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Abstract: Copper can efficiently electro-catalyze carbon dioxide
reduction to C,. products (e.g., C;H4, C,HsOH, and n-propanol).
However, the correlation between the activity and active sites
remains ambiguous, impeding further improvements in their
performance. This paper describes the facet effect of copper crystal
to promote CO adsorption and C-C coupling and consequently yield
a superior selectivity for C,. products. We achieve a high Faradaic
efficiency (FE) of 87% and a large partial current density of 217 mA
cm 2 toward C,. products on Cu(OH).-D at only -0.54 V versus the
reversible hydrogen electrode in a flow-cell electrolyzer. With further
coupled to a Si solar cell, record-high solar conversion efficiencies of
4.47% and 6.4% are achieved for C,H, and C,. products,
respectively. This study provides an in-depth understanding of the
selective formation of C.. products on Cu and paves the way for the
practical application of electrocatalytic or solar-driven CO, reduction.

Introduction

Solar-driven electrocatalytic carbon dioxide reduction reaction
(CO2RR) to value-added chemicals and fuels is attractive to
simultaneously utilize renewable energy source and reduce
atmospheric CO, concentration to solve the environmental
problem [, In contrast to mono-carbon products such as CO
and CHa, higher value-added C;. (including C;) hydrocarbons
and alcohols have attracted more attention . Currently, owing
to the specific binding energy of *CO intermediate, copper is the

only metal that can effectively catalyze CO2RR to C,. products .

Nonetheless, due to the sluggish kinetics and the competition of
kinetically favorable hydrogen evolution reaction (HER), poor
selectivity and activity still hinder the large-scale implementation
of CO2RR electrolyzers.

Electroreduction of high-valence-state copper has been
reported to improve CO,RR performance . HER is largely
suppressed over Cu sites derived from high-valence-state
copper species (e.g., precursor). However, the FE for Cpy.
products is generally unsatisfied, and the reaction mechanisms
are still under debate. Grain boundaries formed by the reduction
are firstly proposed to be responsible for the enhanced catalytic
activity ['¢ 51, Similarly, the Cu(100) facet preferentially formed on
the surface also contributes to the enhanced performance [61.

The high local pH induced by the increased surface roughness
also plays a role e 7. Additionally, positively charged Cu “& 8l
and residual subsurface oxygen [ are proposed to stabilize CO
adsorption and promote dimerization and thus significantly
enhance the selectivity for C,. products. However, Cu* and
subsurface oxygen have been revealed experimentally and
theoretically to be unstable under reduction conditions during
CO;RR e 6 10 The geometric structure of surface atoms in
catalysts is significant for the catalytic performance 4. As of yet,
it is a great challenge to control the surface atom arrangement
due to the random reconstruction of Cu during the reduction
process of Cu oxides. Since the Cu-O bond is broken and O (or
OH) is released under reduction potential, the pre-catalyst plays
a crucial role in the structure reconstruction for Cu preparation.
By modifying the structures of precursors (Cu(OH),, CuO and
Cuz0), we predict that the exposed surface on the catalysts can
be regulated.

This paper describes a Cu catalyst with abundant stepped
Cu(110) and highly active Cu(100) sites for CO,RR to C,.
products. Our results reveal that Cu(OH).-derived Cu catalysts
expose relatively high density of stepped Cu(110) and Cu(100),
which are assembled into Cu(210) and Cu(310). The assembled
Cu(210) and (310) promote CO adsorption and CO dimerization,
leading to improved CO;RR catalytic activity to C,. products.
When evaluated in flow-cell with an alkaline aqueous solution as
the electrolyte, the C,+ FE of 87% is achieved with a larger
current density at low overpotential. We also coupled a cheap Si
solar cell with electrochemical cell to construct a PV-EC system
for direct solar-driven CO, reduction, the most efficient solar
conversion efficiency of 4.47% and 6.4% is achieved for C,H,
and C,. products, respectively.

Results and Discussion

Synthesis and characterization of catalysts. We prepared
three types of precursors. Cu(OH). supported on copper foil
(Cu(OH)./Cu foil) was prepared by converting commercial Cu foll
in an alkaline solution 2. CuO supported on Cu foil (CuO/Cu
foil) and Cu,O supported on Cu foil (Cu,O/Cu foil) were obtained
from annealing Cu(OH)./Cu foil in air and N, atmosphere,
respectively (for details, please see the Methods Section). The
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structures of Cu(OH),/Cu foil, CuO/Cu foil, and Cu,O/Cu foil are
confirmed with X-ray diffraction spectroscopy (XRD) patterns,
Raman spectra, X-ray photoelectron spectroscopy (XPS)
(Figures Sla-c), and scanning electron microscopy (SEM)
images (Figure S1d-f).
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Figure 1. Structure characterization of the catalysts. (a) Schematic illustration
of the preparation of Cu(OH)2-D/Cu foil, CuO-D/Cu foil, and Cu20-D/Cu foil. In
situ Raman spectra of (b) Cu(OH)2/Cu foil, (c) CuO/Cu foil, and (d) Cu20/Cu
foil in CO2-saturated 0.1 M KHCOs at -0.5 V vs. RHE. (e) and (f) Aberration-
corrected HAADF-TEM images of Cu(OH)2-D. (g) Models showing
coordination numbers of (310) and (210) facets; the yellow square marked
area is the square Cu(100).

