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Supplementary Fig. 1. Schematic illustration for the synthesis of L-CuxO-HC by
laser. Yellow represents laser signal, orange represents copper target, blue represents
deionized water, and red represents copper particles.
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Supplementary Fig. 2. The growth process of L-CuxO-HC and its structural
evolution during the synthetic process. (a) SEM images of L-CuxO-HC in different
time during laser ablation. (b) XRD pattern of L-CuO-HC in different. At first, the
PLAL procedure yielded dispersed nanoparticles which were characterized as pure
amorphous copper oxide (CuxO) according to X-ray diffraction (XRD). The formation
of oxide nanoparticles could be ascribed to the reaction of Cu nanoparticles generated
by laser ablation with dissolved oxygen in water. Afterwards, these were gradually
oxidized to CuxO nanoparticles (10 mins). Next, the CuxO nanoparticles self-assembled
into loosely interconnected agglomerates and further merged to form a double vertebral
body structure (30 mins), which kept growing and ripening, to develop into CuO
bundles eventually (60 mins).
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Supplementary Fig. 3 The growth process of L-CuxO-HC and its structural
evolution during the synthetic process. TEM of L-CusO-HC in different time
during laser ablation.
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Supplementary Fig. 4. Structural characterization of L-CuxO-HC. (a) SEM image.
(b) Low - magnification and (c) high-magnification TEM images. (d) Typical EDS
spectra of L-CuxO-HC.
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Supplementary Fig. 5. Structural characterization of L-CuxO-HC. Energy-

dispersive X-ray spectroscopy (EDX) elemental mapping of L-CuxO-HC. The results
reveal that Cu and O are uniformly distributed in the catalyst.
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Supplementary Fig. 6. Structural characterization of L-CuxO-HC. (a-d) Spherical
aberration -corrected high-resolution HAADF-STEM images and (e) STEM of L-
CuxO-HC. (Dashed polyline is step fault.)



Supplementary Fig. 7. Structural characterization of L-CuxO-HC. (a-f) Spherical
aberration -corrected high-resolution HAADF-STEM images of L-CuxO-HC. (White
circles is interface and dashed polyline is step fault.)
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Supplementary Fig. 8. Structural characterization of L-CuxO-HC. (a,b) Spherical
aberration-corrected high-resolution HAADF-STEM images and the corresponding
electron energy loss spectroscopy (EELS) spectra of O K-edge and Cu L-edge and fitted
atomic percent of L-CuxO-HC.
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Supplementary Fig. 9. Structural characterization of L-CuxO-HC. (a) Spherical
aberration -corrected high-resolution HAADF-STEM images and corresponding FFT
pattern and (b) selected area electron diffraction (SAED) of L-CuxO-HC.
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Supplementary Fig. 10. Structural characterization of L-CuxO-MC. (a) Low-
magnification TEM images. (b) EDX elemental mapping images. (c) Typical EDS
spectra and (d) XRD pattern of L-Cu,O-MC.
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Supplementary Fig. 11. Structural characterization of L-CuxO-LC. (a) Low-
magnification TEM images. (b) EDX elemental mapping images. (c) Typical EDS
spectra and (d) XRD pattern of L-CuxO-LC.
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Supplementary Fig. 12. Structural characterization of L-CuxO with different tip
angles. (a) XPS spectra and (b) XRD pattern of L-Cu,O-HC, L-CuxO-MC and L-CuxO-
LC.



Supplementary Fig. 13. Structural characterization of L-CuxO with different tip
angles. (a, c, ¢) TEM images and (b, d, f) EDX mapping images of L-CuxO-HC, L-
CuxO-MC and L-CuxO-LC, respectively.



