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ABSTRACT: The electrochemical synthesis of chemicals from carbon dioxide, which is an easily available and
renewable carbon resource, is of great importance. However, to achieve high product selectivity for desirable C, products like
ethylene is a big challenge. Here we design Cu nanosheets with nano-scaled defects (2-14 nm) for the electrochemical production of
ethylene from carbon dioxide. A high ethylene Faradaic efficiency of 83.2% is achieved. It is proved that the nano-scaled defects can
enrich the reaction intermediates and hydroxyl ions on the electrocatalyst, thus promoting C-C coupling for ethylene formation.

INTRODUCTION

Ethylene (C,H,) is a building block of particular importance due
to its high demand in chemical industry. Usually, ethylene is
prepared from steam cracking of naphtha under harsh
production conditions (800-900 °C). In recent years, the
electrochemical synthesis of ethylene from carbon dioxide
reduction reaction (CO,RR) has attracted increasing attention
because it offers a mild and environmentally benign pathway
for ethylene production.? Up to now, diverse kinds of
strategies have been proposed for ethylene production from
electrocatalytic  CO,RR, including constructing Cu
nanostructures,>* controlling oxidation state,*° using dopants,’-*
alloying®® and molecule decoration."!''"3  Among these
methods, constructing nanostructures of metallic Cu (without
any additive) for C,; products is much promising, for the simple
synthesis and easy-to-study structure-activity relationship of
catalyst. Kanan and coworkers proposed the control of grain
boundaries in a single electrocatalyst for CO,RR, which has
been demonstrated to be an efficient pathway for CO,
conversion.'*1¢ In general, C; products such as carbon
monoxide (CO) and methane and C,, species like ethane and
ethanol are generated simultaneously with ethylene in
electrochemical CO,RR. To date, the highest Faradaic
efficiency (FE) of ethylene is 72%, which was achieved by the
molecule decorated Cu electrocatalyst using a flow cell system.!
It is urgent to further improve the ethylene selectivity in
electrochemical CO,RR, promisingly through the development
of electrocatalysts with desirable nanostructures.

Here we design the nano-defective Cu nanosheets as an
electrocatalyst for ethylene synthesis from CO,RR. The nano-
scaled defects are in size of 2-14 nm, which can be considered
as a large collection of atomic defects. Such a nano-defective
structure  strengthens the adsorption, enrichment and
confinement for reaction intermediates and hydroxyl ions on the
electrocatalyst. The C-C coupling is thus promoted to produce
ethylene efficiently. The maximum ethylene FE can reach
83.2%, which is the highest value among all the studied
electrocatalysts to date. The mechanism for the high ethylene
selectivity on the nano-defective Cu nanosheets was
investigated by a series of experiments and calculations.

RESULTS AND DISCUSSION

The nano-defective Cu nanosheets were prepared by an
electrochemical reduction method!” for the pre-formed CuO
nanosheets in K,SO, electrolyte (see details in Methods). As
characterized by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), the
product has a morphology of nanosheets with a lateral size of 1
um (Figure 1a). Atomic force microscopy (AFM) image reveals
that the thickness of the nanosheet is ~23 nm (Figure S1). It is
clear that there are numerous pits on each nanosheet (Figure
1b), which is further proved by scanning electron microscopy
(SEM, Figure S2). Enlarged HAADF-STEM image shows that
the pits are 2~14 nm in size (Figure 1c). Figure 1d shows the
HAADF-STEM image of one typical pit. The lattice fringes
around the pit is 0.21 nm, which can be indexed to (111) plane
of face-centered cubic Cu (Figure S3). Figure le is the
magnified HAADF-STEM image of the square marked in
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Figure 1d. It reveals a growing number of atomic defects from
the edge to the center of the pit, which is further proved by the
intensity profile along the line shown in Figure 1d and e (Figure
1f). Here the nanoscale pit on Cu nanosheet is named as nano-
defect,'®2° which can be considered as a collection of many
atomic defects. Similar results were observed for Cu(200) plane
around one nano-defect (Figure 1g-i). All the above results
confirm the formation of nano-defective nanosheets instead of
perforated nanosheet. The nano-defective Cu nanosheets were
further characterized by powder X-ray diffraction (XRD), wide-
angle X-ray scattering two-dimensional map and energy
dispersive spectroscopy (EDS). The results prove the formation
of metallic Cu and the major exposed planes are Cu(111) and
Cu(200) of face-centred cubic Cu (Figure S4), which are in
accordance with the above HAADF-STEM results.

For comparison, other two samples of Cu nanosheets with
smooth surfaces and Cu nanoparticles were synthesized and
characterized. As shown in Figure 1j and k, the Cu nanosheet
has a smooth surface with lateral size of ~2 um and thickness
of ~20 nm (Figure S5). The Cu nanoparticles have an average
diameter of ~20 nm (Figure 11). The nano-defective Cu
nanosheets, Cu nanosheets with smooth surfaces and Cu
nanoparticles are defined as »n-CuNS, CuNS and CuNP,
respectively.

