive deep protonation of *CHO toward CH,.
As a result, CuCe (O, achieves a CH,4 FE of 61.7% at —1.6 V vs.
RHE, while Cu,(,CeO, favors C, production with an FE of 61.5%
at —1.4 V vs. RHE. This work underscores the importance of
tailoring the local structure and distribution of active sites to
control product selectivity, offering key insights for designing
highly selective CO, valorization catalysts.
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