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Accelerating multielectron reduction at
CuxO nanograins interfaces with controlled
local electric field

Weihua Guo1,2,10, Siwei Zhang3,10, Junjie Zhang4, Haoran Wu5, Yangbo Ma1,
Yun Song1, Le Cheng1, Liang Chang6, Geng Li1, Yong Liu1, Guodan Wei 6,
Lin Gan 6, Minghui Zhu 5 , Shibo Xi7 , Xue Wang 8,
Boris I. Yakobson 4 , Ben Zhong Tang 3,9 & Ruquan Ye 1,2

Regulating electron transport rate and ion concentrations in the local micro-
environment of active site can overcome the slow kinetics and unfavorable
thermodynamics of CO2 electroreduction. However, simultaneous optimiza-
tion of both kinetics and thermodynamics is hindered by synthetic constraints
and poor mechanistic understanding. Here we leverage laser-assisted manu-
facturing for synthesizing CuxO bipyramids with controlled tip angles and
abundant nanograins, and elucidate the mechanism of the relationship
between electron transport/ion concentrations and electrocatalytic perfor-
mance. Potassium/OH− adsorption tests and finite element simulations cor-
roborate the contributions from strong electric field at the sharp tip. In situ
Fourier transform infrared spectrometry anddifferential electrochemicalmass
spectrometry unveil the dynamic evolution of critical *CO/*OCCOH inter-
mediates and product profiles, complemented with theoretical calculations
that elucidate the thermodynamic contributions from improved coupling at
the Cu+/Cu2+ interfaces. Through modulating the electron transport and ion
concentrations, we achieve high Faradaic efficiency of 81% at ~900mA cm−2 for
C2+ products via CO2RR. Similar enhancement is also observed for nitrate
reduction reaction (NITRR), achieving 81.83mg h−1 ammonia yield rate per
milligram catalyst. Coupling the CO2RR and NITRR systems demonstrates the
potential for valorizing flue gases and nitrate wastes, which suggests a prac-
tical approach for carbon-nitrogen cycling.

The escalating carbon and nitrogen emission from continuous con-
sumption of fossil fuels and human activities have raised global con-
cerns on energy and environmental crisis1–3. Developing sustainable
routes to close the carbon and nitrogen cycles is critical in overcoming
the aforementioned issues4,5. Electrocatalysis driven by renewable
sources has emerged as a promising approach to mitigating these
problems while simultaneously producing valuable chemicals6–8. For

example, electrochemical carbon dioxide (CO2) reduction (CO2RR)
into hydrocarbons and oxygenates such as ethylene (C2H4) and etha-
nol (EtOH) are attractive due to their high energy densities and values
in the chemical industry9–15. Similarly, electrocatalytic nitrate reduction
reaction (NITRR) for the production of ammonia, a vital fertilizer and
commodity chemical, represents a valuable and versatile electro-
catalytic process for wastewater remediation16–20. These
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electrochemical processes involve complex multielectrons transfer
reactions, demanding advancement in both kinetics and thermo-
dynamics. In the case of CO2RR, the selectivity and reaction rate for C2

products are still suboptimal for practical implementation, primarily
due to the sluggish thermodynamics and kinetics of C–C coupling21.
The electrocatalytic nitrogen conversion from nitrate to ammonia
commonly involves an intricate process of nine protons and eight
electrons (NO3

−+ 9H+ +8e−→NH3 + 3H2O). Improving the ammonia
selectivity and current densities is essential for large-scale
production22. Therefore, further exploiting the potential of CO2RR
and NITRR hinges on the discoveries of efficient and cost-effective
electrocatalysts.

The electron transport/ion concentration near active sites and
enrichment of active sites are the most effective ways to improve the
catalytic activity in terms of kinetics and thermodynamics23,24. The
electric field can accelerate electron charge transport and ion con-
centrations near the active site, optimize adsorption/desorption of
intermediates, and regulate the reaction microenvironment to boost
the multielectron reduction reaction25–27. It is reported that the local
electric field induced by Au nanoneedle structure can improve the
local CO2 concentration to boost electrocatalytic CO2 reduction to
CO26. Moreover, interface engineering is one of the effective ways to
tune the thermodynamic barriers of reactions. Various structures,
including grain boundaries, edges and steps, can modulate the coor-
dinationnumber (CN) of surface atoms, thus enhancing the adsorption
capability24,28,29. Cu0/Cu1+ interface is also regards as the efficient
interface for CO2RR to C2+ due to the improvement of CO
dimerization28,30–32, and many theoretical studies prove that the sub-
surface O stabilized surface Cuδ+ species indeed accelerate the C2+

products. Qiao et al. have proposed that the feasibility of Cu2+ sites for
promoting *CO hydrogenation to facilitate the generation of *CHO
intermediates insteadof *COdimerization on the single Cu2+ sites33 and
the combined computations studies alsoevidence that theoxidizedCu
surface more significantly facilitates C–C coupling. So Cu+/Cu2+ inter-
face with a higher oxidation state may be more helpful to promoting
*CHO intermediates formation34. Based on the above discussion, the
synergy of electric field effect and interface engineering can poten-
tially boost the mass turnover frequency of multielectron electro-
reduction via “one plus one is greater than two” effect. In terms of
thermodynamics, Cu+/Cu2+ interface could efficiently offer active sites
to promote CO2RR to C2+, while the electric field-induced higher
electron transfer rate and ion concentration could accelerate its elec-
trocatalytic process at the kinetic level.

Here we elucidate the mechanism of how the synergistic role of
electric field and interfaces work in bifunctional electrochemical
CO2RR and NITRR through controlling electron transport and ion
concentrations. We achieve remarkable yields of C2+ products under
high current density and Faradaic efficiency (FE) by furnishing efficient
material transport and active sites availability. In a typical demon-
stration, a laser-induced protocol is developed for the self-assembly of
defective CuxO nanoparticles into nano-bipyramids with controllable
tip angles. Spherical aberration corrected-scanning transmission
electronmicroscopy (SAC-STEM)unveils thedouble-tip structure at an
atomic scale, consisting of fault steps, boundaries, and surface voids
induced by Cu+/Cu2+ interface. Finite element method (FEM) simula-
tions and adsorbed K+/OH− concentration tests prove adjustable local
electricfield at the sharp tips. The exquisite integrated structure of the
sharp bipyramids leads to an extremely high C2H4 yield rate of up to
1.55mmol h−1 mg−1, an improved C2+ FE exceeding 81% at a partial
current density of 665.9mAcm−2. In the case of NITRR, we attain an
ammonia-synthesizing rate of 81.83mg h−1 or 4.81mmol h−1 per milli-
gram catalyst, accompanied by an NH3 partial current density
exceeding 600mAcm−2. To understand the interfaces effects, we
employ in situ Fourier transform infrared (FTIR) spectrometry and
differential electrochemical mass spectrometry (DEMS) and density

functional theory (DFT). These complementary techniques corrobo-
rate the pivotal contribution of electric field and interfaces in simul-
taneously enhancing the FE and NH3 yield rate for multielectron
reduction. It is the first reported bifunctional catalyst to couple CO2RR
and NTIRR reduction systems, to achieve turning waste into treasure,
which is an important step towards future industrial green chemistry.

