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Supplementary Methods

Chemicals and materials

The Cu mesh (100 mesh, 99.99%) and Nickel foam (NF, 99.9%) was purchased from
Suzhou jiashide metal foam Co., Ltd. The NaOH, KOH and KHCO; (99.99%) were
purchased from Aladdin. The H,SO,, ethanol and acetone were analytical pure and
purchased from SHIJIKEBO Co. Ltd. The Cu pellets (99.999%) were purchased form
ZhongNuo Advanced Material (Beijing) Technology Co. Ltd. The ultrapure water (DI water)
was used in all the experiments (Sartorius-mini plus UV, 18.2 MQ-cm).

Preparation of Cu@CuO NS-x electrodes

The Cu@CuO NS-x electrodes were prepared via the spontaneous corrosion of Cu in an
alkaline solution, where the Cu mesh was used as substrate and pretreated by acetone,
ethanol, diluted H,SO4, and DI water. Then, the pretreated Cu mesh was immersed
horizontally in a solution of 0.1 M NaOH of 500 mL in a capped plastic box under room
temperature, and different electrodes could be prepared after desired corrosion time.
Finally, these electrodes were rinsed with DI water repeatedly before dried in a vacuum
oven at 60 “C overnight.

Preparation of Cu and CuO NS GDE

The Cu GDE was prepared using thermal evaporation (POLDI intelligent Equipment CO.,
LTD). Briefly, Cu of 300 nm was evaporated onto the GDL (Sigracet 22 BB) under the
pressure of 4*10 Pa with an evaporation rate of 0.2 nm s'.

The CuO NS GDE was prepared following the similar protocol as the Cu@CuO NS
electrode, where 0.1 M NaOH of 500 mL was used as the corrosion solution. The Cu GDE
was placed on the surface of the solution up-side down. Finally, the CuO NS GDE was
rinsed carefully after 12 h reaction and dried in a vacuum oven at 60 °C overnight.

Material characterization

The X-ray diffraction (XRD) patterns were obtained with a Rigaku SmartLab 9.0 using Cu
Ka radiation (A = 1.54056 A), and the data were collected in Bragg-Brettano mode in the
26 range from 10° to 80° at a scan rate of 5° min-'. The scanning electron microscopy
(SEM) images were captured on a JSM-7800F field-emission scanning electron
microscope operated at an acceleration voltage of 15 kV. The transmission electron
microscopy (TEM) images were collected on a FEI Tecnai G2 F30 S-TWIN transmission
electron microscope with an acceleration voltage of 300 kV. The X-ray photoelectron
spectroscopy (XPS) spectra were taken on a ThermoFisher ESCALAB™ 250Xi surface
analysis system using a monochromatized Al Ka small-spot source, and the corresponding
BEs were calibrated by referencing the C 1s to 284.8 eV.

Electrochemical CO, (ECO; RR) reduction measurements
ECO, RR measurement in an H-type cell was carried in a gastight two-compartment
electrochemical cell with a three-electrode configuration. Typically, the Cu@CuO NS-x was

used as working electrode (WE) and mounted in the cathodic compartment with an active



area of 0.5x0.5 cm?, and a Ag/AgCl reference electrode (RE, Saturated KCI, Tjaida) was
used to monitor the potential on the WE. A Ti@IrO, electrode with an active area of 1 cm?
was used as the counter electrode (CE) and mounted in the anodic compartment.! A piece
of anion-exchange membrane (Selemion AMVN, AGC Inc.) was used to separate the
cathodic and anodic compartments to eliminate the crossover and oxidation of the liquid
products at the anode surface. The volumes of catholyte and anolyte were 8 mL and 8 mL,
respectively. The headspace of the cathodic compartment was about 6 mL. The CO,-
saturated 0.1 M KHCO3; aqueous solution (pH 6.8) was used as the electrolyte and CO,
gas was introduced into catholyte at a flow rate of 10 standard cubic centimeters per minute
(SCCM) controlled by a mass flow controller (MFC) during the electrocatalytic reaction.
The electrolyte was stirred by a stir bar during the electrolysis. The cell was connected to
a potentiostat (Autolab) and chronoamperometry mode (CA) were performed for 40
minutes at different potentials for performance tests. The performance of all the electrodes
at each potential was repeated for at least three times. The potential (E) was converted to
the reversible hydrogen electrode (RHE) scale with 90% iR correction using the following

equation, where R is the solution resistance between the WE and RE.