Supplementary Fig. 14. Structural characterization of Cu-TIP. SEM images of Cu-

TIP.
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Supplementary Fig. 15. Structural characterization of C-Cu and C-CuO. (a, b)
SEM images and (c) XRD pattern of C-Cu. (d, €) SEM images and (f) XRD pattern of
C-CuO.
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Supplementary Fig. 16. Representative GC traces of the gas products (CO, C2Ha4,
CH4 and H3). (a) FID detector traces and (b) TCD detector traces form GC.
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Supplementary Fig. 17. Representative NMR spectra of liquid products. (a)
Representative '"H-NMR spectrum of liquid products. (b) Representative 'H-NMR
spectrum of liquid products enlarges form (a).
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Supplementary Fig. 18. CO2RR performance in flow cell. (a-c) FE of different
products during CO2RR and (d-f) Chronoamperometry curves at different potentials of
L-CuxO-HC, L-CuxO-MC and L-CuxO-LC, respectively. The error bars indicate
standard deviation among values from three repeated measurements.
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Supplementary Fig. 19. CO2RR performance in flow cell. Current density of each
CO2RR product and H; on L-CuxO-HC at different applied potentials in 1 M KOH
(without iR-correction). The error bars indicate standard deviation among values from
three repeated measurements.
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Supplementary Fig. 20. Electrochemical characterization. EIS measurement of L-
CuxO-HC at different potentials in 1 M KOH electrolyte with a scanning frequency
range from 1000 kHz to 0.1 Hz.
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Supplementary Fig. 21. CO2RR performance in flow cell. (a-c) FE of different
products during CO2RR and (d-f) Chronoamperometry curves at different potentials of
Cu-TIP, C-CuO and C-Cu, respectively. The error bars indicate standard deviation
among values from three repeated measurements.
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Supplementary Fig. 22. CO:2RR performance in flow cell at different potential with
80% iR-compensation. (a) CoH4 Current density of different catalysts. (b) Ratio of
FEc»+/FEm at different potential and (c) FE of different C,+ products during CO,RR at
different potentials, respectively.
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Supplementary Fig. 23. Characterizations of the tested L-CuxO-HC. (a-¢) TEM
images and (f) SEM image of L-CuxO-HC after stability test. (Blue circle is the carbon
black from GDL)

Supplementary Fig. 24. Characterizations of the tested L-CuxO-HC. (a-d) SEM
images of L-CuxO-HC after stability test.



Supplementary Fig. 25. Optical photograph of the electrochemical process over
CO2RR. (a) Photography of the flow cell device. (b) Front and (c) back of GDL loading
with L-CuxO-HC after electrochemical CO».
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Supplementary Fig. 26. Characterizations of the tested L-CuxO-HC. (a) XRD
pattern. (b) O s XPS spectra and (c) Cu 2p XPS spectra of L-Cu,O-HC before and
after stability test.



(o

a
- —— L-Cu,0-BF
S —— L-CuxO-AF
9‘/ 1.2 —~ C-Cu
S

c ;

ie) )

3 0.8 —

L — ~

3 3

R —— L-CuxO-HC-BF =

S 0.4- —— L-CuxO-HC-AF | R

E‘ —.=C-Cu =

= C-Cu0 L

o C-Cu,0

Z 0.0

8060 8980 9000 9020 9040 9060 O 2 4 6 8 10
Energy (eV) R &)
Supplementary Fig. 27. Characterizations of the tested L-CuxO-HC. (a)

Normalized XANES, (b) Fourier transformed EXAFS of L-CuxO-HC before and after
COzRR.
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Supplementary Fig. 28. Electrochemical characterization. EIS measurement before
and after stability in L-CuxO-HC taken at -0.1 V vs. RHE in 1 M KOH electrolyte with

a scanning frequency range from 1000 kHz to 0.1 Hz.
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Supplementary Fig. 29. X-ray diffraction (XRD) study in 1 M KOH electrolyte
with flow cell. A customized electrochemical cell was used with a Pt wire and an
Ag/AgCl electrode as the counter and reference electrodes, respectively. The cathode
and anode compartments were separated using an AEM membrane. The catalysts were
dropped onto gas diffusion electrode as the working electrode. The measurements were
conducted in open circuit potential and from —0.8 V to -3.2 V vs. RHE without iR

correction. The XRD of the working electrodes was recorded immediately after the
electrolysis at each potential
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Supplementary Fig. 30. Theoretical Simulations. Electric field intensity distribution
on the electrode surface when the tip angle is (a) 15°, (b) 30°, (c) 60°, (d) 90°.
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Supplementary Fig. 31. CO2RR performance in flow cell. (a, b) FE of different
products during CO,RR at different potentials and (c, d) FE of different products at
different current density of L-CuxO-HC in acid and neutral, respectively. The error bars
indicate standard deviation among values from three repeated measurements.