Result
Synthesis and structure characterization of L-CuxO catalysts
The copper oxide-based nano-bipyramid electrocatalyst with high tip
curvature (L-CuxO-HC) was synthesized by pulsed laser ablation in
liquid (PLAL). Supplementary Fig. 1. illustrates the formation of nano-
bipyramids: a copper target immersed in water is transiently heated by
a pulsed laser and transformed into a vapor and/or plasma state, which
is then quenched by the cool water to a solid state. The fast heating/
quenching kinetics cause abundant defects of stacking faults. To
understand the growth process of L-CuxO-HC, we tracked its structural
evolution during the synthetic process from ex situ scanning electron
microscopy and transmission electron microscopy (SEM and TEM;
Supplementary Figs. 2 and 3) images. At first, the PLAL procedure
yielded dispersed nanoparticles characterized as amorphous copper
oxide (CuxO) according to X-ray diffraction (XRD; Supplementary
Fig. 2). The formation of oxide nanoparticles could be ascribed to the
reaction of laser-stimulated Cu nanoparticles with dissolved oxygen in
water to form CuxO (10min). Next, the CuxO nanoparticles self-
assembled into loosely interconnected agglomerates and further
merged to form a double vertebral body structure (30min), which
kept growing and ripening to develop into CuxO bundles eventually
(60min). Supplementary Movie 1 illustrates the formation of oxide
nanoparticles by laser irradiation in water.

Transmission electron microscopy (TEM), high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
and energy-dispersive X-ray spectroscopy (EDX) elemental mapping
analyses confirm the bipyramid structure of L-CuxO-HC (Fig. 1a–c and
Supplementary Figs. 4–7)). The spherical aberration correction trans-
mission electron microscopy (SAC-STEM; Fig. 1d, e) images show that
the surface consists of areas with different contrasts; electron energy
loss spectroscopy (EELS) spectra of O K-edge and Cu L-kedge (Sup-
plementary Fig. 8) reveals that the dark and bright domains corre-
spond to CuO and Cu2O phases, respectively, which agrees with
selected area electron diffraction (SAED) and X-ray diffraction (XRD)
pattern results (Fig. 1h and Supplementary Fig. 9). The stacking faults
induce atomic steps on the surface of L-CuxO-HC, which could be seen
at the edge (Fig. 1f) and from the surface intensity profile (Fig. 1d, e).
The intensity fluctuation along the blue frame in Fig. 1d reveals the
surface steps of L-CuxO-HC (Fig. 1g). For comparison, we also prepared
a suite of L-CuxO with medium and low tip curvatures (15° for L-CuxO-
HC; 30° for L-CuxO-MC; 150° for L-CuxO-LC) (Supplementary
Figs. 10–15). Both L- CuxO-MC and L-CuxO-LC possess a mixed CuxO
phase, as revealed by the XRD patterns with the simultaneous exis-
tence of CuO and Cu2O signals.

Electrochemical CO2RR Performance
To validate the enhancement of CO2RR by the electric field and
interface engineering, we also synthesized Cu tip with a smooth
interface by an anodic method35 and used commercial CuO and Cu for
comparison of electrochemical performance (Supplementary Figs. 16
and 17). We evaluated the CO2RR performance of these catalysts in a
flow cell in 1M KOH electrolyte (versus the reversible hydrogen elec-
trode (RHE) and no iR-compensation). We detected and analyzed the
products under different potentials through the online gas chroma-
tograph (GC) and 1H nuclear magnetic resonance (NMR) (Supple-
mentary Figs. 18–22).

The built-in electric field effect can be indicated by comparing
L-CuxO with different tip curvatures. Figure 2a–c compare the CO2RR
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performance of different samples. For L-CuxO-HC (Fig. 2a), the partial
current density of C2+ production reached 665.9mAcm−2 with a cor-
responding FEC2+ of 81 ± 5% at −2.8 V. With an increasing tip curvature,
the FEC2+ decreases to 73% and 57% for L-CuxO-MC and L-CuxO-LC,
respectively (Fig. 2b). The field effect is more pronounced when
comparing the C2H4 yield; 1.55mmol−1 h−1 cm−2 was obtained on the
L-CuxO-HC, which is 2-fold of L-CuxO-MC and 3-fold of L-CuxO-LC.
L-CuxO-HC always maintains the highest C2+ current density over the
entire voltage range compared with other samples (Fig. 2c), high-
lighting the electric field effect. In addition, the L-CuxO-HC also exhi-
bits good durability and works steadily under a high current density of
600mA cm–2 for 12 h with an average C2H4 selectivity of 55% (Fig. 2d
and Supplementary Figs. 23–29).

The nanograins interface effect can be inferred by comparing the
L-CuxO samples to other CuxO prepared from conventional methods,
including C-Cu, C-CuO, and Cu tip (Fig. 2a–c). Specifically, all the
L-CuxOwith different curvatures have amuch better FEC2+ than the Cu
tip. For C-Cu and C-CuO, both show similar curvatures to L-CuxO-LC,

but their FEC2+ are significantly smaller (Fig. 2b, c). The above com-
parisons suggest the rich nanograins interface is favorable for C2+

generation during CO2RR.

Built-in electric field mechanism investigations
We first investigate the distribution of locally enhanced electric fields
on L-CuxO with diverse curvatures of 15°, 30°, 60° and 90° −1 by FEM-
based theoretical simulations performed on COMSOL multiphysics
(Fig. 3a and Supplementary Fig. 30).We found that with decreasing tip
curvature from90° to 15°, the tip-concentrated electron density shows
a 6-fold enhancement, resulting in a significantly enhanced electric
field at the 15° tip (Fig. 3b).

We then experimentally evaluate the effect of tip curvatures in
shaping the local environments. We performed the K+ absorbing test
by measuring the concentration of adsorbed K+ on the electrodes
(Fig. 3c). The results show that the three L-CuxOs have a higher K+

concentration than the quasi-planar C-Cu, and the adsorbed K+ con-
centration can be further enhanced with a sharper tip (L-CuxO-HC).
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This K+ absorbing test result is consistent with the simulation results. It
has also been reported that OH− species located at the catalyst surface
could benefit C–C coupling and C2+ production

36,37. We thus use cyclic
voltammetry (CV) to verify the OH‒ adsorption (OHad) features on
L-CuxO. Figure 3d demonstrates the pronounced OHad peaks asso-
ciated with Cu (100) facets on L-CuxO-HC. Noted that there is a
peak shifting with tip angles. The OHad peaks shift to more
negative potentials with decreasing tip curvatures,which suggestsOH−

could be adsorbed more easily on L-CuxO-HC, leading to a beneficial
micro-environment for CO2-to-C2+ conversion (Supplemen-
tary Note 1). These results indicate that the local environments arising
from the tip structurewouldconcentrate theK+ cation andOH− species
near the catalyst surface, both of which could promote the C2+

products.
Based on the above simulation and experimental results, we fur-

ther broadened the CO2RR performance to pH-universal conditions
for L-CuxO-HC. Figure 3e, f and Supplementary Figs. 31 and 32
demonstrated the FE and C2+ partial current density under acidic,
neutral, and alkaline electrolytes. Notably, L-CuxO-HC achieves
72.8 ± 4.3% FEC2+ in neutral electrolytes andmaintains 56.9 ± 5.4%FEC2+
in acidic electrolytes. The partial current density of C2+ reaches

297.7 ± 24mAcm−2 and 397.1 ± 19mA cm−2 under acidic and neutral
environments, respectively. Those good performances may be due to
the good buffer capacity induced by the electric field effect of tip. The
enhanced K+ adsorption capacity will kinetically reduce the proton
coverage on the Helmholtz plane through the competitive adsorption
behavior driven by the electrostatic field13, thus inhibiting the hydro-
gen evolution and contributing to the good performance in the pH-
universal conditions (Fig. 3g, Supplementary Fig. 33 and Supplemen-
tary Table 1).

