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A B S T R A C T

Converting CO2 into value-added chemicals and fuels through electrochemical CO2 reduction reaction (CO2RR) 
has been acknowledged as a disruptive technology for chemical industry and an important means to realizing 
carbon neutrality. However, it remains challenging to achieve high selectivity for C2+ products at a large current 
density with a low overpotential. Herein, we report a scandium (Sc) single-atom-doped CuO nanosheet (Sc1CuO 
NS) electrocatalyst for efficient and durable CO2-to-C2+ conversion. The optimal Sc1CuO NS catalyst achieves a 
maximal C2+ Faradaic efficiency of 73 ± 1.8 % at 475.2 mA cm− 2 under an ultralow potential of − 0.6 V versus 
the reversible hydrogen electrode (RHE) and maintains stable CO2-to-C2+ conversion at ~206 mA cm− 2 with a >
60 % Faradaic efficiency for 47 h without degradation. In-situ spectroscopy measurements combined with 
density functional theory (DFT) calculations reveal that the electron transfer from Sc to Cu enhances the acti
vation of CO2 to *CO. Moreover, the in-situ electrochemical reduction of CuO generates abundant under
coordinated Cu0 sites, featuring tensile-strained Sc-(O)-Cu motifs, which serve as active centers that reduce the 
reaction barrier for C–C coupling. This work highlights the importance of rare-earth doping combined with in- 
situ electrochemical surface reconstruction of CuO as an effective catalyst design strategy to boost CO2-to-C2+
conversion performance.

1. Introduction

Renewable energy driven electrocatalytic carbon dioxide (CO2) 
reduction (CO2RR) represents an eco-friendly approach to valorizing the 
notorious anthropogenic CO2 emissions to highly valuable multicarbon 
(C2+) products like ethylene and ethanol [1,2], which has been widely 
recognized as a promising way of contributing to carbon neutrality. The 
key to realizing CO2-to-C2+ conversion is to develop high-performance 
copper (Cu) based CO2RR electrocatalysts with high selectivity toward 
C2+ products [3,4], considering that Cu is by far the only metal enabling 
efficient electrochemical conversion of CO2 to C2+ commodities. Among 

many Cu-based CO2RR electrocatalysts, the oxide-derived Cu (OD-Cu) 
has recently drawn considerable attention because OD-Cu typically 
possesses abundant defective grain boundaries and undercoordinated 
Cu sites stemming from the removal of oxygen from the lattice of copper 
oxide (CuO/Cu2O), which can facilitate the dimerization of the *CO 
intermediate and stabilize *C2 species, driving the reaction to proceed 
along the pathway of C2+ generation. Notwithstanding some progress 
[5–7], the OD-Cu catalysts reported so far still face substantial limita
tions, such as high reaction overpotentials at high current densities, 
unsatisfactory selectivity for C2+ compounds, and relatively complex 
procedures for surface reconstruction. This is largely because the 
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undercoordinated Cu sites induced by the electrochemical reduction of 
CuO/Cu2O alone are not sufficient to optimize the adsorption strength of 
key intermediates (e.g., *CO or *OCCO) and effectively control the ki
netics of C–C coupling. Therefore, it is highly preferable to combine the 
in-situ electrochemical reduction for OD-Cu preparation with other 
catalyst design strategies such as heteroatom doping [8,9], surface and 
interface modification [10–13], and strain and defect engineering 
[14–16], to synergistically tune the electronic structure and local coor
dination environment, so that the constraints imposed by the linear 
scaling relations can be overcome and high CO2-to-C2+ activity and 
selectivity be favorably achieved at a low potential with a high current 
density.

To this end, rare-earth (RE) element doping in or alloying with Cu- 
based catalysts has emerged as an effective method, because on one 
hand, the introduction of large RE atoms (e.g., lanthanium (La), scan
dium (Sc), and yttrium (Y)) into Cu-based catalysts may cause tensile 
lattice strain, helping to regulate Cu–O bond lengths and d-band center 
positions, thereby enhancing CO2 adsorption and activation capabilities 
[17,18]; on the other hand, the distinctive 4f orbital structures and 
lanthanide contraction effect of RE elements can localize electrons and 
regulate the adsorption capability of reaction intermediates, improving 
the catalytic performance for CO2RR [19,20]. Indeed, recent studies 
have showed that doping Cu-based catalysts with RE elements such as 
La, samarium (Sm), cerium (Ce), praseodymium (Pr) and erbium (Er), 
markedly boosted the CO2RR activity [21–24]. For instance, doping La 
into Cu hollow spheres was demonstrated to promote the formation of 
*CO intermediates at Cu sites and lower the energy barrier to the C–C 
coupling, therefore resulting in a high activity for CO2-to-C2+ conversion 
under strongly acidic conditions [25]. Similarly, Feng et al. introduced 
single-atom gadolinium (Gd) into Cu2O to obtain Gd1/CuOx catalysts 
[26]. They found that the Gd atoms singly dispersed in CuOx not only 
helped to maintain the stability of Cu+ species during the reaction but 
also induced tensile lattice strain, which stabilized the critical *OCCO 
intermediate and reduced the energy barrier to C–C coupling. Although 
the promotional effect of RE elements in electrocatalytic CO2RR has 
been documented [27,28], the RE doping strategy remains largely un
explored in the oxide-derived Cu-based catalysts. Therefore, developing 
novel RE-doped OD-Cu catalysts and elucidating the correlation be
tween their dynamic structural evolution and catalytic activity are of 
essential significance for advancing electrochemical CO2RR research.