To prepare the designed catalysts, the Cu(OH),/Cu, CuO/Cu
and Cu,O/Cu foils were placed in a CO,-saturated 0.1 M KHCO3
aqueous solution and reduced under the bias potential of -0.5 V
versus the reversible hydrogen electrode (vs. RHE) for ~800 s
(Figure 1a). The obtained samples were denoted as Cu(OH),-
D/Cu foil, CuO-D/Cu foil, and Cu,O-D/Cu foil, respectively.
Figure. S2 shows time-dependent current density curves for the
reduction of Cu(OH)./Cu foil, CuO/Cu foil, and Cu,O/Cu foil, in
agreement with the reduction of Cu hydroxide/oxide to metallic
Cu ¥, In situ Raman was employed to investigate the reduction
process (Figure 1b-d). The Raman spectra of these samples
collected in the open circuit are similar to the spectra of
precursors measured ex-situ (Figure S1b). After several minutes
reduction in the CO,-saturated 0.1 M KHCO; aqueous solution
at -0.5 V vs. RHE, all of the characteristic Raman bands
associated with Cu(OH)z, CuO and CuyO disappear. These
results demonstrate that all three samples are reduced to
metallic copper, agreeing well with the thermodynamics
equilibria displayed in the Cu-pourbaix diagram 3. Moreover,
other than Cu peaks, no other peaks attributed to Cu
hydroxide/oxide are observed in XRD patterns, further
confirming that all the Cu hydroxide/oxide have been reduced to
metallic Cu (Figure S3). XPS analysis (Figure S4) reveals that
Cu mainly presents a metallic state. Only a small amount of Cu?*
is detected, probably due to the surface oxidation during sample
transfer. It should be noted that we could not exclude the
possible presence of Cu* (with the binding energy very closed to
CuP) due to the oxidation in air. High resolution TEM images also
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demonstrate the precursors were converted to metallic Cu,
where exhibit lattice fringes of Cu(200) and (111) (Figure S5).

Transmission electron microscopy (TEM) images show that
Cu(OH),-D, CuO-D, and Cu,0-D have essentially inherited the
rod structure of the precursors (Figure S6). Interesting, Cu(OH),-
D gives more roughness structure than CuO-D and follows by
Cu0-D, it is large likely due to the more substantial lattice
change during the reduction of Cu(OH), to metallic Cu (the
lattice distance of Cu(OH);, CuO, Cu;O, and Cu gives a
decreasing trend observed from the XRD results). Nevertheless,
due to the rough surface structure of Cu(OH), (Figure S6), high-
index stepped surfaces, such as Cu(310)=3(100) X (110) and
Cu(210)=2(110) X (100), composed by Cu(100) and Cu(110),
can be observed in Cu(OH).-D (Figure. 1, e-g). The Cu(100)
domains in Cu(310) and Cu(210) also inherit the nature of the
stepped Cu(110) with low-coordinations (Figure 1g). Additionally,
to further validate the surface roughness of Cu(OH),-D/Cu foil,
we compare the double-layer capacitance (Cq) between the
electrodes and polished Cu foil to calculate their electrochemical
surface area (ECSA) (Figure S7). The Cu(OH).-D/Cu foil has the
largest ECSA of 84.3, followed by 72.4 and 64.9 for CuO-D/Cu
foil and Cu,O-D/Cu foil, respectively (table S1).
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Figure 2. Surface structure. (a) CV curves collected in Ar-saturated 1 M KOH
for Cu(OH).-D/Cu foil, CuO-D/Cu foil and Cu20-D/Cu foil, scan rates =5 mV s
1, (b) Grazing incident XRD (a = 0.1° ) patterns of Cu(OH)2-D/Cu foil, CuO-
D/Cu foil, and Cu20-D/Cu foil.