4 8 12 16
Defect size (nm)

Figure 1. Structural characterization of different catalysts. (a-e,g,h)
HAADF-STEM images of n-CuNS. Inset in (c), size distribution of
the nano-defects on n-CuNS. Insets in (d,g), the corresponding fast
Fourier transform patterns. (e,h) The enlarged area in the square of
(d,g). The cool color (dark spots) and warm color (bright spots)
represent the highly defective area and the less defective area,
respectively. (f,i) The corresponding intensity profile along the line
as shown in (d,g) (top) and (e,h) (bottom). (j-k) TEM images of
CuNSs (j,k) and CuNP (1).

To further gain an insight into the chemical state and local
structure of the as-synthesized sample, a series of spectroscopic

techniques were performed. X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy (XAS) are commonly
used technologies for monitoring the valence of Cu in Cu based
materials.”?!?2 Cu 2p and Auger Cu LMM XPS spectra of n-
CuNS and CuNS reveal that the Cu valence is zero (Figure
2a,b). The Cu K-edge X-ray absorption near-edge spectra
(XANES) confirm that n-CuNS and CuNS are metallic Cu
(Figure 2c). The extended Cu K-edge X-ray absorption fine
structure (EXAFS) of the two samples present Cu-Cu
coordinations at 2.23 A, which is identical to that of Cu foil
(Figure 2d). The above results suggest that the two catalysts
keep the metallic state under X-ray exposure, which is
consistent with the reported results.?!?? By quantitative EXAFS
curve fitting analysis, the coordination configuration of Cu
atom for n-CuNS is confirmed to be 9.7, smaller than those of
CuNS (10.9) and Cu foil (12.0) (Figure 2e,f, Figure S6 and
Table S1), which is consistent with the abundant atomic defects
confined in nano-defective n-CuNS (Figure 1d, g).
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Figure 2. Spectroscopy characterization of different catalysts. (a,b)
The Cu 2p (a) and Cu LMM (b) XPS spectra of n-CuNS (red) and
CuNS (blue). (c,d) Cu K-edge XANES (c) and EXAFS (d) spectra
of n-CuNS (red), CuNS (blue) and Cu foil (black). (e,f) EXAFS
fitting curves in R space (e) and ¢ space (f) of n-CuNS.

The electrochemical CO,RR on n-CuNS, CuNS and CuNP
was conducted using a three electrode H-type cell in a CO,
saturated 0.1 M K,SOj electrolyte.” The electrolysis products
were analyzed by 'H nuclear magnetic resonance (NMR)
spectroscopy and gas chromatography. As catalyzed by n-
CuNSs, ethylene and H, in gas phase were detected and no liquid
products were produced (Figure S7). It is obvious that n-CuNS
catalyst presents much enhanced total current density (j) as
compared with the two reference catalysts (Figure 3a). For
example, the current density at -1.18 V versus a reversible
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hydrogen electrode (vs RHE) on n-CuNS is 6 and 1.6 times
higher than those of CuNS and CuNP, respectively. The
ethylene FE over n-CuNS maintains values of >60% in a wide
potential range of -0.88 to -1.48 V (vs RHE), much higher than
those of CuNS and CuNP (Figure 3b). A maximum ethylene FE
of 83.2% can be achieved at -1.18 V (vs RHE), while those on
CuNS and CuNP are 45.7% and 37.2% (Table S2), respectively.
The partial current density of ethylene for n-CuNS reaches 66.5
mA cm? at -1.48 V (vs RHE), whereas those of CuNS and
CuNP are lower than 5 and 8.5 mA cm, respectively (Figure
3c¢). Interestingly, no CO was detected at applied potential range
by n-CuNS, while the other two reference catalysts show
considerable formation of competitive CO (4%-24%) (Figure
S8). It indicates that CO, which is an intermediate for CO,
transformation to ethylene during CO,RR and is often produced
along with ethylene,"!3 is strongly confined on n-CuNS for
efficient C-C coupling rather than desorbed to form gas CO on
CuNS and CuNP. Figure 3d shows a summary for the FE of
ethylene and H, at various applied potentials on n-CuNS.

The electrochemical double-layer capacitance measurements
were performed to estimate the electrochemical surface area
(ECSA). The ECSA for n-CuNS is roughly 10- and 4-fold those
of CuNS and CuNP, respectively (Figure S9 and Table S3). It
indicates that #n-CuNS can afford much more accessible active
sites than the other two catalysts. To compare the intrinsic
activity for CO,RR, the ECSA-normalized current densities of
different products were obtained. It reveals that the activity of
CO,RR to ethylene on n-CuNS is intrinsically higher than those
on CuNS and CuNP (Figure S10). The stability of n-CuNS was
examined at -1.18 V (vs RHE) for 14 h, which shows a stable
ethylene FE of ~80% with current density ~60 mA cm over
the span of stability test (Figure 3e¢). The slight increase of
ethylene FE at the beginning (~2 h) can be attributed to the
initial activation of the catalyst layer.?>?* The n-CuNS after 14
h CO,RR test was characterized, which shows that the nano-
defective nanosheet morphology can be well maintained
(Figure S11). As compared with all the reported heterogeneous
electrocatalysts, the n-CuNS catalyst displays the highest
ethylene FE and total current density under comparable
conditions (Figure 3f, Table S4).
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Figure 3. Electrochemical CO,RR performance. (a,b) Total current
density (a) and ethylene FE (b) at various applied potentials for
different catalysts. (c) Ethylene partial current density at various
applied potentials for different catalysts. (d) FE of the products at
various applied potentials for n-CuNS. (e¢) Chrono-amperometry
and FE results of #n-CuNS at a potential of -1.18 V vs RHE. (f)
Performance of n-CuNS catalyst compared with those of other CO,
to ethylene electrocatalysts in H-type cell.