Nanograins Cu+/Cu2+ interfaces mechanism investigations
In addition to the electric field effect, the unique heterogeneous
structures of L-CuxOs also benefit the C2+ formation. To gain more
accurate structural information about the chemical status and ele-
mental composition of the samples, X-ray absorption spectroscopy at
the Cu k-edge was used. As the X-ray absorption near-edge structure
(XANES) result shows (Fig. 4a), the absorption edges of L-CuxO with
different tip angles exhibit nearly identical profiles. These absorption
edges lie between the spectrum features of C-CuO and C-Cu2O, indi-
cating the existence of the complex state of Cu+ and Cu2+ in the three
L-CuxO electrocatalysts.
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The extended X-ray absorption fine structure (EXAFS) reveals
the coordination numbers are about 3.6 (L-CuxO-HC), 3.4 (L-CuxO-
MC) and 2.8 (L-CuxO-LC) (Fig. 4b and Supplementary Table 2). This
might result from the increased Cu2O phases that reduce the average
Cu-O coordination numbers. Wavelet transform was further applied
to investigate the coordination environment of the Cu species in
samples. As shown in Fig. 4c, the intensity of L-CuxO-HC, L-CuxO-MC,
and L-CuxO-LC are very close, confirming that the Cu-O bonds are
dominant in all these samples, matching well with the EXAFS fitting
results (Supplementary Fig. 34). These results agree with XANES and
XRD data that the Cu has the complex oxidation among these
catalysts.

To probe the dynamic evolution of surface adsorptions during
CO2RR and to elucidate the mechanism of boosted C2+ selectivity, we
then performed in situ attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR) using L-CuxO-HC and C-CuO. For
ATR-FTIR, the downward band in the resulting spectra indicated the
formation of intermediates during CO2RR, while the upward band
referred to the consumption/desorption of surface species. Starting
from −0.4 V, the ATR-FTIR spectra for the L-CuxO-HC catalyst exhibit
several newpeaks compared toC-CuO (Fig. 4d). Specially, two peaks at
∼1034 and ∼1231 cm−1 associated with *COH and *CHO, respectively,

are observed for L-CuxO-HC, which are the important intermediates
for C2+ products, especially C2H4

38. L-CuxO-HC also exhibits additional
peaks at ∼1182, ∼1126, and ∼1301 cm−1 attributed to the absorbed
*OCCOH and *OC2H5, which are different from those of C-CuO39. This
indicates that more key intermediates of *OCCOH and *OC2H5, favor-
ing the production of C2+, are formed on L-CuxO-HC than on C-CuO
catalysts. The ATR-FTIR results have provided experimental evidence
for the defect and tip-assisted C–C coupling mechanism over the
L-CuxO-HC catalyst.

To characterize the dynamic product profiles during the CO2RR, a
differential electrochemical mass spectrometry (DEMS) was con-
ducted (Supplementary Fig. 35). We performed a continuous 4-cycle
DEMS measurement while scanning the potential between 0V and
−2.1 V; each cycle took about 420 s. Figure 4e compares themass signal
intensity of C2H4, CO and CH4 at m/z = 26, 28, and 15, respectively, as a
function of cycle number and time. We choose m/z = 26 for C2H4 to
avoid interference from CO. With the increasing overpotential, CO is
produced first and then the CO production rate decreases when the
C2H4 emerges; the rate is further reduced with the appearance of CH4,
which strongly proves CO is an essential intermediate in the produc-
tion of C2H4 and CH4. In addition, the ratio of integrated mass signal
intensity of CO relative to the sum area of CO and C2H4 production on
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L-CuxO-HC dropped down sharply with the increasing overpotential,
which indicates that CO is consumedmore rapidly on L-CuxO-HC than
C-CuO during CO2RR, supporting that the tip effect is more significant
than the C-CuO (Fig. 4f).

To further verify the role of the nanograins interfaces for C–C
coupling over L-CuxO-HC, we used DFT to calculate the energy bar-
riers for the C2H4 formation pathway. Here, Cu2O(110) and CuO(110)
slabs are first constructed as the nanograins of L-CuxO-HC based on
the STEM and XRD results (Fig. 4g and Supplementary Figs. 36–40).
Then, the energy barrier of each reaction step on the Cu2O(110) slab,
CuO(110) slab and Cu2O(110)/CuO(110) interfaces are calculated to
evaluate the catalytic performance of different catalytic sites in
L-CuxO-HC. The full reaction pathway (Supplementary Fig. 36) shows
that the rate-determining step (RDS) of Cu2O(110)/CuO(110),
Cu2O(110) and CuO(110) are the same, which is *CO + *CO→ *CO +
*COH, but it is smallest on Cu2O(110)/CuO(110) (0.78 eV), comparing
with Cu2O(110) (1.22 eV) and CuO(110) (1.4 eV). (Fig. 4g). Hence, C2H4

production happens more easily on the Cu2O(110)/CuO(110) inter-
face, indicating that these interfaces aremore catalytically active in L-
CuxO-HC. The *CO–*COH dimerization pathway has been reported
to be highly essential over other pathways, particularly for C2 pro-
ducts involving C–C coupling40–43. Furthermore, DFT calculations
reveal that the adsorption energy of the *OCCOH intermediate is
0.14 eV on Cu2O(110)/CuO(110), which is smaller than that on

Cu2O(110) (0.15 eV) and CuO(110) (0.61 eV) (Fig. 4g). We further
consider the pH effects on the reactions, which show similar trends
with a lower energy barrier at the CuO/Cu2O interfaces (Supple-
mentary Fig. 37). These results verify that the presence of abundant
interfaces is beneficial to the adsorption of the post-dimerization
intermediate (*OCCOH), thus reducing the energy barrier of C–C
dimerization. Our calculation mutually agreed with the in situ FTIR
and online DEMS analysis.

Electrochemical NITRR reduction performance and mechanism
investigations
The field effect and nanograins interfaces might also benefit other
multielectron electrochemical reactions. As a proof-of-concept
application, the electrocatalytic NITRR activity of catalysts was
evaluated using L-CuxO-HC in an H-type cell (Supplementary
Figs. 41–48). Figure 5a shows the LSV curves of L-CuxO-HC and glass
carbon in 1M KOH with and without 1M KNO3. Glass carbon elec-
trode shows similar currents in solutions with and without 1M KNO3,
mainly attributed to hydrogen evolution reaction (HER). In 1M KNO3

solution, the current density of the glass carbon is slightly higher in
KNO3-containing solution because of carbon defects, but the total
current remains negligible22,44. Notably, when using the L-CuxO-HC
catalyst, the onset potential is significantly reduced to +0.2 V and the
current density reaches >1000mA cm–2 at −1.2 V. Chrono-
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amperometry between −0.5 V and −1.0 V is performed; the NH3

detected by 1H nuclear magnetic resonance (NMR) and the FE are
summarized in Fig. 5b. Meanwhile, no N2, NO, N2O and NO2 can be
detected at all considered potentials according to the online elec-
trochemical mass spectrometry (OEMS) result for the possible gas-
eous products (Supplementary Fig. 43). L-CuxO-HC reaches >80%
FENH3 at the window from −0.8 V to −1.0 V and an NH3 yield rate of
81.8mg–1 h–1 mgCu