In this work, we developed Sc-doped CuO nanosheet (NS) catalysts 
with different concentrations of Sc dopants through a facile hydrother
mal method. Comprehensive atomic structure characterization 
confirmed that Sc is doped into the CuO crystal lattice in the form of 
isolated single atoms (hereafter denoted as Sc1CuO). When used to 
catalyze the CO2RR, CuO is electrochemically reduced forming the OD- 
Cu having abundant undercoordinated transient Cu0 sites, which couple 
with the atomically doped Sc making the Sc-(O)-Cu become the active 
centers for CO2-to-C2+ conversion. As a result, the Sc1CuO catalyst with 
an optimal concentration of 1.6 wt% Sc, i.e., Sc1CuO-1.6, can achieve a 
maximal C2+ Faradaic efficiency of 73 ± 1.8 % at a high current density 
of 475.2 mA cm− 2 under an ultralow applied potential of − 0.6 V versus 
the reversible hydrogen electrode (RHE). Moreover, Sc1CuO-1.6 is able 
to maintain a stable current density of ~206 mA cm− 2 under − 0.5 V vs. 
RHE for 47 h without degradation, demonstrating outstanding dura
bility. Operando X-ray absorption spectroscopy (XAS) and Raman 
spectroscopy experiments as well as density functional theory (DFT) 
calculations reveal that the lattice strain induced by Sc doping and 
surface reconstruction upon the electrochemical reduction enhances the 
adsorption and activation of CO2, and the formed Sc-(O)-Cu active sites 
notably reduce the energy barrier for C–C coupling, thereby promoting 
efficient CO2 reduction to C2+ products. Our work demonstrates the 
effectiveness of rare-earth doping and in-situ electrochemical surface 
reconstruction of CuO in promoting the activity and stability of CO2RR 
to C2+ products.

2. Experimental section

2.1. Synthesis of Sc-doped CuO nanosheet catalysts

In a typical procedure, the Sc-doped CuO NSs were prepared by the 
hydrothermal method [29], using Cu(NO3)2 as the copper source. Spe
cifically, 2 mL of 3.0 M NaOH solution were dropped into 2 mL of 1.0 M 
Cu(NO3)2 solution. Subsequently, 0.08 mmol Sc(NO3)3⋅6H2O was added 
into the above mixed solution, which was then stirred vigorously for 1 h. 
Afterward, the mixture was transferred into a 5 mL Teflon-lined stain
less-steel autoclave reactor and heated at 120 ◦C for 4 h. After cooling 
the reactor to room temperature, the solution was subjected to centri
fugation, washed 5 times with a mixture of deionized (DI) water and 
ethanol (v/v: 1:1), and then dried at 60 ◦C for 6 h in a vacuum oven. The 
control catalysts with different Sc/Cu ratios were synthesized by the 
same procedure, except that the amount of Sc(NO3)3⋅6H2O precurosr 
used was 0.02 mmol for Sc1CuO-0.5 and 0.16 mmol for Sc1CuO-3.8. The 
CuO NS benchmark was prepared following the same procedure without 
the Sc(NO3)3 addition.

2.2. Electrocatalytic measurements

All electrochemical CO2RR experiments were conducted in a com
mercial flow cell separated by an anion exchange membrane (PiperION- 
A20). Each compartment was filled with 50 mL of 1.0 M KOH electro
lyte. A Pt foil and a Hg/HgO electrode served as the counter and refer
ence electrodes, respectively. All electrode potentials are converted to 
the RHE scale using the formula ERHE = EHg/HgO + 0.098 V + 0.0591 ×
pH. 85 % iR correction was applied to compensate the iR drop between 
the working electrode and the reference electrode. Before conducting 
electrochemical tests, the catalyst-loaded gas diffusion electrode (GDE, 
YLS-30 T, Suzhou Sinero Company) was conditioned at − 100 mA cm− 2 

for 10 min. Linear sweep voltammetry (LSV) curves were recorded using 
the CS-310MA electrochemical workstation (Wuhan CorrTest Instru
ment Co. Ltd.) at a scan rate of 10 mV s− 1. Chronoamperometry (CA) 
tests were conducted at each potential for 20 min. Current densities were 
normalized to the geometric surface area of the electrode (i.e., 1 cm2). 
CO2 gas was fed into the cathodic compartment at a rate of 30 sccm and 
injected online into the gas chromatograph (GC, BFRL-SP-3530). For 
long-term stability tests, PTFE emulsion (DISP-30, DuPont) was sprayed 
onto the gas diffusion layer (GDL) side of the GDE with a loading of ~1 
mg cm− 2. The FTFE-coated GDE was then annealed in a muffle furnace 
at 380 ◦C for 30 min for further use. A homogeneous catalyst ink was 
prepared by blending 20 mg of catalysts, 20 μL of PTFE emulsion, 2 mL 
of isopropanol and 80 μL of Nafion® solution (5 % in ethanol), followed 
by sonication for 30 min. Afterward, the catalyst ink was air-brushed 
onto the non-GDL side of the GDE with a mass loading of 2 mg cm− 2.

The gaseous products (H2, CO, C2H4 and CH4) were quantified by a 
GC (BFRL-SP3530) equipped with a flame ionization detector (FID) for 
CO, C2H4 and CH4, and a thermal conductivity detector (TCD) for H2. 
High-purity Ar (99.999 %) was used as the carrier gas. The Faradaic 
efficiency of each gaseous product was calculated by the following 
equation: 

FE (%) =
nzF
Q

×100% (1) 

where n is the mole fraction of the product, z stands for the number of 
electrons transferred for the product formation, F = 96,485C mol− 1 is 
the Faraday constant, and Q represents the total charge passed.

Liquid products were quantified on the Bruker 400 MHz NMR 
spectrometer. Typically, 500 μL of the collected catholyte exiting the 
flow cell was mixed with 100 μL D2O containing 20 ppm (m/m) 
dimethyl sulphoxide (≥ 99.9 %, Alfa Aesar) as the internal standard. The 
Faradaic efficiency was calculated as follows: 
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FEliquid (%) =
Qliquid

Qtotal
×100% =

mliquidnF
I × t

× 100% (2) 

where mliquid (mol) is the amount of liquid products generated, n is the 
number of transferred electrons for 1 mol product generation, I (A) is the 
measured current, and t (s) is the electrolysis time.