—4—C,H,——CO H, Acetate —4—C,H,—#—CO H, Acetate —4—C,H,——CO H, Acetate
i Ethanol —<— n-Pron Formate 4 Ethanol —— n-Pron Formate Ethanol —4— n-Pron Formate
60 ; 60+ N 60+
50 50+ 2
S 401 K404
W 30 | W 30 A
30 30 N
20 20+ AN
/ N 'Y
10+ 10
4 e /
0 - 0 ;//* \V:;';’!::;m:f —_— ol 777”,“/,,,,47**”""’/<777F —
0 200 400 600 800 1000 0 200 400 600 800 1000 60 100 170 250 430 500 600
Current density (mA cm?) Current density (mA cm?) Current density (mA cm?)

Supplementary Fig. 32. CO2RR performance in flow cell at different current
density. (a-c) FE of different products during CO2RR at different current density in (a)
alkaline, (b) neutral and (c) acid environment, respectively.
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Supplementary Fig. 33. Research on the effect of electric field on cations. (a) Cation
adsorption experiment and (b) FE of each product in electrolytes with different cations
of L-CuxO-HC and C-CuO at their best potential; (c, €) FE of each product at different
potentials and (d, f) the corresponding i-t curves of L-CuyO-HC and C-CuO in
electrolytes with Cs* cations, respectively. The error bars indicate standard deviation
among values from three repeated measurements.

We conducted the adsorption reactions of lithium ions and cesium ions separately on
L-CuxO-HC (high electric field) and C-CuO (low electric field). According to the
results of cation adsorption experiments, the strong electrostatic field at the tip
curvature could increase the accumulation of different cations with 2-4 times, and
meanwhile, the electrostatic field at the tip correlates with cations (Supplementary Fig.
33). Then we conducted their carbon dioxide catalytic performance in different
solutions. However, in lithium hydroxide solution, due to severe flooding and hydrogen
production, gas products could not be collected in the online testing system and there
was almost no liquid product according to NMR result, so we only compared the
catalytic performance with potassium and cesium ions. It is found that in potassium
hydroxide or cesium hydroxide solutions, the FE of the product does not change much
for L-CuxO-HC and C-CuO. In terms of current density, the current density of C-CuO
in cesium hydroxide increases compared to that in potassium hydroxide, possibly due
to the cationic effect. This is mainly because the corrected Stokes radius of hydrated
cations show a decreasing trend from Li* to K™ and Cs*, which is contrary to that of the
ionic radius of cations (Supplementary Table 1). The difference in Stokes radius can
lead to a varied change in the total amount of cations in the vicinity of the electrode and
the electric field at the tip curvature will intensify the difference in the total amount of
cation adsorption, resulting in different CO,RR performances'*.
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Supplementary Fig. 34. Fitting results of Cu K-edge EXAFS spectra of different
catalysts. Fourier transform of Cu-K edge EXAFS fitting results of (a) L-CuxO-HC, (b)

L-CuxO-MC and (c¢) L-CuxO-LC, respectively.
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Supplementary Fig. 35. Product analysis. Online DEMS over (a) C-Cu (b) C-Cu20
and (¢) C-CuQO, respectively. Reliable onset potential evolutions of a variety of
CO2RR products on commercial Cu, Cu,0 and CuO have not been reported before. We
noted that CO, C,H4 and CH4 generated in a different order with different Cu oxygen
content during CO2RR process. From result of DEMS on commercial Cu, Cu,O and
CuO, we find methane is gradually difficult to produce with oxygen content increase
from Cu to CuO, while C,Hj4 are easily to produce.
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Supplementary Fig. 36. DFT simulation. (a) A reaction energy diagram for the
CO2RR to C2H4 on the Cu,O(110) slab, Cu,0/CuO interface and CuO(110) slab. (b)
schematic illustration. Red: carbon; yellow: oxgyen; blue: hydrogen.
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Supplementary Fig. 37. DFT simulation. Reaction Gibbs free energy profile for
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Supplementary Fig. 38. DFT simulation. Optimized geometry of Cu,O(110) at (a)
top view and (b) side view and of CuO(110) slab at (c) top view and (d) side view.
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Supplementary Fig. 39. DFT simulation. Optimized structures for the reaction
intermediates of the C,H4 formation pathway on the (a) CuxO(110) slab and (b)
CuO(110) slab.