E (vs. RHE) = E (vs. Ag/AgCI) + 0.1976 + 0.059*pH + 90%*R

The ECO, RR measurement in a flow cell was carried out in a three-compartment
electrochemical cell with a three-electrode configuration. The Cu or CuO NS GDE with
active area of 1 cm? was sandwiched between CO, gas chamber and catholyte chamber,
with the catalyst layer interfaced with the electrolyte. An Ag/AgCl electrode mounted near
the GDE was used as the reference electrode. A piece of NF mounted in the anolyte
compartment was adopted as the anode for water oxidation reaction. A piece of AEM was
placed between the catholyte and anolyte to separate the two chambers. During the
experiment, CO, was introduced into the CO, gas chamber at a constant rate of 20 SCCM
controlled by a MFC. Aqueous solution of 1 M KOH or 1 M KHCO3; of 10 mL were circulated
through the electrolyte compartment with a flow rate of 10 mL min-'. Chronoamperometric
mode (CP) was applied for 40 minutes under each current density. The performance of all
the electrodes at each current density was repeated for at least three times, and the FE for
gas products was carefully calculated based on the outlet gas flow rate measured by a
flowmeter (ADM G6691A). The potential (E) was converted to a pH-independent reference
(NHE) due to the change of pH of catholyte during the electrolysis using the following
equation.

E (vs. NHE) = E (vs. Ag/AgCl) + 0.1976
Electrochemical CO (ECO RR) reduction measurements

The configuration of the flow cell used in ECO RR was the same as the CO, RR
configuration described above except that CO gas was infused to the gas chamber at a



constant rate of 20 SCCM, and the FE for gas products was carefully calculated based on
the outlet gas flow rate measured by a flowmeter (ADM G6691A).

Product analysis

The gaseous products were detected by an on-line gas chromatograph (GC, Thermo
Fisher) equipped with a thermal conductivity detector (TCD) for hydrogen (H,) and two
flame ionization detectors (FID) for CO, methane (CH,), ethane (C,Hg) and ethylene
(CoH4). The peak identification and peak area were calibrated using standard calibration
gas with known concentrations of H,, CO, CH,4, C,Hg and C,H, mixed with CO, from a
commercial supplier (Dalian GuangMing Special Gas Products Co. Ltd.). The liquid
products were quantified with high performance liquid chromatograph (HPLC, Agilent 1260
Infinity). The formate (HCOONa) and acetate (CH3;COONa) were detected using variable
wavelength detector (VWD, 210 nm), and ethanol, acetone, n-propanol and acetaldehyde
were detected by refractive index detector (RID). The peak area was calibrated using
standard solutions prepared with known concentrations of sodium formate, sodium
acetate, ethanol, acetone, n-propanol and acetaldehyde. After electrolysis, 900 uL of the
catholyte and anolyte were acidized with 100 pL of 4.5 M H,SO, respectively, and the FE

for liquids was calculated by adding up both anodic and cathodic FEs.

Double-layer capacitances measurement

The electrochemical double layer capacitance (Cy4) was measured by running the
electrodes in a non-Faradaic region at 20, 40, 60, 80, 100, 120, 160 mV/s scan rate and
fitting the charging current linearly. The electrodes were pre-reduced at -1.0 V vs. RHE for
5 minutes before measurement.

CO stripping experiment

The CO stripping experiments were performed in aqueous solution of 0.5 M LiCIO,
(pH=6.5) in an H-type cell under CO or N, purging. The Cu mesh and Cu@Cu NS were
used as the working electrodes respectively. The Ag/AgCl and Ti@IrO, were used as the
RE and CE respectively. The electrolyte was bubbled for at least 20 minutes prior to all
experiments to allow for CO or N, saturation. A scan rate of 10 mV/s was used for all
experiments.