–1 at −1.0 V (Fig. 5c). We examine NH3 in nitrate-free
electrolyte and confirm that all our NH3 products are generated by
NITRR rather than by any contaminations (Fig. 5d). We also test
isotope-labeled before and after NITRR coupled to future ensures the
source of NH3 (Supplementary Fig. 49). As different wastewater may
have a varied nitrate concentration, we further examine the
L-CuxO-HC catalytic performance with different KNO3 concentra-
tions (Fig. 5e and Supplementary Figs. 50 and 51). L-CuxO-HC pre-
serves its high ammonia FE and activity under 0.1M and 0.5M KNO3

and delivers an NH3 partial current density of 353 and 573mA cm–2 at
−1.0 V, respectively. The FE(NH3) decreases with increasing KNO3

concentrations from 0.1M to 1M. Notably, the FENH3 could reach
~95% from −0.5 V to −1.0 V in 0.1M KNO3. The higher selectivity in
lower concentrations could be attributed to the competing adsorp-
tion between NO3

– and NO2
–. During NITRR, NO3

− is first reduced to
NO2

− and then undergoes deoxygenation and hydrogenation to form

NH3. When NO3
− is in higher concentration, the first step will com-

pete with the subsequential reduction, leading to a higher FENO2− in
1M KNO3 (Supplementary Fig. 52). To probe the durability, a stability
test was performed at −1.0 V for 10 consecutive electrolysis cycles;
each with refreshed electrolyte and lasting 30min. The current
density keeps relatively steady at ∼750mA cm−2 with a slight
decrease (Supplementary Fig. 53). The FENH3 and yield rate show
negligible decay over the whole test, implying high stability of the
catalyst (Fig. 5f).

We further used in situ FTIR to track intermediates adsorbed on
the surface. In Fig. 5g, five obvious absorption bands appear in the
spectra of L-CuxO-HC

20,44. Firstly, with the potential increased, the
upward absorption bands at 1354 cm−1 ascribe respectively to sym-
metric and asymmetric N-O stretching of NO3

−, indicating consump-
tion of NO3

−; at the same time, the downward band at 1236 cm−1 is
attributed to N-O antisymmetric stretching vibration of NO2

−, indi-
cating NO2

− formation from NO3
− reduction; with potential negatively

moving to 0.2 V, close to the onset potential of the LSV curve, another
intermediate observed around 1110 cm−1 was ascribed to N-O stretch-
ing vibration of hydroxylamine (NH2OH), which is a key intermediate
for NH3 formation. In addition, with the negative shift of the working
potential, the ratio of area of NO2

− relative to the sum area of NO2
− and

NH2OHproduction on L-CuxO-HCdropped sharply, indicating that the

-0.5 -0.6 -0.7 -0.8 -0.9 -1

0.1

0.5

1.0

EiR-free (V vs. RHE)

c N
O

- 3
)

M(

160

260

360

460

560

660

j N
H

3
(m

A 
cm

-2
)

-0.5 -0.6 -0.7 -0.8 -0.9 -1.0
0

20

40

60

80

100

FE
N

H
3

)
%(

EiR-free (V vs. RHE)
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0
j(

mc
A

-2
)

EiR-free (V vs. RHE)

Glass Carbon-w/o NO 3
-

Glass Carbon-with NO 3
-

L-CuxO-HC-w/o NO3
-

L-CuxO-HC-with NO3
-

-0.5 -0.6 -0.7 -0.8 -0.9 -1.0
0

20

40

60

80

N
H

3
dleiy

(
h

g
m

-1
g

m
C

u-1
)

EiR-free (V vs. RHE)

0

20

40

60

80

with NO3
-

N
H

3
dleiy

(
h

g
m

-1
g

m
C

u-1
)

without NO3
-

0

81.83225

0

200

400

600

800

1000

j(
m

A
cm

-2
)

60 70 80 90
100

200

300

400

500

600

700

0 200 400 600
0

20

40

60

80

acidic
neutral

Cu HoMSs 

Cu/C/PTFE

j(
C

2+
;

mc
A

m
-2

)

C2+ FE (%)

Cu-PTFE-99 NN

Defect-Site-Rich Cu

Cu dendrites

Cu-CuI

this workCO2RR NITRR

Cu
Fe/Ni2P

Cu70Ni30

Ru nanoclusters

Cu70Zn30

Ce-doped Cu
ZIFNC@GDY

Cu-cis-N2O2

this work

N
H

3 y
ie

ld
 (m

g-1
 h

-1
 m

g C
u-1

)

j (NH3; mA cm-2)

a b c

d e f

g

0.2 0.0 -0.2 -0.4 -0.6
0.15

0.20

0.25

0.30

0.35

A N
O

2- /A
N

O
2- +

A N
H

2O
H

EiR-free (V vs. RHE)
1000 1200 1400 1600 1800

*N
O

- 3

*H
2O

*N
H

2O
H

*N
H

2O
H

*N
H

2O
H

*N
O

2-

).u.a(
ytisnetnI

Wavenumber (cm-1)

L-CuxO-HC h

0 2 4 6 8 10
0

20

40

60

80

100

120

)
%(

EF

Cycle number (n)

NH3

NO2
-

0

20

40

60

80

N
H

3 y
ie

ld
 (m

g 
h-1

m
g C

u-1
)

Fig. 5 | Electrocatalytic NITRR performance and mechanism. a Linear scan vol-
tammetry curves of L-CuxO-HC and glass carbon in 1M KOH and 1M KOH+ 1M
KNO3. b FE of NH3 at different potentials. cNH3 yield rate of L-CuxO-HC at different
potentials. d NH3 yield rate and current density of L-CuxO-HC in 1M KOH+ 1M
KNO3 and 1MKOH. e Partial NH3 current densities of L-CuxO-HC in 1MKOH+0.1M
KNO3, 1MKOH+0.5MKNO3 and 1MKOH+ 1MKNO3. f Stability test on L-CuxO-HC

at −0.8 V vs. RHE for 10 cycles. g In situ ATR-FTIR measurement on L-CuxO-HC
during NITRR and ANO2-/ANO2- + ANH2OH. h Comparison of FE, product partial cur-
rent density and yield with other reported catalysts (see the Supplementary
Information for detailed references). Error bars represent the standard deviation of
three independent measurements.

Article https://doi.org/10.1038/s41467-023-43303-1

Nature Communications |         (2023) 14:7383 7



tip effect could deeply enhance the hydrogenation of *NO2 to the final
NH3 product.

We compare the FE, product partial current density and yield rate
with other reported catalysts shown in Fig. 5h. It shows that L-CuxO-HC
exhibits excellent performance in both CO2RR and NITRR, attributed
to the uniquemorphology and abundant nanograins interfaces. To our
knowledge, L-CuxO-HC is among the best-reported catalysts with
bifunctional activities (Supplementary tables. 3 and 4).

Practical applications of the NITRR and CO2RR
The chemical industryplays a key role in sustaining theworldeconomy
and underpinning future technologies2. Green chemistry aims to
design chemical products and processes that reduce or eliminate the
use or generation of hazardous substances3,5. Flue gases from fossil
fuel consumption and nitrate waste from industrial water are two
pollutants that cause the imbalance of carbon and nitrogen cycles. We
further show that L-CuxO-HC, as a bifunctional catalyst, could be
used for the cascade valorization of nitrate waste and flue gas. Speci-
fically, an alkaline ammonia solution from NITRR could be used to
capture CO2 from flue gases. The addition of acid will form
ammonium fertilizer and potash fertilizer (Fig. 6a) while releasing CO2

for further conversion into C2+ chemicals. Thus, coupling the NITRR-
CO2RR system reduces the chemical discharge that could be attractive
to the environment and economics for wastewater and waste gas
treatment.