Supplementary Fig. 40. DFT simulation. Optimized structures for the reaction
intermediates of the C,Hs4 formation pathway on the CuO/CuO interface: (a) at side
view and (b) at top view (only the top layer atoms are shown).
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E (V vs. RHE)

different potential with 50% iR-compensation.
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Supplementary Fig. 42. Electrochemical performances. Linear scan voltammetry
curves of L-CuxO-HC in 1 M KOH + 1 M KNOjs at different potential with iR-free, iR-
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50% compensation and iR-80% compensation.
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Supplementary Fig. 43. The OEMS result. The OEMS result for the possible gaseous
products of NITRR (NH3 (g), N2, NO, N2O, NO»).
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Supplementary Fig. 44. Calibration curves. UV-vis calibration curves of (a, b)
ammonia (NH3) and (c, d) nitrite (NO7"), respectively.



NH b
Il 5%
L C4H{O, | I: 304
=0.03192x+0.47378
O g5 T

R?=0.99812

Peak area ratio (vs.
=
o

T T 17 ‘J 0 200 400 600 800 1000
L A S NH; concentration (ppm)

Supplementary Fig. 45. Calibration curves. (a) 'H NMR calibration curve of NHj3
using different ammonium chloride concentration solutions of known concentration as
standards. (b) '"H NMR calibration curve of NH3.
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Supplementary Fig. 46. Electrochemical performances. (a) Chronoamperometry
and (b) FE of NH3 and NO» on glass carbon at different potential in 1 M KOH + 1 M
KNOs.
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Supplementary Fig. 47. Product analysis. "H NMR calibration curve of NH3 at
different potential.
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Supplementary Fig. 48. Product analysis. (a) Representative 'TH-NMR spectrum of
liquid products collected from the cathode side. (b) Representative 'H-NMR spectrum
of liquid products collected from the anolyte.
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Supplementary Fig. 49. Product analysis. Representative 'TH-NMR spectrum NMR
spectra before and after NITRR using 'SNO3~ and *NOs- electrolytes. Without the
electrochemical reactions, neither the '’NO3~ and “NO;~ electrolytes showed NH4"
signals. After electrocatalytic NITRR using L-CuxO-HC with '“NOj;~, three peaks
corresponding to *NH4" production were observed. When performing NITRR with
ISNOj, the two peaks of '"NH4" were detected, which confirmed that all our NHj3
products were generated by electrochemical NITRR rather than contaminants.
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Supplementary Fig. 50. Electrochemical performances. (a) Current density of L-
CuxO-HC at different potential in different electrolytes. Chronoamperometry in (b) 1
MKOH+ 1 M KNO3, (¢c) ]l MKOH + 0.5 MKNOsand (d, e) 1 MKOH + 0.1 M KNOj3,
(f) Nyquist plots in different electrolytes.
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Supplementary Fig. 51. Electrochemical performances. FE of NH3; and NO>™ in (a)
1 MKOH + 1 M KNO3(b) 1 M KOH + 0.5 M KNO3 and (¢, d) 1 M KOH + 0.1 M
KNOs. The error bars indicate standard deviation among values from three repeated

measurements.
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Supplementary Fig. 52. Electrochemical performances. (a) Comparison of NO3~
selectivity and (b) FE of NO, of L-CuyO-HC at different potential in in different

electrolytes.
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Supplementary Fig. 53. Electrochemical performances. Chronoamperometry during

the cycles test of L-CuxO-HC.
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Supplementary Fig. 54. Compound fertilizer XRD analysis result.
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Supplementary Fig. 55. Electrochemical performances. (a) Linear scan voltammetry
curves of L-CuxO-HC in 1 M KOH + 1 M KNOs3 with CO; in flow cell. (b) FE of
different products and (c) Chronoamperometry at different potential.
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Supplementary Fig. 56. Product analysis. (a) NMR spectra of liquid products of L-
CuxO-HC in 1 M KOH + 1 M KNO3 with CO: in flow cell. (b) Representative "TH-NMR
spectrum of liquid products enlarges form (a). (NTIRR and CO,;RR-conbined system).