2.3. In-situ electrochemical surface-enhanced Raman spectroscopy 
(SERS) measurements

The SERS measurement was carried out on a Horiba LabRam HR 
Evolution Raman microscope using a commercial electrochemical cell 
with an optically transparent window (Fig. S1). The carbon paper loaded 
with catalysts was used as the working electrode (loading mass: 1 mg 
cm− 2), and a Ag/AgCl electrode and a Pt wire were used as the reference 
and counter electrodes, respectively. To enhance the Raman signals, 
shell-isolated gold nanoparticles (SHINs, i.e., Au@SiO2, Xiamen SHINs 
Technology Co., Ltd.) were dispersed onto the working electrode surface 
with a loading of 4 μg cm− 2. 0.5 M KHCO3 aqueous solution was used as 
the electrolyte and circulated through the cathodic and anodic 

compartments by peristaltic pumps at a rate of 10 mL min− 1. Since 
directly introducing CO2 gas into the thin cell would cause turbulence 
affecting the measurement, CO2-saturated electrolyte was continuously 
fed into the test cell (Fig. S1). Prior to electrochemical measurements, 
the catalyst-coated electrode was pre-conditioned at − 0.6 V vs. RHE for 
10 min. The potential range was set from the open circuit potential 
(OCP) to − 1.0 V vs. RHE. A 633 nm laser was employed as the light 
source, and Raman signals were recorded with a 20 s integration and by 
averaging 2 consecutive scans.

3. Results and discussion

The synthesis of Sc1CuO NS catalysts is schematically illustrated in 
Fig. 1a. In a typical procedure, the Sc-doped CuO NSs were prepared via 
a hydrothermal method using Cu(NO3)2 and Sc(NO3)3 as the copper and 
scandium sources, respectively. The mixture was transferred into a 
Teflon-lined stainless-steel autoclave and heated at 120 ◦C for 4 h (see 
Experimental details). To investigate how the Sc content influences the 
CO2RR performance of Sc1CuO NSs, precursor solutions with different 
concentrations of Sc(NO3)3, including 5, 20, and 40 mM, were prepared 

Fig. 1. (a) Schematic illustration of the synthesis of Sc1CuO NSs. (b) Representative SEM image of Sc1CuO-1.6. (c) Zoomed XRD patterns of Sc-doped CuO and 
pristine CuO in the range of 38◦ ~ 40◦, showing the evolution of the (111) diffraction peak as the Sc content varies. (d) Raman spectra of all catalysts. (e) TEM image, 
(f) HRTEM image, and (g) HAADF-STEM image and corresponding elemental maps of Cu, Sc and O of Sc1CuO-1.6 catalysts.
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for the hydrothermal synthesis, which led to the Sc dopant content of 
0.5, 1.6, and 3.8 wt%, respectively, as determined by inductively 
coupled plasma optical emission spectrometry (ICP-OES, Table S1). 
Based on these values, the samples are designated as Sc1CuO-0.5, 
Sc1CuO-1.6, and Sc1CuO-3.8, respectively. Scanning electron micro
scopy (SEM) examination of samples revealed that the synthesized cat
alysts undergo a morphological transition from large nanosheet-like 
structures to small elongated nanorods (NRs) as the Sc content in CuO 
increases (Figs. 1b and S2). It is hypothesized that such morphological 
transformation may result from, on one hand, the Sc doping induced 
lattice strain that distorts some crystallographic directions more than 
others, altering the growth kinetics; on the other hand, the charge 
imblance arising from the replacement of Cu2+ by Sc3+, which likely 
creates oxygen vacancies, lowering the symmetry and changing crystal 
growth into nanorod-like morphology. The powder X-ray diffraction 
(XRD) patterns of these Sc-doped CuO catalysts show that the primary 
diffraction peaks of Sc-doped CuO resemble closely those of the standard 
CuO reference (PDF#89–5899, Fig. S3). Notably, no distinct diffraction 
peaks arising from metallic Sc or scandium oxide (e.g., Sc2O3) were 
observed, suggesting that Sc is doped into the CuO lattice, likely in the 
form of atomic dispersion. Fig. 1c displays a zoomed view of the XRD 
patterns in the range of 38◦ ~ 40◦, where the (111) diffraction peak of 
the Sc-doped CuO samples shifts toward the lower angle relative to that 
of pure CuO (~38.9◦), indicating that the incorporation of Sc atoms into 
the CuO lattice introduces tensile strain. To further quantify the crystal 
structure changes, the Rietveld refinements were carried out (Fig. S4). 
Compared to the pristine CuO, the unit cell volume of Sc1CuO expands 
from 81.29(5) Å3 to 81.31(7), 81.36(6), and 81.38(2) Å3 for Sc1CuO-0.5, 
Sc1CuO-1.6, and Sc1CuO-3.8, respectively (Table S2), accompanied by 
minor variations in lattice parameters. This reaffirms that Sc atoms are 
indeed incorporated into the CuO lattice. Besides, Raman spectroscopy 
was performed, and the primary Cu–O vibrational band of CuO, located 
at 283.8 cm− 1, shifts toward the lower wavenumber (278.5 cm− 1) upon 
Sc doping (Fig. 1d) [30]; moreover, the intensity of the Cu–O vibration 
peak is also reduced. This indicates the substitution of bigger Sc3+ ions 
for Cu2+ ions, and the associated charge imblance leads to a larger 
Cu–O bond length with weakened Cu–O bonding, consistent with the 
tensile lattice strain confirmed by XRD.