Since industrial wastewater and polluted groundwater are mostly
complex and the solution has a wide range of acidity and alkalinity, we
assumed four different scenarios, including pure nitrate, acid (pH 3),
neutral (pH 7), and alkaline (pH 14). After electrolysis at ~600mAcm−2

for 1 h, the ammonia yield rate reaches 1380.97, 1309.59, 1593.17 and
2454.97mgL–1 h–1, and their CO2 capture values are ~22mgmL–1, ~24.2

and 30.8mgmL–1 and 41.8mgmL–1, respectively. The CO2 captured by
the initial NO3

– electrolytes is negligible; only alkaline have the ability
of CO2 capture, which also proves that the treated electrolyte after
NITRR is the main absorbent of CO2 (Fig. 6b, c). Finally, the ammonia
fertilizer and potash fertilizer are collected by rotary evaporation
(Fig. 6d and Supplementary Figs. 54–56).

Discussion
In conclusion, our study presents a laser-based method to design
bipyramid catalysts with tunable tip curvatures and abundant
nanograins interfaces, resulting in improved kinetics and thermo-
dynamics of multielectron reduction. The sharp tip geometry indu-
ces a localized strong electric field, improving electron transport and
ion concentration to regulate the reaction microenvironment in the
kinetic way. Simultaneously, the abundant Cu+/Cu2+ interfaces pro-
vide plenty of active sites and lower the reaction barrier to contribute
to C2+ pathways by boosting the formation of *OC-COH, thus
improving the reduction in the thermodynamics way. The combi-
nation of two effects leads to excellent catalytic performance.
Notably, we achieve a prominent C2+ partial current density of
665.9mA cm−2 with an FE of 81% for CO2RR, and an NH3 yield rate of
81.83mg h−1 mg−1 with a partial current density exceeding
600mA cm−2 for NITRR. These values are among the highest repor-
ted values for C2+ and NH3 production. We propose that L-CuxO-HC,
as a bifunctional catalyst, holds potential for application in the green
chemical industry, enabling the transformation of wastewater and
waste gas into valuable products. Our comprehensive in situ char-
acterizations, combined with finite element simulation and density
functional theory calculations, provide insights into the locally
enhanced electric field and interfaces active sites, which are crucial
for simultaneously improving both the C2+ FE and yield rate of
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CO2RR. Similarly, these unique structural features also contribute to
the outstanding NH3 production from NITRR. Our laser-based
synthesis approach, combining the dual effects of kinetics and
thermodynamics, will inspire the design of next-generation multi-
electron reduction catalysts for carbon and nitrogen cycling.

Methods
Material synthesis
Preparation of L-CuxO-HC. The synthesis of L-CuxO-HC was adapted
from a previous report45. A copper target immersed in deionizedwater
was ablated using a pulsed Nd:YAG laser (Nimma-600, Beamtech). The
laser parameters were set as follows: pulse width 7 fs, wavelength
1064 nm, and pulse frequency 15 Hz. The copper raw material with a
purity of 99.99% is made into a square target with a length of 20mm
and a thickness of 5mm. The target was placed in a 50ml beaker
containing deionized water which surface was 10mm higher than the
target surface. The laser ablation lasted for 60min to obtain a colloid
solution with Cu NPs, and then the products was enriched by a cen-
trifuge at 13,320 × g for 15min three times and then dry to obtain the L-
CuxO-HC powder.

Preparation of L-CuxO-MC and L-CuxO-LC. The L-CuxO-MC and
L-CuxO-LC were prepared by following the same procedure as for the
L-CuxO-HC NPs, except that the Cu target was placed in a 200ml
beaker, containing deionized water and then laser ablation lasted for
3 h and 1 h, respectively.

Preparation of Cu-tip. Cu-tip electrodes were prepared by an ano-
dized method35. The copper foil treated with 85% H3PO4 solution was
used as the working electrode, and the Ag/AgCl platinum plate was
used as the reference and counter electrodes. The copper foil was
electropolished by applying a constant voltage of 4 V for 30min, and
then rinsing the electrodes with deionized water. Polished copper foil
was used as the working electrode, platinum plate as the counter
electrode, Ag/AgCl as the reference electrode, and the copper foil was
anodized in 3M KOH electrolyte. Cu-tip were synthesized by applying
a constant current of 2mAcm−2 for 30min, and then ultrasonically
collected Cu-tip in ethanol to prepare Cu-tip GDL.

Characterizations
The high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) combined with Energy-dispersive X-ray
spectroscopy (EDX) was employed to record the STEM and mapping
images at an accelerating voltage of 200 kV. The X-ray diffraction
(XRD) patterns of the samples were measured by a Bruker D2 using a
Cu Kα source, with a scan step of 10° min−1 and a scan range between
10° and 80°. The X-ray photoelectron spectroscopy (XPS) data were
collected on a Thermo ESCALAB 250Xi spectrometer equipped with
a monochromatic AlK radiation source (1486.6 eV, pass energy
20.0 eV). The data were calibrated with C 1 s 284.8 eV. X-ray
absorption fine structure (XAFS) measurements were performed in
the transmission mode at beamline X-ray absorption fine structure
for catalysis of the Singapore Synchrotron Light Source operated at
700MeV with a beam current of 200mA. The data processing was
performed with the Athena and Artemis software packages. The
in situ electrochemical FTIR measurements were performed by using
a Thermo iS50. The online DEMS was provided by online analysis of
produced intermediates and products of catalysts during CO2RR in
flow cell. The concentrations of adsorbed K+ on electrodes were
detected by using a Thermo Scientific ICS-600 ion chromatograph
system.

Electrochemical measurements
Electrochemical reduction of carbon dioxide in a flow cell. CO2

reduction was conducted in a three-chamber flow cell. The CO2 gas

was supplied directly to the catalyst layer (cathode, working elec-
trode). The CO2 gas flow rate was controlled using a mass flow con-
troller and set to 10 sccm. 1M KOH solution was used as both the
catholyte and the anolyte. A platinum plate was used as the anode
(counter electrode). Peristaltic pumps were used to control the flow
rate of the electrolytes at ~10mlmin−1. An AEM (FAA-3-PK-75, Fuma-
tech) was used to separate the cathode and anode chambers. The Ag/
AgCl (1M KOH, Gaossunion Co., Ltd., Tianjin) was used as the
reference electrode. Electrolysis experiments were conducted using
chronoamperometry by a CHI 650 electrochemical workstation
(Chenhua, Shanghai). For each measurement, products were quan-
tified after the amount of electron flowing through the cathode
stable and at least three replicates were conducted to obtain an
average value with the standard deviation. It should be noted that iR
correction was not performed. For the neutral and acid, they were
prepared by the same procedure as alkaline, except that the elec-
trolyte changes to 0.5M K2SO4 and 0.01M H3PO4 + Saturated K2SO4

for the neutral and acid, respectively.

Electrochemical reduction of potassium nitrate in a H-cell. All
NITRR experiments were performed in a two-chamber H cell sepa-
rated by an ion exchange membrane (Nafion 117) using a three-
electrode system connected to a CHI 650 electrochemical work-
station (Chenhua, Shanghai)18. The obtained L-CuxO-HC loading on
0.5 cm2 glass carbon was used as the working electrode, with Hg/HgO
and platinum plate as the reference electrodeand counter electrode,
respectively18. The cathode electrolyte and anode electrolyte were
15mLmixed KOH/KNO3 solution (with different configurations). Line
scan voltammetry (LSV) was performed at a scan rate of 10mV s−1.
The potentiostatic tests were carried out at different potentials for
3600 s with a stirring rate of 800 rpm and the potential range for
measuring the NH3 FEs and yield rates was from −0.5 V to −1.0 V vs.
RHE with intervals of −0.1 V. All potentials were recorded against
the reversible hydrogen electrode (RHE) using ERHE = EHg/
HgO + 0.0591*pH +0.098. Isotope labeling experiments were per-
formed at −0.8 V vs. RHE, and 15NO3

− was used as the electrolyte N
source. Unless otherwise specified, all measurements were carried
out in an environmental chamber and environmental temperature
without iR-compensation.