Supplementary Note 1 OH™ absorption test

From a mathematical point of view, this principle of OH™ absorption test is following
the interaction energy of an adsorbate under an applied electric field which can be
written as follows>” :

as?
Eqas :E0+.“8_T

where Eags represents the adsorption energy at a given strength of electric field; Eo is
the adsorption energy in the absence of electric field; p and a are the intrinsic dipole
moment and polarizability values for the adsorbate which is -0.26 eA and 0.14 eA? V!
for OH-, respectively’; and ¢ refers to the electric field. It can be seen from the
calculation that the stronger the electric field effect, the lower the adsorption energy of
OH-, therefore OH™ could be absorbed at a lower voltage under the influence of stronger
electric field.

It is pronounced OHaq peaks associated with Cu (100) facets on L-CuxO on the potential
of ~0.4 V. Electrochemical adsorption of OH™ on the L-CuxO follow this formula®:
CuxO + OH™ — CuxO (OH).q + . When a positive potential is applied, the electrode
surface material will adsorb the anion OH™. Thus, the higher the applied potential, the
easier the adsorption of the OH ™. If the OH ™ adsorption reaction can occur at a relatively
lower potential on a certain material, it means that the material is more likely to adsorb
OH™ compared to other materials®”°.



Supplementary Table 1. The radius of typical alkali metal cations in different states

Cations Rionic (A) Rion-water (A) Rstokes (A) Restokes (A)
Li* 0.76 2.08 2.38 3.82
K* 1.50 2.79 1.25 3.31
Cs* 1.91 3.13 1.19 3.29

Note: Rionic represents the ionic radius of typical cations. Rion-water represents mean ion-
water internuclear distances. Rsiokes and Reswokes represent the Stokes and corrected
Stokes radius of hydrated ions, respectively!°.



Supplementary Table 2. EXAFS fitting results of the Cu K edge EXAFS for L-CuxO-

HC, b L-CuxO-MC and ¢ L-CuxO-LC, respectively.

Sample path CN o’ AEy R R-factor
L-Cu;O-HC | Cu-O | 3.6(0.2) | 0.0047(0.0007) | 3.67(0.95) | 1.95(0.01) | 0.008
Cu-Cul | 4.9(0.9) | 0.0086(0.0013) | 6.79(1.73) | 2.93(0.01)
Cu-Cu2 | 3.8(0.9) | 0.0086(0.0013) | 6.79(1.73) | 3.12(0.01)
L-CuO-MC | Cu-O | 3.4(0.2) | 0.0049(0.0005) | 421(0.64) | 1.95(0.01) | 0.004
Cu-Cul | 3.8(0.6) | 0.0086(0.0010) | 627(137) | 2.92(0.01)
Cu-Cu2 | 3.1(0.6) | 0.0086(0.0010) | 6.27(1.37) | 3.11(0.01)
L-CuO-LC | Cu-O | 2.8(0.2) | 0.0071(0.0014) | 4.14(1.09) | 1.92(0.01) | 0.007
Cu-Cu | 2.5(1.0) | 0.0128(0.0040) | -7.44(1.67) | 2.91(0.02)




Supplementary Table 3. Comparison of the CO2RR performance of the L-CuxO-HC
in this work with the previously reported Cu-based catalysts in flow cell.

Faradaic Partial current
efficiency density
Catalysts Electrolytes %) (mA em?) Refs
C:H4 Ca+ C:H4 Ca+
1 M KOH 60.1 81.2 4975 | 665.87
*
L-CuxO-HC 0.5 M K2S04 56.75 72.80 |289.41 | 397.09 Thi
1S
0.01 M H3PO4 + work
Saturated K2SO4 42 .83 56.93 [210.77 | 297.66
Cu-PTFE-99 1 M KOH 452 85.4 | 2933 | 529.9 11
NN
Defect-Site-Rich e oy NA. 71 | NA. | 142 12
Cu
Bioinspired Cu 1 M KOH 40 64 | NA. | 255 13
dendrites
Cu-Cul 1 M KOH N.A. 71 N.A. 591 14
Cu/C/PTFE 1 M KOH N.A. ~60 N.A. 250 15
Cu HoMSs 0.5 M KHCO3 N.A. 77 N.A. 513.7 16
PIL-Cu(l) 1 M KOH N.A. 76.1 | N.A. | 304.2 17
Cuz2P207 1 M KOH N.A. 73.6 N.A. 350 18
CusNx-50-pA 1 M KOH N.A. 81.7 N.A. 309 19




Supplementary Table 4. Comparison of the NTIRR performance of the L-CuxO-HC
in this work with the previously reported Cu-based catalysts.