To reveal the mechanism of the high activity of n-CuNS, the
CO,RR process over n-CuNS was traced by in situ XANES and
EXAFS spectra. The results show that the catalyst keeps
identical species of Cu’ during electocatalysis. Thus the
influence of the well-known oxidized and constantly evolved
Cu species for promoting ethylene production*#?4?7 can be
excluded (Figure 4a,b and Figure S12). Linear sweep
voltammetry (LSV) curve of n-CuNS exhibits an intense peak
at ca. -0.2 V (Figure 4c). It indicates the existence of a large
amounts of atomic defects on n-CuNS,22° which is favorable
for promoting the adsorptions to CO and OH- that are crucial to
ethylene formation.*'>!3 In contrast, the CuNS shows a largely
suppressed peak, which is consistent with its smooth surface.
To further confirm this, LSV curves of n-CuNS in N,-saturated
electrolyte and CO-saturated electrolyte were determined,
respectively. It shows that the difference between the current
densities in Nj-saturated and CO-saturated electrolytes of n-
CuNS is larger than that of CuNS (Figure 4d), suggesting easier
adsorption of CO on n-CuNS catalyst.’® Moreover, in situ
Raman spectra reveal that the signal of adsorbed CO on n-CuNS
is much more pronounced than that on CuNS (Figure S13). It
suggests the enhanced adsorption of CO on n-CuNS catalyst
during CO,RR, which is consistent with LSV results.!?
Furthermore the OH- electrosorption (OH,4) on n-CuNS was
determined, which is influenced by local pH effect (Figures
S14, 15).31:32 The results show that n-CuNS catalyst has much
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pronounced (100), (110) and (111) OH,y features,’*3* while
CuNS only presents a weak (111) OH,q4 peak (Figure 4e).

Such a concentrated effect of CO and OH- components in
nano-defects was further investigated by electrolysis using a
controlled convective flow.3>3¥ As shown in Figure 4f, the n-
CuNS electrode exhibits a ~50% enhanced CO,RR activity to
ethylene with the increased rotation speed of electrode from 0
to 2000 rpm, while the CuNS electrode shows a decline of ~6%.
It means that the reaction intermediates and OH- are strongly
confined in n-CuNS for producing ethylene even under
vigorous rotation.’’3¥ Meanwhile, the mass transport can be
accelerated at higher rotation speed.’® Therefore, the CO,RR
efficiency to ethylene on #n-CuNS electrode is much improved
with increasing rotation speed of electrode. For CuNS, the
reaction intermediates are weakly confined on its smooth
surface, which can be easily lost by the increased rotation speed
of electrode.’” As a result, a low selectivity of ethylene was
obtained on CuNS electrode with increasing rotation speed of
electrode.

Density functional theory (DFT) calculations were employed
to study the CO dimerization on #-CuNS and CuNS catalysts,
which is a rate-determining step to ethylene production.®40 It
reveals that the introduced Cu defect facilitates the adsorptions
to the key reaction intermediates (¥*CO and *OCCO) (Figure
4g) and OH- (Figure S16). With the adsorbed OH-, the defective
Cu (111) surface decreases the energy barrier for 110 meV in
*CO+*CO — *OCCO step than that of the non-defective
Cu(111) surface without OH- (Figure 4h). The calculations
provide molecular-level insights into the enhanced OH- and
reaction intermediate adsorptions on defective Cu, which are
concentrated in one nano-defect for synergistically facilitating
the CO dimerization process (Figures S17-20).
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Figure 4. Mechanism investigation. (a) In situ Cu K-edge XANES
spectra. (b) In situ Cu K-edge EXAFS spectra. (¢) LSV curves of
n-CuNS and CuNS. (d) LSV curves obtained on n-CuNS and CuNS
catalysts in Nj-saturated and CO-saturated -electrolytes. (e)
Voltammograms of OH,4 peaks collected in a 0.1 M KOH batch
cell. (f) Convective effect on CO,RR, FE and j for ethylene as a
function of rotation rate. (g) Comparison of adsorption energy of
key intermediates that affect selectivity on different facets. (h)
Energy diagrams and geometries of CO dimerisation on OH-
adsorbed and defective Cu(111) of n-CuNS (red) and non-defective

Cu(111) of CuNS (black). Red, grey, white and blue stand for
oxygen, carbon, hydrogen and copper atoms, respectively.

CONCLUSION

Here we demonstrate the efficient production of ethylene from
electrochemical reduction of CO, on nano-defective Cu
nanosheets. The ethylene FE can reach a high value of 83.2%,
with current density of ~60 mA cm?. Experimental and
calculation results reveal that the nano-defects on Cu nanosheet
create concentrated atomic defects that favor the adsorption,
enrichment and confinement for the reaction intermediates and
OH-, which synergistically promote the C-C coupling for
ethylene formation. Compared with the usually adopted
strategies of random atomic defects for catalyst design, the
construction of nano-scaled defects is more active and selective
for C, hydrocarbon production, which have great potential for
practical applications. This work not only paves a promising
approach for selectively producing single multi-carbon product
from CO, electroreduction, but also provides a new insight for
catalyst design through creating nano-scaled local environment.