Cyclic voltammetry (CV) curves were collected in Ar-saturated
1 M KOH to further probe the surface structure of Cu(OH).-D/Cu
foil, CuO-D/Cu foil and Cu,O-D/Cu foil. Different Cu facets
exhibit unigue OH-adsorption/desorption peaks in the CV curves
14 As displayed in Figure. 2a, the peaks centered at ca. 0.34,
0.37, and 0.43 V can be assigned to the OH-electrosorption on
Cu(100), Cu(110) and Cu(111), respectively 4. The peaks of
OH-electrosorption on Cu(100) and Cu(110) are more prominent
for Cu(OH),-D/Cu foil, demonstrating Cu(OH).-D/Cu foil expose
more stepped Cu(110) and Cu(100) surface, followed by CuO-
D/Cu foil and Cu,O-D/Cu foil (Figure 2a). As revealed by
aberration-corrected HAADF-TEM image mentioned above, the
facets are homogeneously distributed, rather than exist
separately, which can form high-index stepped facets, such as
Cu(210) and Cu(310). Grazing incident XRD (a = 0.1° , probe
depth of ca. 2 nm) also revealed the decreasing trend of
exposed Cu(100) and Cu(110) facets ratio in the surface from
Cu(OH),-D/Cu foil to CuO-D/Cu foil and Cu,O-D/Cu foil (Figure.
2b).
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COz2RR performance. CO,RR performance was carried out in
COp-saturated 0.1M KHCO; (pH=6.9) in an anion-conducting
membrane separated two-compartment cell (H-cell) with
Cu(OH),-D/Cu foil (CuO-D/Cu foil or Cu,O-D/Cu foil) as the
working electrode, saturated Ag/AgCl as the reference electrode
and Pt plate as counter electrodes, respectively. The Faradaic
efficiency (FE) for each product associated with the change of
potential is presented in Figure 3. Similar to previous studies,
the hydrocarbons and alcohols are dominant products at the
high overpotentials, while H, and CO are instead dominant at
low overpotentials *°. Due to the formation path of HCOOH is
different from other products ¥, and usually appeared at low
applied potential with low current density, we don’t evaluate
HCOOH product in H-cell. Specifically, the selectivity for H, on
Cu(OH),-D/Cu foil, CuO-D/Cu foil, and Cu,O-D/Cu foil gradually
increasing follows an order of (Cu(OH),-D/Cu foil < CuO-D/Cu
foil <Cu,O-D/Cu foil). In addition, Cu(OH).-D/Cu foil and CuO-
D/Cu foil showed relatively higher FE for CO than Cu,O-D/Cu
foil at low overpotentials.
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Figure 3. CO2 reduction reaction performance in H-Cell. Faradaic efficiency of
(a) Cu(OH).-D/Cu foil, (b) CuO-D/Cu foil, and (c) Cu20-D/Cu foil in CO.-
saturated 0.1 M KHCOs aqueous solution. (d) The Cz+ FEs for Cu(OH)2-D/Cu
foil, CuO-D/Cu foil, and Cu20-D/Cu foil.

The Cu(OH),-D/Cu electrode exhibits higher selectivity for Ca.
products than CuO-D/Cu and Cu;O-D/Cu (Figure 3). Specifically,
Cu(OH),-D/Cu displays the maximum FE of ~41%, 21%, and
11% for C,H4, C,HsOH, and n-propanol at ca. -1.08, -0.87, and -
0.98 V, respectively. As displayed in Figure. 3D, Cu(OH),-D/Cu
foil exhibits the highest FE of ~59% for C,. products at ca. -0.98
V, as compared to ~45% for CuO-D/Cu foil and ~21% for Cu,0O-
D/Cu foil at ca. -1.03 V and -1.23 V, respectively. The trend for
C,+ hydrocarbons and alcohols consists well with that of
exposed stepped Cu(110) and Cu(100) surface of Cu(OH).-
D/Cu foil, CuO-D/Cu foil and Cu,O-D/Cu foil as mentioned
above (Figure. 2 and Figure. 3d), suggesting that the Cu(100)
and stepped Cu(110) surface may be responsible for the
enhanced formation of C,: products in OD-Cu catalysts.
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Simultaneously, the FEs towards CH4 on Cu(OH).-D/Cu foil and
CuO-D/Cu foil are below 2%, while that for Cu,O-D/Cu foil
increased from ~2% to ~24% at the potential lower than ca. -
1.29 V (Figure 3, a-c). Furthermore, Cu(OH),-D/Cu foil gives a
higher maximum C,./C; ratio (ca. 24 at -0.98 V) than that of
CuO-D/Cu foil (ca. 23 at -1.14 V) and Cu,O-D/Cu foil (ca. 0.8 at -
1.23 V) (Figure S8).