The microstructure and composition of Sc-doped CuO and pristine 
CuO were further investigated by transmission electron microscopy 
(TEM). The pristine CuO shows a well-defined nanosheet structure with 
a relative smooth surface (Fig. S5a). When a little Sc is introduced into 
CuO (Sc1CuO-0.5), the NS-like architecture remains (Fig. S5d). How
ever, as the Sc content increases, the samples are gradually transformed 
into elongated NSs and NRs; moreover, the sample surface becomes 
rough (see Fig. 1e for Sc1CuO-1.6 and Fig. S5g for Sc1CuO-3.8). The 
high-resolution TEM (HRTEM) image reveals a lattice spacing of 2.74 Å 
in pristine CuO catalysts (Fig. S5b), corresponding to the (110) crystal 
planes. Upon doping with Sc, the lattice distance of (110) planes in
creases to 2.75 Å, 2.78 Å, and 2.80 Å for Sc1CuO-0.5, Sc1CuO-1.6, and 
Sc1CuO-3.8, respectively (Figs. 1f, S5e and S5h), corresponding to a 
lattice expansion value (ε) of around 0.4 %, 1.5 %, and 2.2 %, which is 
attributed to the tensile strain induced by the incorporation of the larger 
Sc atoms (~162 pm) into the CuO lattice. Energy-dispersive X-ray 
spectroscopy (EDS) mapping analysis under TEM further confirmed the 
homogeneous dispersion of Cu, Sc and O elements within the Sc1CuO- 
1.6 catalyst (Fig. 1g). Additionally, the geometric phase analysis (GPA) 
was employed to quantitatively assess the lattice strain distribution, 
based on the HRTEM images acquired. The resulting strain maps clearly 
show that all Sc-doped CuO catalysts exhibit different magnitudes of 
tensile strain on the nanometer scale (Figs. S5f, S5j and S6), compared to 
that of the pristine CuO (Fig. S5c), which unambiguously validate the 
effectiveness of the Sc doping approach in introducing lattice strain in 
CuO catalysts.

The surface chemistry of the Sc-doped CuO catalysts was further 
investigated by X-ray photoelectron spectroscopy (XPS). The Cu 2p core- 

level XPS spectra of all samples exhibit prominent satellite peaks 
(Fig. 2a), which are characteristic of the Cu2+ oxidation state [31]. 
Notably, the binding energy of the Cu 2p3/2 peak in Sc1CuO-3.8 shifts 
toward the lower value compared to that of the pristine CuO (Fig. 2a), 
which can be attributed to the charge transfer from Sc to Cu, resulting 
likely from the higher electronegativity of Cu (1.90) relative to that of Sc 
(1.36). Further analysis of the Cu LMM Auger spectra reveals that the 
surface Cu exists in the Cu2+ oxidation state for all Sc-doped CuO as well 
as the pristine CuO samples (Fig. 2b) [9]. According to the Sc 2p XPS 
spectra, Sc1CuO-1.6 and Sc1CuO-3.8 exhibit a similar spin-orbit splitting 
energy (ΔE = 4.4 eV), indicating that the Sc species exist in an oxidized 
state (Fig. 2c) [17]. However, the binding energy of Sc1CuO-3.8 shifts 
toward the higher value with respect to that of Sc1CuO-1.6, implying 
that more electrons transfer from Sc to Cu in Sc1CuO-3.8, in agreement 
with the Cu 2p XPS spectra. It is also noted that there are no detectable 
XPS signals for Sc1CuO-0.5, owing to the ultralow Sc content in this 
catalyst.

Furthermore, X-ray absorption spectroscopy was employed to 
analyze the electronic structure and local coordination environments of 
all samples. The Cu K-edge X-ray absorption near-edge spectrum 
(XANES) of Sc1CuO-1.6 closely resembles that of CuO (Fig. 2d), sug
gesting that the chemical state of Cu species in the catalysts is Cu2+, 
consistent with the XPS analysis. The Fourier transform (FT) of the 
extended X-ray absorption fine structure (EXAFS) spectrum for Sc1CuO- 
1.6, presented in Fig. 2e, shows a dominant peak in R space at ~1.5 Å, 
attributed to the nearest-shell Cu–O coordination, and another weaker 
signal at ~2.5 Å is assigned to the second-shell Cu-(O)-Cu contribution 
[22]. It is noteworthy that both the Cu–O and Cu-(O)-Cu scattering 
paths shift to a higher R value with respect to those of CuO, indicating an 
increased bond length induced by the tensile lattice strain, in line with 
the XRD and Raman spectroscopy results (Fig. 1c-d). Additionally, the 
wavelet transform (WT) analysis of the EXAFS spectra that reveals the 
coordination in both R- and k-spaces more intuitively, was also carried 
out (Fig. 2f). The WT contour for Sc1CuO-1.6 exhibits a maximum at 6.4 
Å− 1, which is assigned to Cu–O coordination. In the high R range 
(above 2.5 Å), the presence of Cu-(O)-Cu coordination is also observed. 
At the Sc K-edge, the XANES spectra of all Sc1CuO samples show a 
similar profile, which is distinct from that of Sc2O3, suggesting that Sc is 
incorporated into the lattice of CuO and no separate Sc2O3 forms 
(Fig. 2g). The FT-EXAFS of the pristine Sc2O3 confirms the presence of 
Sc–O (~1.6 Å) and Sc-(O)-Sc bonding (~3.0 Å) in the first and second 
coordination shells (Fig. 2h), respectively. In contrast, the signal of Sc- 
(O)-Sc scattering is absent in the FT-EXAFS spectra of all Sc-doped CuO 
samples, indicating that Sc exists as isolated atoms in the CuO lattice 
without metal-metal coordination. Likewise, the WT contour of Sc1CuO- 
1.6 exhibits only one maximum at 6.1 Å− 1, attributed to Sc–O coordi
nation (Fig. 2i), and no signal corresponding to Sc-(O)-Sc coordination 
can be resolved, further confirming that Sc is atomically dispersed in 
Sc1CuO-1.6. In this way, Sc atoms substitute Cu atoms forming Sc–O 
sites that exert a tensile strain on the lattice.