Product detection
The gas and liquid products under different potentials during CO2RR
through the online gas chromatograph (GC) and nuclear magnetic
resonance (NMR).

Ammonia detection. 1H nuclear magnetic resonance (1H NMR) was
recorded on an AVANCE III HD 300 system for detection of ammonia.
First, 2MHClwas added to adjust the pHof the collected electrolyte to
a weak acid. Then maleic acid (C4H4O4, 50 ppm) was used as the
external standard, and the peak area ratio of NH4

+ andmaleic acid was
used to calibrate the NH4

+ standard curve. Isotopic labeling experi-
ments are also measured via the same process.

Nitrite detection. The nitrite concentration was measured by UV–vis
spectrophotometry according to a previous report19. First, amixture of
deionized water (50ml), N-(1-naphthyl) ethylenediamine dihy-
drochloride (0.2 g), p-aminobenzene sulfonamide (4 g) and phos-
phoric acid (10ml, ρ = 1.685 gml–1) was used as the color reagent.
Before detecting, the collected electrolyte sample was diluted to the
detection range. Next, 40 µl of the color reagent mixed with the 2.0ml
sample solution thoroughly, and rested at ambient conditions for
20min. The absorption intensity at a wavelength of 540nm was
measured by ultraviolet-visible spectrophotometry (UV-2600) using a
series of pre-prepared potassium nitrite standard solutions and linear
fitting to calibrate the concentration-absorbance curve.
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The Faradaic efficiency (FE), yield, and selectivity were calculated
according to the following equation:

FEgas =
Qgas

Qtotal
× 100%=

ngas ×N × F

j × t
× 100%=

P
RT ×N × F

j
× v× 100%

ð1Þ

FEliquid =
Qliquid

Qtotal
× 100%=

nliquid ×N × F
j × t

× 100% ð2Þ

YieldNH3 or C2H4 =
nNH3 or C2H4 ×MNH3or C2H4

mCu × t
ð3Þ

SelectivityNO3� =
FENH3 or NO2�

FENH3 + FENO2�
ð4Þ

n is the amount of product (mol), N is the number of electron trans-
ferred to form a molecule of product; F = 95200Cmol−1 is Faraday
constant, P is the atmosphere pressure (Pa), T = 298K is the tempera-
ture (K) and R is the molar gas constant = 8.31 J (mol K) −1, ν is gas flow
rate, j is the total current, t is the electrolysis time (s), M is the Molar
mass of product (g mol−1), m is the quality of copper (mg).

K+ adsorption measurement. The concentrations of adsorbed K+ on
electrodes were performed in 0.1M KHCO3 solution by using a three-
electrode system and an ion chromatograph25. All the electrodes were
run in 0.1M KHCO3 solution with an applied voltage at −1.0 V vs RHE.
When the running time reached 200 s, the electrode was directly
raised above the electrolyte and then transferred with voltage and
immersed in 10mL of pure water. Next, the applied potential was
removed, and shaking the electrode lasted for 1min in pure water, to
enable the adsorbed K+ on the surface of catalysts to be completely
released into the pure water. The concentration of K+ in the water was
checked using an IC after repeating the above process 10 times.

OH− electro adsorption measurements. In-situ OHads studies were
conducted by flowing Ar in the H-cell. First, CO2 electrolysis was con-
ducted at a constant potential of −0.5 V versus the RHE for 30min by
switching the gas feed to CO2. Immediately after electrolysis, the gas
feed was switched to Ar, and then cyclic voltammetry (20mV s−1) was
performed.

In-situ FTIR spectroscopy. In-situ FTIR spectra were acquired in a
three-electrode cell with a Thermo Scientific Nicolet iS50 equipped.
Ag/AgCl and Pt wire were used as the reference electrode and counter
electrode, respectively. 0.1M CO2-saturated KHCO3 was taken as the
electrolyte. Each spectrum was recorded by 32 scans at an 8 cm−1

spectral resolution.

Online DEMS. The flow cell was used during the DEMSmeasurements.
Carbon paper coated with L-CuxO-HC electrocatalysts, Ag/AgCl, and
platinum plate were used as the working electrode, the reference
electrode and the counter electrode, respectively. LSV technology was
employed from 0 to −2.4 V at a scan rate of 5mV s−1 until the baseline
kept steady. Then, the correspondingmass signals appeared. After the
electrochemical test wasover and themass signal returned to baseline,
the next cycle was started using the same test conditions to avoid
accidental errors during DEMS measurements. After four cycles, the
experiment ended.

Practical applications of the NITRR and CO2RR. The different elec-
trolytes were obtained close to 600mAcm−2 under NTIRR after 1 h in
relative electrolysis. Then the CO2 was injected at a flow rate of
10mLmin−1 for 15min into obtained 10mL of NITRR electrolytes or

other prepared solution. The capture of CO2 was confirmed by titra-
tion using a calibrated hydrochloric acid solution (1M). First, adding
50 uL bromocresol green-methyl red to the obtained colorless solu-
tion, hydrochloric acid solution was added until the color of the
solution changed from green to pink. The molar mass of hydrochloric
acid containedwas equal to that of the absorbedCO2

18. The absorption
capacity of some solutions was estimated by three independent tests.
After adding acid to neutralize the electrolyte, pass through a rotary
evaporator to obtain ammoniummixture crystals, and then place it in
an oven overnight to obtain the final product.

Theoretical simulations of finite-element method (FEM). The 2D
models were constructed to simplify the theoretical model, which
represent the surface of the L-CuxO. The geometric dimension of the
L-CuxO was obtained from the SEM. The electric field (E) distribution
was described by the following equation,

E = � ∇V ð5Þ

ρ= εrε0∇ � E ð6Þ

where V, ρ, ε0, and εr represent the applied potential bias, charge
density, dielectric in vacuum and materials, respectively. E was the
negative gradient of the electric potential.

The relatedmaterials’ electrical conductivities were set according
to the previous reference and the boundary condition was set as fol-
lows:

~n � J =0 ð7Þ

The ion absorption behavior was described by the
Poisson–Nernst–Planck equations,

∇ � D∇ci +
Dzie
kBT

ci∇V
� �

=0 ð8Þ

where c, D, z, e, kB, and T are the ion concentrations, diffusion coeffi-
cients, ion valences, the elementary charge, Boltzmann constant, and
the absolute temperature, respectively46.

To ensure the high accuracy of the simulation, the densest con-
ventional triangular meshes were used for all simulations, where the
maximum element size was 1 nm. The maximum element size was set
as 10 nm in the bulk electrolyte.

Computational methods. The density functional theory (DFT) calcu-
lations were conducted by the Vienna ab initio simulation package
(VASP).47. Projector augmented wave (PAW) pseudopotential is
applied for the core electrons and the generalized gradient approx-
imation (GGA) in the form of Perdew−Burke−Ernzerhof (PBE) for the
exchange-correlation potentials48,49. The cutoff energy is 450 eV for
the valence electrons. The atoms were fully relaxed until the energy
convergence reached 0.00001 eV, and the force acting on each atom
was less than 0.02 eV/Å. The Van der Waals interaction was calculated
at the DFT-D3 level as proposed by Grimme with the IVDW value of
1250,51. Initial structures of CuO and Cu2O were obtained from the
Materials Project database based on our XRD and TEM results52. After
building the slab models, a vacuum layer of 15 Å was added to avoid
interactions between adjacent images. These slabmodels’ bottom two
atomic layers were kept fixed during the simulations.