EXPERIMENTAL SECTION

Synthesis of n-CuNS. CuO nanosheets were synthesized in
a high concentrated alkaline solution. 50 mM CuCl, aqueous
solution was mixed with 3 M NaOH in distilled water. The
solution was vigorously stirred and then transferred into a
Teflon-lined autoclave, sealed and heated at 100 °C for 12 h.
The system was allowed to cool to room temperature naturally
and the resulting product was centrifuged, rinsed with distilled
water and ethanol several times to remove any alkaline salt and
then dried in a vacuum oven at 60 °C for 4 h. The derived n-
CuNS nanocatalyst was prepared via in situ CO,
electroreduction at -1.08 V (vs RHE) from the CuO nanosheet
electrode after an initial electrolysis running for 60 min.

Synthesis of CuNS. The CuNS catalyst was prepared
according to the reported literature with small modification.??
(Cu(NOs3), 3H,0, 100 mg) and l-ascorbic acid (200 mg) were
mixed with 30 ml deionized water were stirred to form a
homogeneous solution. Then CTAB (200 mg) and HMTA (200
mg) were added followed by 30 min of stirring. The mixture
solution was sealed and heated from room temperature to 80 °C
and kept at 80 °C for 3 h in an oil bath. The resulting products
were centrifuged, rinsed with distilled water and ethanol several
times and then dried in a vacuum oven at 60 °C for 4 h.

Synthesis of CuNP. (Cu(NOs),-3H,0, 300 mg) mixed with
10 mL deionized water were stirred to form a homogeneous
solution. Then NaBH, (150 mg) was added followed by 10 min
of stirring. The resulting products were centrifuged, rinsed with
distilled water and ethanol several times and then dried in a
vacuum oven at 60 °C for 4 h.

Characterization. Powder X-ray diffraction pattern was
performed on a Rigaku D/max-2500 diffractometer with Cu Ka
radiation (A = 1.5418 A) at 40 kV and 200 mA. The
morphologies were characterized by SEM (HITACHI S-4800),
TEM (JEOL-1011) operated at 100 kV and high-resolution
TEM (HRTEM, JEOL-2100F) operated at 200 kV. The
HAADF-STEM characterization was performed on a JEOL
JEM-ARF200F TEM/STEM with a spherical aberration
corrector. AFM image was obtained on a tapping-mode atomic
force microscope (Nanoscope Illa, Digital Instruments, Santa
Barbara, CA), with a silicon cantilever probes. XPS was
measured by VG Scientific ESCALab220i-XL spectrometer
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using Al Ka radiation with 500 pm X-ray spot. The base
pressure was about 3x10-' mbar in the analysis chamber.
Raman spectrum was obtained on a laser confocal Raman
spectroscopy (Labram-010, Horiba-JY) employing the Nd:
YAG laser wavelength of 633 nm). Wide-angle X-ray
scattering measurements were performed at Beamline 1W2A at
Beijing Synchrotron Radiation Facility (BSRF). The XAFS
experiment was carried out at Beamline 1W1B at BSRF. Data
of XAFS were processed using the Athena and Artemis
programs of thee IFEFFIT package based on FEFF 6. Prior to
merging, the spectra were aligned to the first and largest peak
in the smoothed first derivative of the absorption spectrum,
normalized and background removed. Data were processed by
k3-weighting and an Ry, value of 1.0. Merged data sets were
aligned to the largest peak in the first derivative of the
adsorption spectrum. Normalized w(E) data was obtained
directly from the Athena program of the IFEFFIT package. The
quantitative structural parameters were obtained using a least-
squares curve parameter fitting method by ARTEMIS module.

Preparation of working electrode. The glassy carbon
working electrode was prepared according to the commonly
adopted method.>” The catalyst ink was prepared through
ultrasonically dispersing 2 mg of the sample powder with 5 pl
Nafion solution (5%) in 100 pl ethanol for 30 min. Then 10 pl
of'the catalyst ink was drop-coated on the glass carbon electrode
with diameter of 3 mm. The electrode was then dried slowly at
room temperature to obtain the working electrode for the
subsequent electrochemical tests.

Electrochemical measurements. Electrochemical
measurements and product identification and quantification
were similar to protocols described in our previous work.*:#2
Electrocatalytic measurements were performed in a gas-tight
two-compartment H-type cell with three electrode system using
an electrochemical station (Chi660E). Pt gauze and Ag/AgCl
(3.5 M KClI) electrode were used as the counter electrode and
reference electrode, respectively. The working and reference
electrodes keep small spacing (~0.5 cm) to minimize
uncompensated solution resistance. A 0.1 M solution of K,SO,
dissolved in 18.2 MQcm deionized water was used as the
electrolyte. Each compartment contains 20 ml electrolyte and
the electrolyte in the working-electrode compartment was
bubbled with N, or CO, for at least 30 min to form N, or CO,
saturated solution and maintained this flow rate during
measurements. The working and reference electrodes were
placed in the cathode chamber, while the counter electrode was
placed in the anode chamber, which was separated by a piece of
Nafion 117 ionic exchange membrane to avoid the re-oxidation
of CO,RR-generated products. The measurements were
performed at constant IR-corrected potential. Electrode
potentials were converted to RHE using the following equation,
ERHE:EAg/AgCl+0-21 V+00591XPH