The electrocatalytic CO2RR performance of the Sc-doped CuO cata
lysts was evaluated in an alkaline flow cell equipped with the gas- 
diffusion electrode (GDE, Fig. S7). All potentials are converted to the 
RHE scale with an iR correction of 85 %. Fig. 3a shows the linear sweep 
voltammetry (LSV) curves of all samples under investigation, where the 
Sc-doped CuO catalysts exhibit higher current densities than the pristine 
CuO at a given applied potential, indicating that Sc doping indeed en
hances the CO2RR activity. In particular, Sc1CuO-1.6 shows better 
CO2RR performance than Sc1CuO-0.5 and Sc1CuO-3.8, able to reach the 
cathodic current density of 1.0 A cm− 2 at a comparatively low potential 
of only − 0.88 V vs. RHE under a constant CO2 flow (30 sccm), suggesting 
that 1.6 wt% is an optimal dopant content. Both gas and liquid products 
were analyzed by gas chromatograph (GC) and nuclear magnetic reso
nance (NMR) spectroscopy (Fig. S8). The calibration curves for the 
liquid products of CO2RR catalyzed by Sc1CuO-1.6 are presented in 
Fig. S9. Fig. 3b reveals the product distribution for the best-performing 
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Sc1CuO-1.6, where C2+ compounds (i.e., C2H4 and C2H5OH) predomi
nate among all multi‑carbon products. The Faradaic efficiency (FE) 
values of Sc1CuO-1.6 for different products are plotted as a function of 
the applied cathodic potential, displaying that the FE for C2+ production 
first increases as the potential becomes more negative, peaking at − 0.6 V 
vs. RHE, and then gradually decreases. Remarkably, Sc1CuO-1.6 exhibits 
exceptional selectivity for C2+ products, achieving a maximal FE of 73 
± 1.8 % at − 0.6 V vs. RHE. It is worth noting that this applied potential 
is significantly lower than that of other copper oxide-derived electro
catalysts reported recently in the literature (Table S3).

Furthermore, the impact of Sc doping in Sc1CuO catalysts on the 
CO2RR performance was investigated. Overall, the Sc doping substan
tially improves the FE of catalysts toward C2+ production (Fig. 3c), 
compared to the pristine CuO, and Sc1CuO-1.6 shows the highest FE 
(C2+) among others, capable of maintaining a FE for C2+ products above 
60 % over a potential range from − 0.5 to − 0.8 V vs. RHE, markedly 
outperforming Sc1CuO-0.5 and Sc1CuO-3.8 (Fig. S10). Fig. 3d shows the 
partial current density for C2+ products (jC2+) of all catalysts at different 
potentials. Sc1CuO-1.6 exhibits an impressive partial current density of 
346.9 mA cm− 2 for C2+ products at − 0.6 V vs. RHE, which is 3.9, 1.6, 
and 2.0 times higher than that of pure CuO (87.6 mA cm− 2), Sc1CuO-0.5 
(209.1 mA cm− 2), and Sc1CuO-3.8 (170.9 mA cm− 2), respectively, at the 
same potential. These results suggest that the optimal Sc doping into 
CuO NSs significantly enhances both the activity and C2+ selectivity of 
the CO2RR.

To elucidate the superior performance of Sc-doped CuO NS catalysts, 
additional experiments were carried out. The CO2 adsorption experi
ments show that the Sc1CuO-1.6 catalyst has much better capability of 
CO2 adsorption than the pristine CuO, Sc1CuO-0.5 and Sc1CuO-3.8 
controls (Fig. S11), which would lead to CO2 enrichment near the local 
electrode surface when it is used to catalyze CO2RR, thereby promoting 
CO2 adsorption and activation [32,33]. The nitrogen (N2) adsorption/ 
desorption isotherms reveal that Sc1CuO-1.6 possesses a higher specific 

surface area (14.7 m2 g− 1) than Sc1CuO-0.5 (11.6 m2 g− 1), Sc1CuO-3.8 
(12.5 m2 g− 1), and pristine CuO (10.2 m2 g− 1), based on the Brunauer- 
Emmett-Teller (BET) method (Fig. S12a). Moreover, Sc1CuO-1.6 has 
more mesopores compared to other controls (Fig. S12b). Additionally, 
the electrochemically active surface area (ECSA) was also determined 
based on the electrochemical double-layer capacitance (Cdl) method. 
Notably, the Sc1CuO-1.6 catalyst exhibits an ECSA as high as 361.6 cm2 

(Fig. S13), approximately 1.8 times greater than that of pristine CuO 
(196.6 cm2), suggesting that the exposure of more active sites contrib
utes to the high CO2RR activity of Sc1CuO-1.6. Furthermore, the elec
trochemical impedance spectroscopy (EIS) measurements were 
performed to investigate the interfacial charge transfer behavior. Among 
all catalysts, Sc1CuO-1.6 exhibits the lowest charge transfer resistance 
(Rct), indicating enhanced electron transfer at the catalyst/electrolyte 
interface, which favorably accelerates the CO2RR kinetics (Fig. S14, 
Table S4). Overall, the observed outstanding CO2RR activity in Sc1CuO- 
1.6 is the result of synergistic effects of electronic structure that provides 
reaction intermediates with favorable adsorption strength and mate
rial’s physical properties (e.g., specific surface area, CO2 adsorption 
capability) that facilitate mass transport of reactants and products. Be
sides, the long-term stability of the Sc1CuO-1.6 for CO2RR was assessed 
at a fixed potential of − 0.5 V vs. RHE (Fig. 3e). Impressively, Sc1CuO-1.6 
maintains a stable current density of ~206 mA cm− 2 with a FE of ~60 % 
toward C2+ production over 47 h without noticeable degradation, 
demonstrating excellent durability.