TheCO2 andNO3
- reduction reactionsweremodeled based on the

computational hydrogen electrode model (CHE)53, where the free
energy of proton and electron pair is half of the free energy of free
hydrogen gas molecule, which means, G(H+ + e–) = 0.5G(H2), when
pH=0. The Gibbs free energy change for each reaction step is
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calculated as,

ΔG=
X

GðproductsÞ �
X

GðreactantsÞ ð9Þ

Where GðiÞ is the Gibbs free energy of species i. Gibbs free energy of
each species was calculated as G= E + ZPE � TS, where E is the total
energy obtained from DFT calculations, ZPE is the zero-point energy,
and S is the entropy. Temperature T was set to be 300K. We further
studied several key reaction steps considering the solvent effect and
the pH effect. The solvent effect was studied with the code VASPsol
using the Poisson–Boltzmann implicit solvationmodelwith adielectric
constant ε = 78.4 for water. To include the pH effect, for reaction with
proton involved, a correction term ΔGpH =0:059×pH was added to
the right side of the above equation.

Data availability
All data generated or analyzed during this study are included in this
published article and Supplementary Information files) or can be
obtained from the authors on reasonable request.

References
1. Chu, S. & Majumdar, A. Opportunities and challenges for a sus-

tainable energy future. Nature 488, 294–303 (2012).
2. Poliakoff, M., Fitzpatrick, J. M., Farren, T. R. & Anastas, P. T. Green

chemistry: Science and politics of change. Science 297,
807 (2002).

3. Zimmerman, J. B., Anastas, P. T., Erythropel, H. C. & Leitner, W.
Designing for a green chemistry future. Science 367,
397–400 (2020).

4. He, M., Sun, Y. & Han, B. Green carbon science: efficient
carbon resource processing, utilization, and recycling towards
carbon neutrality. Angew. Chem. Int. Ed. Engl. 61,
e202112835 (2021).

5. Li, C. J. & Anastas, P. T. Green chemistry: present and future.Chem.
Soc. Rev. 41, 1413–1414 (2012).

6. Bushuyev, O. S. et al. What should we make with CO2 and how can
we make it? Joule 2, 825–832 (2018).

7. Fang, M. et al. Hydrophobic, ultrastable Cuδ+ for robust CO2 elec-
troreduction to C2 products at ampere-current levels. J. Am. Chem.
Soc. 145, 11323–11332 (2023).

8. Zhong, M. et al. Accelerated discovery of CO2 electrocatalysts
using active machine learning. Nature 581, 178–183, (2020).

9. Zhu, P. & Wang, H. High-purity and high-concentration liquid fuels
through CO2 electroreduction. Nat. Catal. 4, 943–951 (2021).

10. Song, Y. et al. Atomically thin, ionic–covalent organic nanosheets
for stable, high-performance carbon dioxide electroreduction. Adv.
Mater. 34, 2110496 (2022).

11. Guo, W. et al. Transient solid-state laser activation of indium for
high-performance reduction of CO2 to formate. Small 18,
2201311 (2022).

12. Ma, Y. et al. Confined growth of silver-copper janus nanostructures
with {100} facets for highly selective tandem electrocatalytic car-
bon dioxide reduction. Adv. Mater. 34, 2110607 (2022).

13. Ma, Z. et al. CO2 electroreduction to multicarbon products in
strongly acidic electrolyte via synergistically modulating the local
microenvironment. Nat. Commun. 13, 7596 (2022).

14. Su, J. et al. Building a stable cationic molecule/electrode interface
for highly efficient and durable CO2 reduction at an industrially
relevant current. Energy Environ. Sci. 14, 483–492 (2021).

15. Su, J. et al. Strain enhances the activity of molecular electro-
catalysts via carbon nanotube supports. Nat. Catal. 6,
818–828 (2023).

16. Han, S. et al. Ultralow overpotential nitrate reduction to
ammonia via a three-step relay mechanism. Nat. Catal. 6,
402–414 (2023).

17. Zhang, R. et al. Efficient ammonia electrosynthesis and energy
conversion through a Zn‐nitrate battery by iron doping engineered
nickel phosphide catalyst. Adv. Energy Mater. 12, 2103872 (2022).

18. Fan, K. et al. Active hydrogen boosts electrochemical nitrate
reduction to ammonia. Nat. Commun. 13, 7958 (2022).

19. Chen, F. Y. et al. Efficient conversion of low-concentration nitrate
sources into ammonia on a Ru-dispersed Cu nanowire electro-
catalyst. Nat. Nanotechnol. 17, 759–767 (2022).

20. Fang, J. Y. et al. Ampere-level current density ammonia electro-
chemical synthesis using CuCo nanosheets simulating nitrite
reductase bifunctional nature. Nat. Commun. 13, 7899 (2022).

21. Gao, D., Arán-Ais, R. M., Jeon, H. S. & Roldan Cuenya, B. Rational
catalyst and electrolyte design for CO2 electroreduction towards
multicarbon products. Nat. Catal. 2, 198–210 (2019).

22. Cheng, L. et al. Steering the topological defects in amorphous
laser-induced graphene for direct nitrate-to-ammonia electro-
reduction. ACS Catal. 12, 11639–11650 (2022).

23. Zambelli, T., Trost, J.W. J. & Ertl, G. Identificationof the “active sites”
of a surface-catalyzed reaction. Science 273, 1688 (1996).

24. Federico, C. V. et al. Finding optimal surface sites on heterogeneous
catalysts by counting nearest neighbors. Science 350, 185 (2015).

25. Yang, B. et al. Accelerating CO2 electroreduction to multicarbon
products via synergistic electric–thermal field on copper nano-
needles. J. Am. Chem. Soc. 144, 3039–3049 (2022).

26. Liu, M. et al. Enhanced electrocatalytic CO2 reduction via field-
induced reagent concentration. Nature 537, 382–386 (2016).

27. Zhou, Y. et al. Vertical Cu nanoneedle arrays enhance the local
electric field promoting C2 hydrocarbons in the CO2 electro-
reduction. Nano Lett. 5, 1963–1970 (2022).

28. Liu,W. et al. Electrochemical CO2 reduction to ethylene byultrathin
CuO nanoplate arrays. Nat. Commun. 13, 1877 (2022).

29. Arán-Ais, R. M. et al. The role of in situ generated morphological
motifs and Cu(i) species in C2+ product selectivity during CO2

pulsed electroreduction. Nat. Energy 5, 317–325 (2020).
30. Scholten, F., Sinev, I., Bernal, M. & Roldan Cuenya, B. Plasma-

modified dendritic Cu catalyst for CO2 electroreduction.ACSCatal.
9, 5496–5502 (2019).

31. Velasco-Vélez, J.-J. et al. The role of the copper oxidation state in
the electrocatalytic reduction of CO2 into valuable hydrocarbons.
ACS Sustain. Chem. Eng. 7, 1485–1492 (2018).

32. Chou, T. C. et al. Controlling the oxidation state of the cu electrode
and reaction intermediates for electrochemical CO2 reduction to
ethylene. J. Am. Chem. Soc. 142, 2857–2867 (2020).

33. Zhou, X. et al. Stabilizing Cu2+ ions by solid solutions to promote
CO2 electroreduction to methane. J. Am. Chem. Soc. 144,
2079–2084 (2022).