ECSA referred the CV results under the potential windows
of 0.42 V~0.52 V (vs RHE). To compare with the literature,'”
the LSV measurements for defective peak were performed
similarly in CO,-saturated 0.1 M KHCO; electrolyte. LSV
curves in Nj-saturated and CO-saturated 0.1 M KHCO;
electrolytes were obtained to detect the CO adsorption
according to the reported literature.'s

Product analysis. For product identification and
quantification of gas, 2 ml of collected gas was injected into a
gas chromatograph (GC, HP 4890D) during the
chronoamperometry measurements at each 15 min to analyse

the concentration of gas products. The gas chromatograph was
equipped with FID and TCD detectors using helium as the
internal standard. The amounts of gas products were calculated
from the peak areas of gas chromatography with conversion
factors for ethylene, H, and CO based on calibration of standard
samples at 1.013 bar and 300 K. The liquid product was
analyzed by 'H NMR on Bruker AVANCE AV III 400, in
which the used electrolyte was mixed with D,O (deuterated
water). After the quantification, the faradaic efficiencies (FE)
toward each product were calculated as follows:

Amount of product X n X F
C

FE (%) = X 100

where n is number of moles of electrons to participate in the
faradaic reaction, F is the Faraday constant (96485 C mol),
and C is the amount of charge passed through the working
electrode.

Rotating disk electrode measurements. Rotating disk
electrode measurements was controlled using a Pine Modulated
Speed Rotator in a three-electrode electrochemical cell with an
air-tight seal. The electrodes were polished and sonicated using
a bath sonicator for 5 min prior to each experiment. Rotation
rate dependent product determination were measured by
conducting controlled potential electrolysis at-1.18 V (vs RHE)
in CO,-saturated 0.1 M K,SO; electrolyte. For a given rotation
rate, the formed gases were detected by GC after the generated
gases were equilibrated in the headspace. The rotation rate was
varied in the following order, 2000, 1000, 1500, 500 rpm.

In-situ X-ray absorption spectroscopy. The XAFS
experiment was carried out at Beamline IW1B at BSRF. A
home-made plastic electrochemical cell was employed for in
situ XAS measurement under the sensitive fluorescence model.
The cell was filled with electrolyte saturated with CO..
Ag/AgCl and Pt gauze were used as reference electrode and
counter electrode, respectively. The working electrode
compartment had walls with a single square hole of 1.0 cm in
edge length. A catalyst/thin carbon paper as the working
electrode was in contact with a slip of copper tape and fixed
with Kapton (polyimide) tape to the exterior of the wall of the
cell, over the hole, catalyst layer facing inwards. During the
measurement, the XAS data was collected at different time.

Computational details for calculations. Spin-polarized
density functional theory calculations were performed using
DMol® package with the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) exchange-
correlation functional. Three layers of 4x4 Cu(111) and Cu
(100) surfaces which contain 48 Cu atoms was chosen as the
catalysts, and the defective 4x4 Cu(111) and Cu(100) surfaces
which contains 47 Cu atoms were comparatively studied. The
density functional semicore pseudopotential (DSPP) was
chosen to describe the Cu atoms. During the geometry
optimization, the tolerances of energy and force were 2x10~° Ha
and 0.004 Ha/A, and the maximum displacement was 5x10-3 A,
respectively. The Monkhorst-Pack scheme k-point meshes were
2x2x1. The adjacent slabs were separated
by a vacuum layer of 12 A thickness along the z-direction, thus
the real Cu surface can be created. The adsorption energy (E,q4)
of different adsorbates on both the non-defective and the
defective Cu surfaces were calculated according to:

Eads = Etotal 7(Esurface+Eadsorbate)
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where E,q is the adsorption energy of various adsorbates
which includes the mono or/and the coexisted OH-, CO and
OCCO; E,qy is the total energy for the adsorption state, Egypce
is the energy of either the non-defective or the defective Cu
surface, E,qsomate 1S the energy of accumulated adsorbates.

The coupling energy barrier of OCCO was calculated using
the equations formula:

Eocco coupling = Eocco —Eaxco

ASSOCIATED CONTENT

Supporting Information. This material is available free of
charge via the Internet at http://pubs.acs.org. The Supporting
Information including the additional SEM, TEM, EDS Mapping,
AFM and HRTEM images, XRD patterns, XPS spectra,
electrochemical performance of materials andsimulation details.

AUTHOR INFORMATION

Corresponding Author
* E-mail: zhangjl@iccas.ac.cn.

Notes
The authors declare no competing financial interests.

ACKNOWLEDGMENT

The authors thank the financial supports from National Natural
Science Foundation of China (21525316, 21673254), Ministry of
Science and Technology of China (2017YFA0403003), Chinese
Academy of Sciences (QYZDY-SSW-SLHO013) and Beijing
Municipal Science & Technology Commission
(Z191100007219009).