Cu@CuO NS
Cu@Cu NS
. CuO#PDF 45-0937 *
3 &
©
Iy N = *
2 ST
c 98
Q 0o
wd
£

i el
10 20 30 40 50 60 70 80
20/°

Figure S1. XRD patterns of the Cu@CuO NS-12 and Cu@Cu NS-12 electrodes.
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Figure S2. (a) Cu 2p XPS spectra and (b) O 7s spectra of the Cu@CuO NS-12 and
Cu@Cu NS-12 electrodes.



.. 100 nm

Figure S3. SEM images taken from four different areas of Cu@CuO NS-12 electrode,
demonstrating the uniformity of the electrode and the success of the corrosion engineering.



Figure S4. (a) SEM image of a scratch on the Cu@CuO NS-12 electrode, (b) TEM image
of a piece of CuO NS array, both of them demonstrate the height of about 300 nm of the
CuO NS array.



Figure S5. TEM images of the CuO NS detached from the Cu@CuO NS-12 electrode.



Figure S6. TEM images of the Cu nanosheets with abundant nanopores on the surface.



Figure S7. TEM images of two Cu nanosheets show abundant defects (including
vacancies, GB and step) on the surface.



07 070 085
Potential | V vs. AGQ/AGC!

060

Jtmaem?

080 075 070 -065 060

Potential / vs. Ag/AgC!

080 075 070 065 060

Potential IV vs. Ag/AgC!

080 075 070 -065 -060
Potential | V vs. Ag/AgCI

—20mvs’ b o

af{ mA cm?

—r oh .
- somvs' 0164 « Rawdata e
- somvs’ —— Fitted ;-//
100mvs' g g1z 7
—120mvs' 2 A
——somvs' E >
008 A
= e
B A
004 // Capacitance: 0.525 mF cm?
v R'= 0.9985
0
20 40 60 80 100 120 140 160 1
Scan rate /mV s
20mv s’ R P
—a4omv s* //‘
—somvs' 0251 . Rawaata S
- .
tomvst o 020 ;//
—120mvs' S
S -
2 o010 A
// Capacitance: 0.765 mF cm™
00s{ R=0.9984
20 40 60 80 100 120 140 160 1
scan rate /mv s*
20mVs’ RS P
——40mvs' -
/
—somvs’ 2101, Rawasta i
somys’ oo0s] — Frted o~
—— 100 mv 5" "E -
—120mvs’ 006 "
- teomvs' E v
T 004 /./‘/
- Capacitance: 1.1728mF cm*
0024 R'=0.9937

2 40 60 80 100 120 140 160 1
Scan rate/mV s"

080 075 070 065 D60

Potential IV vs. AgiAge!

6h
= Rawdata
— Fitted

- Capacitance: 1.89 mF em*
R*= 0.9%93

20 40 60 80 100 120 140 160 1

Scan rate/mv s

0.48 20mvs’
§ —4omvs’
052 —somvs'
016 - Bomvs'
E 000 - 100mvs”
—120mvs’
< 016 I 1eomvs?
= 032
0.8
064
-0.80
080 075 070 065 060
m Potential I V vs. AgiAgCl
——20mvs’
—40mv s’
—somvs'
[ 8omVs’
100mvs’
—120mv's”
—1s0mvs’
080 075 070 065 060
0o Potential / vs. AglAgCI
b 20mvs’
—4omvs’
—eomys’
L
" 100mvs’
5 —120mvs’
H — 1somvs”

030 075
Potential / V vs. AgIAgC1

070 065 D60

AfrmA em?

jImAem?

A1 mA em

afImA em?

sh
-
+ Rawdata L
— Fitted e
o
-
/‘/ Capacitance: 2.28 mF em*®
P R'= 09581

20 40 60 80 100 120 140
Scanrate/mV s’

160 11

12h

= Rawdata
—— Fitted /

=" Capacitance: 3.005 mF cm*
< R=0.9978

20 40 60 80 100 120 140 160 1
Scan rate /mV s”

08

04

)
= Rawdata e
Fitted >
e

I

L

»

& Capacitance: 4.625 mF cm™
;. R=09s3

20 40 60 80 100 120 140 160 1
Scanrate /mV s”