34. Li, H. et al. C2+ selectivity for CO2 electroreduction on oxidized Cu-
based catalysts. J. Am. Chem. Soc. 145, 14335–14344 (2023).

35. Lee, S. Y. et al. Mixed copper states in anodized cu electrocatalyst
for stable and selective ethylene production fromCO2 reduction. J.
Am. Chem. Soc. 140, 8681–8689 (2018).

36. Dinh, C. T. et al. CO2 electroreduction to ethylene via hydroxide-
mediated copper catalysis at an abrupt interface. Science 360,
783–787 (2018).

37. Zhang, G. et al. Efficient CO2 electroreduction on facet-selective
copper films with high conversion rate. Nat. Commun. 12,
5745 (2021).

38. Vasileff, A. et al. Surface and interface engineering in copper-based
bimetallic materials for selective CO2 electroreduction. Chem 4,
1809–1831 (2018).

39. Zhang, W. et al. Atypical oxygen-bearing copper boosts ethylene
selectivity toward electrocatalytic CO2 reduction. J. Am. Chem.
Soc. 142, 11417–11427 (2020).

40. Wang, P. et al. Boosting electrocatalytic CO2-to-ethanol production
via asymmetric C-C coupling. Nat. Commun. 13, 3754 (2022).

Article https://doi.org/10.1038/s41467-023-43303-1

Nature Communications |         (2023) 14:7383 11



41. Ma, W. et al. Electrocatalytic reduction of CO2 to ethylene and
ethanol through hydrogen-assisted C–C coupling over fluorine-
modified copper. Nat. Catal. 3, 478–487 (2020).

42. Sun, H. et al. Promoting ethylene production over a wide potential
window on Cu crystallites induced and stabilized via current shock
and charge delocalization. Nat. Commun. 12, 6823 (2021).

43. Chhetri, M. et al. Dual-site catalysts featuring platinum-group-metal
atoms on copper shapes boost hydrocarbon formations in elec-
trocatalytic CO2 reduction. Nat. Commun. 14, 3075 (2023).

44. Huang, L. et al. Direct synthesis of ammonia from nitrate on amor-
phous graphene with near 100% efficiency. Adv. Mater. 35,
2211856 (2023).

45. Li, Z. et al. A silver catalyst activated by stacking faults for the
hydrogen evolution reaction. Nat. Catal. 2, 1107–1114 (2019).

46. Yang, X. et al. “Tip effect” of hexagram-like Co-doped MoC het-
erostructure for hydrogen evolution reaction. Appl. Surf. Sci. 627,
157284 (2023).

47. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy cal-
culations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 6, 15–50 (1996).

48. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B
Condens. Matter 50, 17953–17979 (1994).

49. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

50. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

51. Tan, X. et al. A Sn-stabilized Cuδ+ electrocatalyst toward highly
selective CO2-to-CO in a wide potential range. Chem. Sci. 13,
11918–11925 (2022).

52. Jain, A. et al. Commentary: the materials project: a materials gen-
ome approach to accelerating materials innovation. APL Mater. 1,
011002 (2013).

53. Nørskov, J. K. et al. Origin of the overpotential for oxygen reduction
at a fuel-cell cathode. J. Phys. Chem. B. 108, 17886–17892 (2004).

Acknowledgements
R.Y. acknowledges support from Guangdong Basic and Applied Basic
Research Fund (2022A1515011333), Hong Kong Research Grant Council
(11309723), the Shenzhen Science and Technology Program
(JCYJ20220818101204009) andState Key Laboratory ofMarinePollution
(SKLMP/IRF/0029). B.Z.T. acknowledges support from Shenzhen Key
Laboratory of Functional Aggregate Materials
(ZDSYS20211021111400001), the Science Technology Innovation Com-
mission of Shenzhen Municipality (KQTD20210811090142053,
JCYJ20220818103007014).

Author contributions
R.Y. conceived and designed the research. R.Y., B.T. and B.Y. supervised
the research. W.G. carried out most of the experiments and S.Z. per-
formed the calculations. H.W. and M.Z. performed the in situ Fourier
transform infrared studies. S.X. performed the X-ray absorption spec-
troscopy experiment and analysis. J.Z., Y.M., Y.S., L.Cheng, L.Chang,
G.L., Y.L., G.W., L.G. and X.W. conducted part of the experiments. R.Y.
and W.G. analyzed the data and wrote the manuscript with input from
the other authors.

Competing interests
The authors declare no competing interests

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43303-1.

Correspondence and requests for materials should be addressed to
Minghui Zhu, Shibo Xi, Boris I. Yakobson, Ben Zhong Tang or Ruquan Ye.

Peer review information Nature Communications thanks Ke Chu, Sou-
myodip Banerjee and the other, anonymous, reviewer(s) for their con-
tribution to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

1Department of Chemistry, State Key Laboratory of Marine Pollution, City University of Hong Kong, Hong Kong 999077, China. 2City University of Hong Kong
Shenzhen Research Institute, Shenzhen 518057 Guangdong, China. 3Department of Chemistry and the Hong Kong Branch of Chinese National Engineering
Research Center for Tissue Restoration and Reconstruction, The Hong Kong University of Science and Technology, Hong Kong 999077, China. 4Department
of Materials Science and Nano Engineering, Rice University, 6100Main Street, Houston, TX 77005, USA. 5State Key Laboratory of Chemical Engineering, East
China University of Science and Technology, Shanghai 200237, China. 6Institute of Materials Research, Tsinghua Shenzhen International Graduate School,
Tsinghua University, Shenzhen 518055Guangdong, China. 7Institute of Chemical and Engineering Sciences, A*STAR, Singapore 627833, Singapore. 8School
of Energy and Environment, City University of Hong Kong, Hong Kong 999077, China. 9School of Science and Engineering, Shenzhen Institute of Aggregate
Science andTechnology, TheChineseUniversity ofHongKong, Shenzhen518172Guangdong,China.10These authors contributedequally:WeihuaGuo, Siwei
Zhang. e-mail: minghuizhu@ecust.edu.cn; xi_shibo@ices.astar.edu.sg; biy@rice.edu; tangbenz@cuhk.edu.cn; ruquanye@cityu.edu.hk

Article https://doi.org/10.1038/s41467-023-43303-1

Nature Communications |         (2023) 14:7383 12

https://doi.org/10.1038/s41467-023-43303-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:minghuizhu@ecust.edu.cn
mailto:xi_shibo@ices.astar.edu.sg
mailto:biy@rice.edu
mailto:tangbenz@cuhk.edu.cn
mailto:ruquanye@cityu.edu.hk

	Accelerating multielectron reduction at CuxO nanograins interfaces with controlled local electric�field
	Result
	Synthesis and structure characterization of L-CuxO catalysts
	Electrochemical CO2RR Performance
	Built-in electric field mechanism investigations
	Nanograins Cu+/Cu2+ interfaces mechanism investigations
	Electrochemical NITRR reduction performance and mechanism investigations
	Practical applications of the NITRR and CO2RR

	Discussion
	Methods
	Material synthesis
	Preparation of L-CuxO-HC
	Preparation of L-CuxO-MC and L-CuxO-LC
	Preparation of Cu-tip
	Characterizations
	Electrochemical measurements
	Electrochemical reduction of carbon dioxide in a flow�cell
	Electrochemical reduction of potassium nitrate in a H-cell
	Product detection
	Ammonia detection
	Nitrite detection
	K+ adsorption measurement
	OH− electro adsorption measurements
	In-situ FTIR spectroscopy
	Online�DEMS
	Practical applications of the NITRR and CO2RR
	Theoretical simulations of finite-element method�(FEM)
	Computational methods

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