REFERENCES

(1) Li, F.; Thevenon, A.; Rosas-Hernandez, A.; Wang, Z.; Li, Y.;
Gabardo, C. M.; Ozden, A.; Dinh, C. T.; Li, J.; Wang, Y.;
Edwards, J. P.; Xu, Y.; McCallum, C.; Tao, L.; Liang, Z.-Q.;
Luo, M.; Wang, X.; Li, H.; O’Brien, C. P.; Tan, C.-S.; Nam, D.-
H.; Quintero-Bermudez, R.; Zhuang, T.-T.; Li, Y. C.; Han, Z.;
Britt, R. D.; Sinton, D.; Agapie, T.; Peters, J. C.; Sargent, E. H.,
Molecular tuning of CO,-to-ethylene conversion. Nature 2019.
577,509-513.

(2) De Luna, P.; Hahn, C.; Higgins, D.; Jaffer, S. A.; Jaramillo, T.
F.; Sargent, E. H., What would it take for renewably powered
electrosynthesis to displace petrochemical processes? Science
2019, 364, eaav3506.

(3) Jiang, K.; Sandberg, R. B.; Akey, A. J.; Liu, X.; Bell, D. C;
Norskov, J. K.; Chan, K.; Wang, H., Metal ion cycling of Cu foil
for selective C—C coupling in electrochemical CO, reduction.
Nat. Catal. 2018, 1, 111-119.

(4) Wang, Y.; Wang, Z.; Dinh, C.-T.; Li, J.; Ozden, A.; Golam
Kibria, M.; Seifitokaldani, A.; Tan, C.-S.; Gabardo, C. M.; Luo,
M.; Zhou, H.; Li, F.; Lum, Y.; McCallum, C.; Xu, Y.; Liu, M.;
Proppe, A.; Johnston, A.; Todorovic, P.; Zhuang, T.-T.; Sinton,
D.; Kelley, S. O.; Sargent, E. H., Catalyst synthesis under CO,
electroreduction favours faceting and promotes renewable fuels
electrosynthesis. Nat. Catal. 2020, 3, 98-106.

(5) De Luna, P.; Quintero-Bermudez, R.; Dinh, C.-T.; Ross, M. B.;
Bushuyev, O. S.; Todorovi¢, P.; Regier, T.; Kelley, S. O.; Yang,
P.; Sargent, E. H., Catalyst electro-redeposition controls
morphology and oxidation state for selective carbon dioxide
reduction. Nat. Catal. 2018, 1, 103-110.

(6) Jung, H.; Lee, S. Y.; Lee, C. W.; Cho, M. K.; Won, D. H.; Kim,
C.; Oh, H.-S.; Min, B. K.; Hwang, Y. J., Electrochemical
fragmentation of Cu,O nanoparticles enhancing selective C—C
coupling from CO, reduction reaction. J. Am. Chem. Soc. 2019,
141, 4624-4633.

(O]

®)

&)

(10)

an

(12)

(13)

(14

(15)

(16)

(O]

(18)

19)

(20)

(2]

(22)

Zhou, Y.; Che, F.; Liu, M.; Zou, C.; Liang, Z.; De Luna, P.;
Yuan, H.; Li, J.; Wang, Z.; Xie, H.; Li, H.; Chen, P.; Bladt, E.;
Quintero-Bermudez, R.; Sham, T.-K.; Bals, S.; Hofkens, J.;
Sinton, D.; Chen, G.; Sargent, E. H., Dopant-induced electron
localization drives CO, reduction to C, hydrocarbons. Nat.
Chem. 2018, 10, 974-980.

Zhuang, T.-T.; Liang, Z.-Q.; Seifitokaldani, A.; Li, Y.; De Luna,
P.; Burdyny, T.; Che, F.; Meng, F.; Min, Y.; Quintero-Bermudez,
R.; Dinh, C. T.; Pang, Y.; Zhong, M.; Zhang, B.; Li, J.; Chen, P.-
N.; Zheng, X.-L.; Liang, H.; Ge, W.-N.; Ye, B.-J.; Sinton, D.;
Yu, S.-H.; Sargent, E. H., Steering post-C-C coupling selectivity
enables high efficiency electroreduction of carbon dioxide to
multi-carbon alcohols. Nat. Catal. 2018, 1, 421-428.

Gao, J.; Zhang, H.; Guo, X.; Luo, J.; Zakeeruddin, S. M.; Ren,
D.; Gritzel, M., Selective C—C coupling in carbon dioxide
electroreduction via efficient spillover of intermediates as
supported by operando Raman spectroscopy. J. Am. Chem. Soc.
2019, /41, 18704-18714.

Hoang, T. T. H.; Verma, S.; Ma, S.; Fister, T. T.; Timoshenko,
J.; Frenkel, A. 1; Kenis, P. J. A.; Gewirth, A. A., Nanoporous
copper—silver alloys by additive-controlled electrodeposition for
the selective electroreduction of CO, to ethylene and ethanol. J.
Am. Chem. Soc. 2018, 140, 5791-5797.

Wakerley, D.; Lamaison, S.; Ozanam, F.; Menguy, N.; Mercier,
D.; Marcus, P.; Fontecave, M.; Mougel, V., Bio-inspired
hydrophobicity promotes CO, reduction on a Cu surface. Nat.
Mater. 2019, 18, 1222-1227.

lijima, G.; Inomata, T.; Yamaguchi, H.; Ito, M.; Masuda, H.,
Role of a hydroxide layer on Cu electrodes in electrochemical
CO, reduction. ACS Catal. 2019, 9, 6305-6319.