To gain insights into the morphology and surface chemistry changes 
after the long-term stability test, the post-mortem analyses of Sc1CuO- 
1.6 were carried out using SEM, TEM, and XPS. SEM examination 
revealed that the elongated nanosheet morphology virtually remained 
unchanged (Fig. S15a). However, upon close inspection, fragmentation 
of nanosheets was observed, accompanied by surface reconstruction 
(Fig. S15b), which likely serves as the actual catalytically active surfaces 
during CO2RR. Further SEM-EDS analysis showed that the Sc element 

Fig. 2. XPS spectra of (a) Cu 2p, (b) Cu LMM Auger and (c) Sc 2p core-levels for all catalysts. (d) Cu K-edge XANES spectra and (e) FT-EXAFS spectra of Sc1CuO-1.6 
and other controls. (f) The WT-EXAFS contour of Sc1CuO-1.6 at Cu K-edge. (g) Sc K-edge XANES spectra and (h) FT-EXAFS spectra of all Sc1CuO catalysts and the 
Sc2O3 control. (i) The WT-EXAFS contour of Sc1CuO-1.6 at Sc K-edge.
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was still retained after extended CO2RR at a high current density 
(Fig. S15c). The post-mortem XPS analysis revealed that the strong Cu 
2p satellite peak (~942.5 eV) disappeared after the stability test, sug
gesting the reduction of Cu2+ to Cu0/Cu+ (Fig. S16a). Moreover, new 
peaks appeared at 919 and 917 eV, assigned to Cu0 and Cu+ species, 
respectively, as evidenced from the Cu LMM Auger spectrum after the 
stability test (Fig. S16b), reaffirming the reduction of Cu2+ species. As 
for the Sc 2p XPS spectrum, no discernible changes in binding energy 
were observed before and after the stability test, manifesting that the 
chemical state of Sc was not altered during CO2RR (Fig. S16c). Overall, 
the post-mortem analyses further validate the outstanding catalytic 
stability of Sc1CuO-1.6, substantiating its potential for practical 
applications.

To further understand how the Cu valence state and coordination 
environment dynamically change during CO2RR, in-situ XAS was con
ducted at different applied potentials. Fig. 4a presents the Cu K-edge 
XANES spectra of the Sc1CuO-1.6 catalyst under the CO2RR conditions, 
which were acquired by progressively decreasing the potential from the 

open circuit potential (OCP) to − 0.6, − 0.8 and − 1.0 V vs. RHE. For 
comparison, the XANES spectra of pristine Cu foil and CuO are also 
given as references. At OCP, the absorption edge of Sc1CuO-1.6 virtually 
overlaps with that of CuO, suggesting that the initial oxidation state of 
Cu in Sc1CuO-1.6 is 2+. When a cathodic potential is applied, the ab
sorption edge shifts notably toward the lower energy, exhibiting a 
feature similar to that of Cu foil, indicating the reduction of Cu2+ to 
metallic Cu [34,35]. According to FT-EXAFS spectra, Sc1CuO-1.6 at OCP 
resembles that of CuO, showing a dominant signal at 1.5 Å that corre
sponds to Cu–O coordination (Fig. 4b). When a potential of − 0.4 V vs. 
RHE is applied, a peak associated with Cu–Cu coordination appears, but 
the Cu–O signal is still visible (Fig. S17), indicating partial reduction of 
Cu2+ species to Cu0 in Sc1CuO-1.6. Interestingly, although the Cu–O 
signal completely vanishes at more negative applied potentials (Fig. 4b), 
it immediately re-appears when the applied potential returns to OCP 
(Fig. S17). This suggests that the coordination environment and chem
ical state of Cu undergo a dynamic change and the completely reduced 
Cu0 is most likely a transient state during CO2RR. To make quantitative 

Fig. 3. (a) LSV curves of Sc1CuO-1.6 and other control samples. (b) Potential-dependent Faradaic efficiency (FE) of various products for Sc1CuO-1.6. (c) Comparison 
of the C2+ FE values at different potentials for different catalysts. (d) Partial current density of Sc1CuO-1.6 and other control samples as a function of the applied 
potential. (e) Long-term stability of the Sc1CuO-1.6 catalyst at − 0.5 V vs. RHE.
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comparison, the changes in Cu coordination number (CN) and Cu–Cu 
bond distance are plotted as a function of the applied potential upon FT- 
EXAFS fitting (Fig. S18 and Table S5), with those of the Cu foil included 
as a reference (Fig. 4c). The pristine Cu foil has a CN of 12 and a Cu–Cu 
bond length of 2.534 Å. Upon electrochemical reduction under a 
cathodic potential, the Cu–Cu coordination number in Sc1CuO-1.6 is 
substantially lowered, confirming the formation of defect-rich under
coordinated Cu sites during electroreduction [36,37]. Moreover, the 
Cu–Cu bond length in Sc1CuO-1.6 is expanded, indicating additional 
tensile strain superimposed on that induced by Sc doping [16,36]. Be
sides, it is also noted that as the applied potential becomes more nega
tive, the CN further reduces and the Cu–Cu bond length increases, 
showing an opposite variation trend.