80

®h
= Rawdata
—— Fitted
P
e

»
S 2
" Capacitance: 5.265 mF cm
A R=0.073

Scan rate /mV s”

Figure S8. CV curves and the corresponding plots of the capacitive current density at -

0.7 V vs. Ag/AgCl with respect to the scan rate for Cu mesh at different corrosion stages,
(a, b) for 0 h; (c, d) for 1 h; (e, f) for 3 h; (g, h) for 6 h; (1, j) for 9 h; (k, I) for 12 h; (m, n) for
24 h; (o, p) for 36 h.
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Figure S9. Picture of a large Cu foil@CuO NS electrode with an area of 17x4 cm?; and
the corresponding SEM images at the marked areas 1-4, respectively.
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Figure S10. Chronoamperometric curve and the FE of C,H, on the Cu@Cu NS-12 over
the course of 12 h electrolysis at -1.357 V vs. RHE in 0.1 M KHCO3;. The electrolyte was
stirred with two magnetic bars under a speed about 1000 rpm. The gradually enlarged
fluctuation of current density in the last 4 hours might be due to the rapid water
consumption under a high current density and the vaporization of the water.
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Figure S11. (a) XRD pattern and (b) SEM image of the Cu@Cu NS-12 electrode after
stability test.



Figure S12. Picture of the pristine Cu GDE with an area of 18x8.5 cm?2.
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Figure S13. XRD patterns of the pristine Cu GDE (grey line), CuO NS GDE (pink line),
and the Cu NS GDE (violet line).
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Figure S14. Picture of the CuO GDE with an area of 18x8.5 cm?, and the corresponding
SEM images at the marked areas of 1-4, respectively.
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Figure S$15. Cross section SEM and the EDS elemental mapping of the CuO NS GDE.



Cu C

Figure $16. (a) SEM, (b, c) cross section SEM images and the (d-e) elemental mapping
of the pristine Cu GDE.
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Figure S17. Cross section SEM image and the elemental mapping of the Cu NS GDE.
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Figure S18. (a) XRD pattern and (b) SEM image of the Cu NS GDE electrode after stability

test.
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Figure S19. (a) Stability test of the Cu NS GDE at current density of -250 mA cm-2 for
longer period in 1 M KOH. (b) The picture of the back side of Cu NS GDE after electrolysis.
The salt precipitation was clearly marked in the white frame.
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Figure S20. Faradaic efficiencies for all detectable products in 1 M KHCO3; on (a) Cu and
(b) Cu NS GDE. The FE of gaseous products was carefully calculated based on the outlet
gas flow rates.
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Figure S21. (a) schematic illustration of the modified flow cell system; (b) peaks of ethanol,
acetone, n-propanol and acetate in the HPLC spectra for the trapped volatile liquid
products by water from the outlet of the CO, component.



Table S1. Faradaic efficiency of all detectable products on Cu@Cu NS electrode for CO, RR at different applied potentials.

Potential
H, (o]0 CH, HCOOH C,H, C,Hg Ethanol Acetate Acetone n-Propanol
V vs. RHE
-1.246 27.89 2.38 2.83 10.55 36.20 0.22 12.60 0.33 4.27 4.99
-1.268 30.58 2.28 2.74 10.18 37.05 0.20 12.40 0.29 3.84 4.46
-1.296 27.25 2.25 3.37 8.55 36.35 0.20 14.75 0.31 3.86 493
-1.325 30.30 1.33 3.17 8.94 36.77 0.18 13.48 0.28 3.61 4.30
-1.357 27.03 1.82 3.62 6.44 40.70 0.18 14.69 0.32 3.38 4.64
-1.414 29.21 1.98 3.15 6.73 36.47 0.17 12.49 0.30 3.58 4.60
-1.458 29.42 2.2 3.32 6.60 35.71 0.19 14.30 0.29 3.16 4.90




Table S2. Faradaic efficiency of all detectable products on different Cu@Cu NS-x electrodes for CO, RR at -1.357 V vs. RHE.