Dinh, C.-T.; Burdyny, T.; Kibria, M. G.; Seifitokaldani, A.;
Gabardo, C. M.; Garcia de Arquer, F. P.; Kiani, A.; Edwards, J.
P.; De Luna, P.; Bushuyev, O. S.; Zou, C.; Quintero-Bermudez,
R.; Pang, Y.; Sinton, D.; Sargent, E. H., CO, electroreduction to
ethylene via hydroxide-mediated copper catalysis at an abrupt
interface. Science 2018, 360, 783.

Mariano, R. G.; McKelvey, K.; White, H. S.; Kanan, M. W.,
Selective increase in CO, electroreduction activity at grain-
boundary surface terminations. Science 2017, 358, 1187-1192.
Verdaguer-Casadevall, A.; Li, C. W.; Johansson, T. P.; Scott, S.
B.; McKeown, J. T.; Kumar, M.; Stephens, L. E. L.; Kanan, M.
W.; Chorkendorff, 1., Probing the active surface sites for CO
reduction on oxide-derived copper electrocatalysts. J. Am. Chem.
Soc. 2015, 137, 9808-9811.

Li, C. W,; Ciston, J.; Kanan, M. W., Electroreduction of carbon
monoxide to liquid fuel on oxide-derived nanocrystalline copper.
Nature 2014, 508, 504-507.

Gao, D.; Sinev, L.; Scholten, F.; Aran-Ais, R. M.; Divins, N. J.;
Kvashnina, K.; Timoshenko, J.; Roldan Cuenya, B., Selective
CO, electroreduction to ethylene and multicarbon alcohols via
electrolyte-driven nanostructuring. Angew. Chem. Int. Ed. 2019,
58, 17047-17053.

Pfisterer, J. H. K.; Baghernejad, M.; Giuzio, G.; Domke, K. F.,
Reactivity mapping of nanoscale defect chemistry under
electrochemical reaction conditions. Nat. Commun. 2019, 10,
5702.

Prozorovska, L.; Kidambi, P. R., State-of-the-art and future
prospects for atomically thin membranes from 2d materials. Adv.
Mater. 2018, 30, 1801179.

Guo, H.; Wei, Z.; Jia, K.; Qiu, B.; Yin, C.; Meng, F.; Zhang, Q.;
Gu, L.; Han, S.; Liu, Y.; Zhao, H.; Jiang, W.; Cui, H.; Xia, Y ;
Liu, Z., Abundant nanoscale defects to eliminate voltage decay
in Li-rich cathode materials. Energy Storage Mater. 2019, 16,
220-227.

Dai, L.; Qin, Q.; Wang, P.; Zhao, X.; Hu, C.; Liu, P.; Qin, R.;
Chen, M.; Ou, D.; Xu, C.; Mo, S.; Wu, B.; Fu, G.; Zhang, P.;
Zheng, N., Ultrastable atomic copper nanosheets for selective
electrochemical reduction of carbon dioxide. Sci. Adv. 2017, 3,
€1701069.

Luc, W.; Fu, X.; Shi, J.; Lv, J.-J.; Jouny, M.; Ko, B. H.; Xu, Y;
Tu, Q.; Hu, X.; Wu, J; Yue, Q.; Liu, Y.; Jiao, F.; Kang, Y., Two-

ACS Paragon Plus Environment

Page 6 of 8



Page 7 of 8

oNOYTULT D WN =

(23)

24

(25)

(26)

@7

(28)

29

(30)

(€2))

(32)

Journal of the American Chemical Society

dimensional copper nanosheets for electrochemical reduction of
carbon monoxide to acetate. Nat. Catal. 2019, 2, 423-430.

Lv, J. I.; Jouny, M.; Luc, W.; Zhu, W.; Zhu, J. J.; Jiao, F., A
highly porous copper electrocatalyst for carbon dioxide
reduction. Adv. Mater. 2018, 30, e1803111.

Ren, D.; Deng, Y.; Handoko, A. D.; Chen, C. S.; Malkhandi, S.;
Yeo, B. S., Selective electrochemical reduction of carbon dioxide
to ethylene and ethanol on copper(I) oxide catalysts. ACS Catal.
2015, 5, 2814-2821.

Yang, P.-P.; Zhang, X.-L.; Gao, F.-Y.; Zheng, Y.-R.; Niu, Z.-Z.;
Yu, X.; Liu, R.; Wu, Z.-Z.; Qin, S.; Chi, L.-P.; Duan, Y.; Ma, T.;
Zheng, X.-S.; Zhu, J.-F.; Wang, H.-J.; Gao, M.-R.; Yu, S.-H.,
Protecting copper oxidation state via intermediate confinement
for selective CO, electroreduction to C,. fuels. J. Am. Chem. Soc.
2020, /42, 6400-6408.

Xiao, H.; Goddard, W. A.; Cheng, T.; Liu, Y., Cu metal
embedded in oxidized matrix catalyst to promote CO, activation
and CO dimerization for electrochemical reduction of CO,. Proc.
Natl. Acad. Sci. 2017, 114, 6685-6688.