Ammonia Ammonia Yield
Catalysts Electrolyte Cu.rrent Ref
density (mA mg h” mgeor! |mmol h! mgear”!
cm?)
81.83 mgh! | 4.81 mmol h'!
1 MNO;5~ 654.4 mgear’! mgear’!
1 M KOH ' 49.09 mg h'! cm| 2.88 mmol h'!
2 cm?2
49.81 mgh! | 2.93 mmol h!
0.5 M NO;~ mgeat™! mgcar’! * This
L-CuO-HC | kon 373 989 n%g h! em| 1.758 ﬁlmol h!
) om? work
32.68 mgh! | 1.92 mmol h!
0.1 M NOs~ 353 mgear! mgcar!
1 MKOH 19.61 mg h”! cm7| 1.152 mmol h'!
2 cm2
200 ppm
Cu/Cu20 NO;5~ 0.2449 mmol h*!
nanowires 0.5M 75 4.16 mght cm’® cm? ?
NaxSO4
30 mM KNO3
Cu cylinder | in0.1M 60 3.56 mg h'! cm? N.A. 21
K2SOq4
1000 ppm
. KNO3 28.73 mg h”! cm-
Cu-cis-N202 0.5 M 323.76 ) N.A. 2
NaxSOq4
0.3 M NaNO3
Cu70Zn3o 1M 600 6.53 mg h'! cm? N.A. 23
(NH4)2S04
CuroNiso 0'11 i\/[/[g:g}? ' 400 |5.9mgh'em? N.A. 2
1400 ppm i i _
Ce-doped Cu NO- 242 16.83 ng h' cm| 0.99 (r:nnrqng)l h'! ’s
1 M KOH
5.56 mmol h'!
Ru IMNO;- mgeat”
nanoclusters | 1 M KOH 251 NA. 1.17 mmol h! *
cm?
Cu-PTCDA (36 mM NO;3~ 40 0.44 mg h'! cm?2(0.0256 mmol h™!| %7




-2

0.1 mM PBS cm
. 0.1 MKNO; j
polycr():'stalhne 0.5 M 90 172 mg ™' om? O.IOIi Ir][rll_znol h "
" Na2504
500 mM
Fe/Ni2P NO3~ 170 4.17 mg h”! cm™ N.A. 2
0.1 M K»SOq4
NaNO; 1. | 0.40 mmol h! 2
ZIFNC@GDY N22SO, 230 6.8 mgh”' cm om
100 mM
CusoNiso alloy NOs~ 300 N.A. N.A. 31
1 M KOH
100 mM
4.58 l1h'!
CusoCoso NO3- 1098 N.A. i »
1 M KOH
10 mM KNO; 0.3901 mg h! .
Cu-NSs 0.1 MKOH 30 mgeac! N.A.
100 mM
NO;3~ 1.27 mmol h™! u
Rh@Cu 0.1 M 162 N.A. o2
NaxSOy4
0.1 M KNO; j
FOSP-Cu 0.5M N.A. Na 01 *ﬁf"l e
NaxSOg4
AM .
Pd 0 01 11:]403 NA 2.74 mmol h"! [0.5485 mmol h™! 3
tah ) o ! 2
Octahedron N2:SO4 mg cm
50 mM NO;3~ 0.543 mmol h™! 36
MP-Cu | M KOH 138 N.A. om=
CuPd 1 M NOs5~ 6.25 mmol h™! 3
nanocube 1 M KOH 310 N-A. mg !
0.1 MNO;~ 0.650 mmolh™'|
Cu-NBs-100 | M KOH 280 N.A. mg”!
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