Electrodes H, (o]0 CH, HCOOH C,H, C,Hg Ethanol Acetate Acetone n-Propanol
Cu@Cu NS-0 26.81 1.44 39.98 6.04 14.19 0.01 0.62 4.03 1.20 1.43
Cu@Cu NS-1 40.10 1.10 16.78 5.46 18.08 0.01 16.89 0.36 0.96 1.07
Cu@Cu NS-3 37.48 1.18 8.76 5.87 22.51 0.03 18.93 0.26 1.18 1.55
Cu@Cu NS-6 36.58 1.30 6.45 6.42 25.61 0.05 18.39 0.24 1.17 2.08
Cu@Cu NS-9 34.43 1.40 4.25 7.24 26.51 0.10 22.91 0.41 0.74 244
Cu@Cu NS-12 27.03 1.82 3.62 6.44 40.70 0.18 14.69 0.32 3.38 4.64
Cu@Cu NS-24 42.84 1.22 2.78 13.19 18.33 0.07 18.36 0.12 1.91 2.36
Cu@Cu NS-36 50.72 1.09 0.84 6.74 22.75 0.32 18.89 0.24 1.52 2.68




Table S3. Faradaic efficiency of all detectable products on Cu GDE for ECO, RR under different current density in 1 M KOH.

Current

density H, (o]0 CH, HCOOH C,H, CH5;CHO Ethanol Acetate Acetone n-Propanol

/mA cm-?
100 6.44 34.20 0.32 4.80 25.20 23.38 3.75 0.74 1.91 4.28
150 5.91 30.04 0.51 3.55 28.99 14.60 4.91 0.84 1.73 3.79
200 5.23 24.71 0.36 3.18 28.46 14.50 6.86 1.01 1.33 4.08
250 6.08 25.23 0.33 2.71 31.91 12.39 6.26 1.24 1.37 4.20
300 5.61 22.48 0.27 2.26 33.22 11.52 11.13 1.05 1.05 4.66
350 6.50 21.64 0.22 1.90 33.53 10.10 7.81 1.43 214 3.93
400 6.78 19.69 0.35 1.40 32.72 7.71 9.07 1.56 0.76 3.10




Table S4. Faradaic efficiency of all detectable products on Cu@Cu NS GDE for ECO; RR under different current density in 1 M KOH.

Current

density H, (o]0 CH, HCOOH C,H, CH5;CHO Ethanol Acetate Acetone n-Propanol

/mA cm-?
100 8.04 25.85 0.03 6.53 30.68 35.72 5.76 0.64 1.74 6.50
150 7.33 21.29 0.03 4.56 33.91 2432 5.38 0.56 1.57 6.00
200 6.65 18.30 0.04 3.51 35.50 18.93 8.14 0.63 1.31 5.62
250 7.02 17.71 0.05 2.69 40.21 15.75 7.61 0.62 1.05 4.72
300 6.63 15.70 0.04 2.40 37.67 13.88 11.71 1.19 0.76 5.02
350 6.97 14.19 0.03 1.81 38.44 13.04 11.43 0.68 0.76 4.71
400 8.02 13.81 0.06 1.57 34.97 10.27 10.10 0.91 0.69 375




Table S5. Faradaic efficiency of all detectable products on Cu GDE for CO, RR under different current density in 1 M KHCOs.

Current

density H2 Cco CH, HCOOH C2H, CH;CHO Ethanol Acetate  n-Propanol

/mA cm-?
100 23.59 30.79 1.98 24 .54 9.75 10.06 7.84 7.76 6.61
150 18.79 3245 1.40 12.38 17.24 5.86 7.67 5.21 2.88
200 17.36 34.11 0.81 9.43 19.81 4.16 7.61 3.75 4.26
250 20.04 32.60 0.56 9.04 19.03 4.35 7.48 3.73 4.36
300 21.28 31.47 0.48 7.07 20.11 4.51 7.97 4.11 8.22




Table S6. Faradaic efficiency of all detectable products on Cu@Cu NS GDE for CO; RR under different current density in 1 M KHCOs.