Hoang, T. T. H.; Verma, S.; Ma, S.; Fister, T. T.; Timoshenko,
J.; Frenkel, A. 1.; Kenis, P. J. A.; Gewirth, A. A., Nanoporous
copper-silver alloys by additive-controlled electrodeposition for
the selective electroreduction of CO; to ethylene and ethanol. J.
Am. Chem. Soc. 2018, 140, 5791-5797.

Jeon, H. S.; Kunze, S.; Scholten, F.; Roldan Cuenya, B., Prism-
Shaped Cu nanocatalysts for electrochemical CO, reduction to
ethylene. ACS Catal. 2018, 8, 531-535.

Ren, D.; Wong, N. T.; Handoko, A. D.; Huang, Y.; Yeo, B. S.,
Mechanistic insights into the enhanced activity and stability of
agglomerated Cu nanocrystals for the electrochemical reduction
of carbon dioxide to n-propanol. J. Phys. Chem. Lett. 2016, 7,
20-24.

Lee, S.; Kim, D.; Lee, J., Electrocatalytic production of C;-C,
compounds by conversion of CO, on a chloride-induced bi-
phasic Cu,O-Cu catalyst. Angew. Chem. Int. Ed. 2015, 54,
14701-14705.

Zhou, J.-H.; Yuan, K.; Zhou, L.; Guo, Y.; Luo, M.-Y.; Guo, X.-
Y.; Meng, Q.-Y.; Zhang, Y.-W., Boosting electrochemical
reduction of CO, at a low overpotential by amorphous Ag-Bi-S-
O decorated Bij nanocrystals. Angew. Chem. Int. Ed. 2019, 58,
14197-14201.

Li, J.; Chen, G.; Zhu, Y.; Liang, Z.; Pei, A.; Wu, C.-L.; Wang,
H.;Lee, H.R.; Liu, K.; Chu, S.; Cui, Y., Efficient electrocatalytic

(33)

(34

(335)

(36)

(37

(3%)

(39)

(40)

(41)

(42)

CO; reduction on a three-phase interface. Nat. Catal. 2018, 1,
592-600.

Raciti, D.; Cao, L.; Livi, K. J. T.; Rottmann, P. F.; Tang, X.; Li,
C.; Hicks, Z.; Bowen, K. H.; Hemker, K. J.; Mueller, T.; Wang,
C., Low-overpotential electroreduction of carbon monoxide
using copper nanowires. ACS Catal. 2017, 7, 4467-4472.
Droog, J. M. M.; Schlenter, B., Oxygen electrosorption on
copper single crystal electrodes in sodium hydroxide solution. J.
Electroanal. Chem. 1980, 112, 387-390.

Hall, A. S.; Yoon, Y.; Wuttig, A.; Surendranath, Y.,
Mesostructure-induced selectivity in CO, reduction catalysis. J.
Am. Chem. Soc. 2015, 137, 14834-14837.

Yoon, Y.; Hall, A. S.; Surendranath, Y., Tuning of silver catalyst
nanostructure promotes selective carbon dioxide conversion into
fuels. Angew. Chem. Int. Ed. 2016, 55, 15282-15286.

Yang, K. D.; Ko, W. R; Lee, J. H.; Kim, S. J.; Lee, H.; Lee, M.
H.; Nam, K. T., Morphology-directed selective production of
ethylene or ethane from CO, on a Cu nanopore electrode. Angew.
Chem. Int. Ed. 2017, 56, 796-800.

Ma, M.; Djanashvili, K.; Smith, W. A., Controllable hydrocarbon
formation from the electrochemical reduction of CO, over Cu
nanowire arrays. Angew. Chem. Int. Ed. 2016, 55, 6680-6684.
Montoya, J. H.; Shi, C.; Chan, K.; Nerskov, J. K., Theoretical
insights into a CO dimerization mechanism in CO,
electroreduction. J. Phys. Chem. Lett. 2015, 6, 2032-2037.
Xiao, H.; Cheng, T.; Goddard, W. A.; Sundararaman, R.,
Mechanistic explanation of the pH dependence and onset
potentials for hydrocarbon products from electrochemical
reduction of CO on Cu (111). J. Am. Chem. Soc. 2016, 138, 483-
486.

Zhang, B.; Zhang, J.; Shi, J.; Tan, D.; Liu, L.; Zhang, F.; Lu, C.;
Su, Z.; Tan, X.; Cheng, X.; Han, B.; Zheng, L.; Zhang, J.,
Manganese acting as a high-performance heterogeneous
electrocatalyst in carbon dioxide reduction. Nat. Commun. 2019,
10, 2980.

Zhu, Q.; Sun, X.; Yang, D.; Ma, J.; Kang, X.; Zheng, L.; Zhang,
J.; Wu, Z.; Han, B., Carbon dioxide electroreduction to C,
products over copper-cuprous oxide derived from
electrosynthesized copper complex. Nat. Commun. 2019, 10,
3851.

ACS Paragon Plus Environment



oNOYTULT D WN =

For Table of Contents Only

Journal of the American Chemical Society

Nano-defective
Cu nanosheets

Page 8 of 8

ACS Paragon Plus Environment