Due to the low Sc content in Sc1CuO-1.6 and the strong X-ray ab
sorption by the electrolyte and electrochemical cell window in the low 
energy range, it is very challenging to perform operando XAS experi
ments at Sc K-edge, if possible at all. Therefore, quasi-in-situ Sc K-edge 
XAS measurements were conducted by collecting the spectra immedi
ately after the CO2RR testing. Interestingly, as shown in Fig. 4d, the 
quasi-in-situ XANES spectrum is similar to that of Sc2O3 even after the 
CO2RR under a cathodic potential of − 0.8 V vs. RHE, which implies that 
Sc is not reduced and remains in the initial oxidation state during 
CO2RR, in good agreement with the post-mortem XPS results (Fig. S16c). 
Both FT-EXAFS spectrum and WT contour reveal that while the signal of 
Sc–O coordination predominates, that of Sc-(O)-Cu coordination begins 
to appear after CO2RR (Fig. 4e-f). Therefore, two distinct coordination 
sites are identified in Sc1CuO-1.6, namely, the Sc3+-O site near the 
atomically dispersed Sc atom and the Sc-(O)-Cu site located in the sec
ond shell from the Sc atom and surrounded by Cu atoms [22]. Based on 
the above analyses, undercoordinated Cu0 species formed during the in- 
situ electrochemical reduction of CuO, featuring a tensile-strained Sc- 
(O)-Cu coordination site, is believed to be the true catalytically active 

site for CO2RR, which is expected to facilitate CO2 adsorption and pro
mote its further reduction to C2+ products.

Additionally, in-situ surface-enhanced Raman spectroscopy (SERS) 
was conducted to investigate the adsorption behavior of reaction in
termediates, aiming at clarifying the origin of the formation of more C2+
products on the reconstructed Sc1CuO-1.6 surface. Fig. 4g and h display 
the Raman spectra collected from the surfaces of Sc1CuO-1.6 and CuO 
catalysts during the reaction at different applied potentials ranging from 
OCP to − 1.0 V vs. RHE. In all cases, no peaks arising from surface copper 
oxides (i.e., CuO and Cu2O) are observed, corroborating the reduction of 
these oxides to Cu0. The signals of *CO3

2− at 1068 and 1443 cm− 1 

originate from the deprotonation of HCO3
− , which indicates an enhanced 

local OH− concentration on catalyst surfaces that can facilitate CO2 
activation and subsequent reduction steps [38,39]. The integral area of 
*CO3

2− peaks for Sc1CuO-1.6 is significantly higher than that for pristine 
CuO (Fig. S19), suggesting higher local pH near the surface of Sc1CuO- 
1.6 that can make CO2 activation easier. In addition, the Cu-*CO2

− signal 
appearing at 1536 cm− 1 reflects direct adsorption of dissolved CO2 on 
catalyst surfaces [40–42]. For Sc1CuO-1.6, the Cu-*CO2

− signal begins to 
appear at a potential as early as − 0.6 V vs. RHE, while for CuO the signal 
does not emerge until a potential of − 0.9 V vs. RHE is applied, which 
manifests that CO2 can absorb more easily on Sc1CuO than on CuO, in 
agreement with the CO2 adsorption isotherms shown in Fig. S11. 
Importantly, the stretching vibration of Cu-*CO bonding is clearly 
observed at ~345 cm− 1 on Sc1CuO-1.6 in the potential range of − 0.6 V 
to − 0.8 V vs. RHE [43]. In contrast, for pristine CuO, the Cu-*CO 
stretching mode only emerges at − 0.9 and − 1.0 V vs. RHE (Fig. 4h). 
This observation demonstrates that the activation of CO2 to *CO via the 
*CO3

2− /*CO2
− adsorption pathway on Sc1CuO-1.6 is thermodynamically 

more favorable than that on pristine CuO. Furthermore, Raman signals 
arising from *OCCOH (1330 and 1414 cm− 1), a critical intermediate in 
C–C coupling [44,45], begin to appear at − 0.7 V vs. RHE on Sc1CuO- 

Fig. 4. (a) In-situ Cu K-edge XANES spectra, (b) FT-EXAFS spectra and (c) the corresponding coordination numbers and bond distances of Sc1CuO-1.6 measured 
under different potentials. The inset in panel (c) is a scheme illustrating the Cu crystal with a perfect coordination structure (CN = 12). (d) Quasi-in-situ Sc K-edge 
XANES spectra, (e) the corresponding FT-EXAFS spectra and (f) WT-EXAFS contour of Sc1CuO-1.6 after the CO2RR at − 0.8 V vs. RHE. In-situ surface-enhanced 
Raman spectra of (g) Sc1CuO-1.6 and (h) pristine CuO recorded at different potentials. (i) Schematic illustration of the CO2 conversion into C2+ products on the 
reconstructured Sc1CuO catalyst, highlighting the roles of tensile strain and defects.
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1.6, much earlier than those on the CuO surface (only from − 0.9 V vs. 
RHE onwards). Based on the in-situ XAS and SERS characterization, it is 
believed that the superior catalytic performance of Sc1CuO-1.6 toward 
CO2RR originates from: on one hand, the Sc doping that introduces 
tensile strain into the reduced CuO lattice and stabilizes high-valence 
Sc3+ species, which enhances the adsorption of CO2 and promoting 
*CO formation; on the other hand, the in-situ reconstruction of the 
Sc1CuO-1.6 surface under a cathodic potential that generates abundant 
undercoordinated Cu0 defect sites, facilitating *CO dimerization to 
*OCCOH intermediates and thereby improving C2+ selectivity during 
CO2RR (Fig. 4i).

DFT calculations were further performed to elucidate the effects of Sc 
doping and tensile strain on the catalytic behavior of Sc1CuO-1.6 during 
the CO2RR. To simulate the partial reduction of CuO under working 
conditions, two layers of oxygen atoms were removed from the CuO 
surface (Fig. S20). Moreover, to evaluate the strain effect on Sc-doped 
CuO, two Sc1CuO model catalysts were constructed, one without 

lattice strain (i.e., 0 % lattice strain) and another with 1.5 % tensile 
strain, which are denoted as Sc1CuO (0 %) and Sc1CuO (1.5 %), 
respectively. The charge density difference of the surface adsorbed with 
*OCCO was first calculated for surface-reconstructed CuO, Sc1CuO (0 %) 
and Sc1CuO (1.5 %). As shown in Figs. 5a-c, significant redistribution of 
electron density occurs upon *OCCO adsorption on all catalyst surfaces. 
Notably, the Sc1CuO (1.5 %) surface exhibits the strongest interaction 
with *OCCO intermediates, demonstrating the synergistic effect of Sc 
doping and introduced tensile strain. Besides, bader-charge analysis 
reveals that more electrons transfer from Sc1CuO (1.5 %) to the adsor
bent (0.96 e− ), compared to the CuO (0.38 e− ) and Sc1CuO (0 %) (0.94 
e− ) models, which demonstrates, in combination with the observed 
charge density differences, that the strained Sc–Cu interface serves as a 
catalytically more active site that can effectively stabilize the *OCCO 
intermediate. To evaluate the *OCCO binding affinity, the projected 
density of states (PDOS) was calculated for each catalyst model in the 
absence of surface-adsorbed intermediates (Figs. 5d-f). The Sc1CuO (1.5 