Current
density H2 Cco CH, HCOOH C2H, CH;CHO Ethanol Acetate  n-Propanol
/mA cm-?
100 20.77 18.54 0.1 15.62 26.02 8.86 10.87 7.31 2.42
150 19.21 15.26 0.09 12.68 29.53 6.38 11.68 4.69 1.22
200 23.29 14.93 0.13 8.79 29.78 4.09 11.75 3.48 4.43
250 23.18 16.76 0.12 6.34 30.69 4.95 10.73 3.99 6.84

300 28.30 16.08 0.16 5.23 30.75 5.36 9.69 3.81 6.70




Table S7 Faradaic efficiency of all detectable products on Cu GDE for ECO RR under different current density in 1 M KOH.

Current

density H, CH,4 C,H, C,Hsg CH5;CHO Ethanol Acetate n-Propanol

/mA cm2
100 8.18 2.43 39.22 0.09 0.62 20.23 2.85 13.76
150 10.16 1.25 42.00 0.03 0.35 20.73 1.32 7.30
200 11.51 1.01 40.64 0.03 0.27 19.90 1.14 5.76
250 19.21 0.96 34.75 0.02 0.23 18.08 0.76 3.87
300 31.51 1.10 25.28 0.02 0.16 13.86 0.74 2.36




Table S8 Faradaic efficiency of all detectable products on Cu GDE for ECO RR under 200 mA cm2in 1 M KOH.

Current
density H, CH,4 C,H, C,Hsg CH5;CHO Ethanol Acetate n-Propanol
/mA cm2

200 7.10 1.32 36.51 0.05 0.30 19.55 2.79 7.26




Table S9. Electrocatalytic performances for CO, to C,. products and fabrication strategies over electrodes test in H-cell reported recently.

L . Electrode . FE for
Electrodes Fabrication strategies Electrolyte j (mAcm?) Ref.
area Ca: (%)
100-cycle Cu Metal ion cycling 1 cm? 0.25 M KHCO3 ~40 60 2
1.7 ym Cu20 film Electrodeposition @=10 mm 0.1 M KHCO; ~13 ~48 3
Plasma-activated
cu Plasma treatment / 0.1 M KHCO; ~12 60 4
CuO spray .
, electrospray pyrolysis 16 cm? 0.1 M KHCO; ~22 ~65 5
nanoparticle
Cu/PANI drop-casting / 0.1 M KHCO; 34.7 78.4 6
Cu@Cuy(OH)3NO3 molten salt decomposition 2 cm? 0.1 M KHCO; 80 41.8 7
lectrochemical 0.5%2.5
Re-Cu-| electroehemica 0.1 M KHCO; 21 80 8
redox reconstruction cm ?
electrochemical
NS-D Cu / 0.1 M KHCO; ~30 ~60 9
treatment
Cu(OH), Hydrothermal 3 x4cm? 0.1 M KHCO; ~10 ~20 10
Cu-0O, plasma O, Plasma treatment / 0.1 M CsHCO; ~8.5 58.8 11
Cu@Cu NS Chemical corrosion 32 x 28cm? 0.1 M KHCO; 105 63.93 This work




Table S10. Electrocatalytic performances for CO, to C,. products and fabrication strategies over electrodes test in flow cell reported recently.

L . Electrode . FE for
Electrodes Fabrication strategies Electrolyte j (mAcm?) Ref.
area Ca: (%)
Hydrophobic Cu Electrodeposition / 1 M KOH 300 64+1.4 12
Cu(OH),/CP Chemical corrosion 2*5 cm? 1M KOH 250 87 13
GB-Cu Electrodeposition 2.25 cm? 1 M KOH 96.62 70 14
P-doped Cu Electrodeposition+ thermal treatment 4 cm2 1 M KOH 328 64 15
Cu magnetron sputtering / 1M KOH 250 ~70 16
CuAg wire Electrodeposition 2*5 cm? 1M KOH 310.8 85.1 17
Cu-DAT wire Electrodeposition 2*5 cm?2 1 M KOH 210 70.2 18
Cu-P1 Electrodeposition / 10 M KOH / >87 19
Abrupt Cu magnetron sputtering / 10 M KOH 275 > 88 20
magnetron sputtering+
Cu-12 o / 1 M KHCO; ~250 83.5 21
Electrodeposition
Cu@Cu NS Chemical corrosion 153 cm? 1M KOH 250 70 This work
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