Fig. 5. Charge density difference maps of *OCCO-adsorbed surfaces on (a) reduced CuO (CuO-Cu), (b) Sc1CuO-Cu (0 %) and (c) Sc1CuO-Cu (1.5 %). Cyan and yellow 
regions denote electron depletion and accumulation, respectively. (d-f) PDOS of the *OCCO-adsorbed surfaces for (d) CuO-Cu, (e) Sc1CuO-Cu (0 %) and (f) Sc1CuO- 
Cu (1.5 %). (g) Adsorption energies of *CO2 and *OCCO on CuO-Cu, Sc1CuO-Cu (0 %) and Sc1CuO-Cu (1.5 %). (h) Calculated Gibbs free energy diagrams for the 
CO2RR taking place on different model catalysts. The blue, purple, brown, red and pink spheres represent Cu, Sc, C, O and H atoms, respectively.
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%) catalyst exhibits an upshifted Cu d-band center (− 1.87 eV) relative to 
Sc1CuO (0 %) (− 1.91 eV) and CuO (− 2.14 eV), positioning it closer to 
the Fermi level. Such electronic structure modification indicates 
enhanced interaction between Sc1CuO (1.5 %) and the *OCCO inter
mediate, consistent with its experimentally observed superior catalytic 
performance. Moreover, the adsorption energies of *CO2 and *OCCO 
intermediates on CuO, Sc1CuO (0 %) and Sc1CuO (1.5 %) were 
computed (Fig. 5g). The Sc-doped samples show significantly stronger 
*CO2 adsorption compared to pure CuO, demonstrating the crucial role 
of Sc doping in CO2 activation. Moreover, Sc1CuO (1.5 %) exhibits a 
higher *OCCO adsorption energy (− 1.43 eV) than Sc1CuO (0 %) (− 1.38 
eV), indicating that the induced tensile strain is conducive to *OCCO 
adsorption and also likely promotes its hydrogenation to *OCCOH [42]. 
Furthermore, the Gibbs free energy profiles for the *CO dimerization 
pathway are plotted and compared among all model catalysts (Fig. 5h, 
Table S6), with the corresponding adsorption configurations of *CO2, 
*COOH, 2*CO, and *OCCO on CuO and Sc1CuO (0 %) surfaces shown in 
Figs. S21 and S22. Notably, the first step (i.e., CO2 adsorption) is an 
exothermic process on both Sc1CuO (0 %) and Sc1CuO (1.5 %) surfaces, 
showing significantly lowered energy barriers compared to the CuO 
surface. These theoretical calculations are fully consistent with our 
experimental findings, demonstrating that Sc doping indeed enhances 
both CO2 activation and conversion efficiency. Additionally, the kinetic 
barrier for the rate-determined step (RDS), i.e., 2*CO-to-*OCCO con
version, is dramatically reduced from 2.78 eV for pure CuO to 0.83 eV 
for Sc1CuO (0 %), with a further decrease to 0.75 eV for the strained 
Sc1CuO (1.5 %). The results unequivocally demonstrate that the tensile 
strain and abundant undercoordinated Cu0 sites induced by Sc doping 
and in-situ electrochemical reduction of CuO synergistically enhance 
*CO2 adsorption and substantially lower the C–C coupling energy 
barrier, thereby promoting selective C2+ formation.

4. Conclusion

In summary, we successfully synthesized Sc single-atom doped CuO 
nanosheet catalysts through a simple hydrothermal method and 
comprehensively investigated how the Sc content influences the elc
trocatalytic CO2RR performance. We found that Sc atoms are singly 
dispersed in the lattice of CuO and the Sc1CuO NS with an optimal Sc 
dopant concentration, i.e., Sc1CuO-1.6, shows outstanding electro
catalytic performance for the CO2-to-C2+ conversion. Specifically, 
Sc1CuO-1.6 can achieve a remarkable C2+ Faradaic efficiency of 73 ±
1.8 % at 475.2 mA cm− 2 under an ultralow applied potential of − 0.6 V 
vs. RHE and deliver a high current density of 1.0 A cm− 2 at a potential of 
merely − 0.88 V vs. RHE, though the Faradaic efficiency is compromised 
in this case. Comprehensive spectroscopy studies revealed that the in- 
situ electrochemical reduction of CuO leads to the formation of under
coordinated Cu0 defect sites in the form of Sc-(O)-Cu coordination mo
tifs, serving as the active centers for CO2RR under operating conditions. 
Moreover, Sc doping was confirmed to promote CO2 activation and 
stabilize *OCCO — the key intermediate of C2+ products. DFT calcula
tions further confirm that Sc doping and the tensile strain caused by 
oxygen removal facilitate the adsorption of key reaction intermediates 
and substantially reduce the C–C coupling energy barrier, thereby 
promoting selective CO2-to-C2+ conversion. Our work provides a 
guideline for designing high-performance CO2RR catalysts, and the 
Sc1CuO-1.6 catalysts reported herein hold significant potential for pro
ducing highly valuable C2+ chemicals through CO2RR.
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