Current density is another key factor in evaluating CO,RR
performance. Cu(OH),-D/Cu foil exhibits a higher current density
than CuO-D/Cu foil, followed by Cu,O-D/Cu foil (Figure S9a).
Cu(OH),-D/Cu foil also shows a larger partial current density for
C». products than CuO-D/Cu foil and Cu,O-D/Cu foil (Figures
S9b-d and S10). For CuO-D/Cu foil and Cu,O-D/Cu foil, the
peak partial current density for C,H, is -10.6 and -5.6 mA cm? at
ca. -1.14 and -1.23 V, respectively (Figure S9c and d).
Nevertheless, the highest C,H, partial current density on
Cu(OH),-D/Cu foil is -18.4 mA cm?, which is 1.74-fold and 3.29-
fold of aforementioned, respectively, at ca. -1.18 V (Figure S9b).
Additionally, the highest total current density for C,. products is
ca. -22.7, -15.8, and -5.6 mA cm on Cu(OH),-D/Cu foil, CuO-
D/Cu foil and Cu0-D/Cu foil, respectively (Figure S10). Such a
high C,. product current density of ca. -22.7 mA cm? for
Cu(OH),-D/Cu foil is close to the limiting current density (ca. -20
mA cm?) for CO, reduction due to the low solubility of CO; in
aqueous solution (ca. 34 mM at 25 C) 4],

The low current densities for CuO-D/Cu foil and Cu,O-D/Cu
foil can be attributed in part to their reduced surface area. To
further understand the intrinsic activities of these catalysts,
ECSA was employed to normalize the current density. As
illustrated in Figure S1la, Cu(OH),-D/Cu foil still shows the
largest normalized current density, followed by CuO-D/Cu foil
and Cu,0O-D/Cu foil. In particular, Cu(OH),-D/Cu foil also exhibit
a larger normalized partial current density of C,. products than
CuO-D/Cu foil and CuO-D/Cu foil, indicating the excellent
intrinsic C,. activity of Cu(OH),-D/Cu foil (Figure S11b). Figure
S12 shows suppressed C; partial current density for Cu(OH),-
D/Cu foil and CuO-D/Cu foil. The higher C; activity of Cu,O-
D/Cu foil might be ascribed to the larger proportion of Cu(111)
facet exposed in Cu,O-D/Cu foil (Figure 2), which has been
revealed to favor CH, by CO2RR experiments on a single crystal
(8, Moreover, local pH has been proposed as another important
factor influencing the selectivity of CO;RR products “*7 171, Due
to a higher OH-production rate per geometric electrode area
during H,O/CO; reduction for high roughness Cu(OH).-D/Cu fall,
its local pH is higher than that of CuO-D/Cu foil and Cu,O-D/Cu
foil. The increased pH suppresses methane production without
affecting intrinsic C. activity (Figure S13) [ 181,

We also evaluate the stability of Cu(OH).-D/Cu foil at ca. -1.08
V. As displayed in Figure S14a, the FE of C,H,4 only decreased
less than 4% after 11 h, implying the excellent stability of
Cu(OH),-D/Cu foil. Additionally, there was only a slight reduction
in current density, and the morphologic still maintained after 11 h
(Figures S14b, S15 and S16). The excellent stability of our
Cu(OH),-D/Cu foil may be due to the electroreduction of pre-
catalyst to a relatively stable state during the preparation
process and its large particle size which is unsatisfied for
reconstruction 9,
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Figure 4. DFT calculations and in situ ATR-SEIRAS and in situ Raman spectroscopy characterization. (a) CO2 reduction procedure. In situ ATR-SEIRAS spectra
of (b) Cu(OH)2-D (c) CuO-D and (d) Cu20-D from 0.2 to -1 V vs. RHE in CO-saturated 0.1 M KOH aqueous solution. The background is collected in the Ar-
saturated electrolyte at 0.2 V vs. RHE. (e) The activation energy barrier of CO dimerization. (f) Configurations of *CO dimerization. The solvent water molecules
are hidden for viewing convenience. The colors are Cu in yellow, C in gray, and O in red. The region of Cu(100) on Cu(210) and Cu(310) are marked as orange.
(9) In situ Raman spectra of Cu(OH).-D/Cu foil from -0.1 to -1 V vs. RHE in CO-saturated 0.1 M KOH aqueous solution.

DFT calculations and in situ spectroscopy study. We use
DFT calculations and in situ spectroscopy to gain further insight
into the reaction mechanism. The dimerization of two adjacent
*CO to form *COCOH is known as the rate-dependent step
(RDS) for C. products (Figure 4a) 29, In situ attenuated total
reflectance-surface enhanced infrared absorption spectroscopy
(ATR-SEIRAS) was employed to confirm CO adsorption (the key
intermediate to C,. products) (Figures 4b-d). The spectra were

collected from 0.2 to -1.0 V vs. RHE in CO-saturated 0.1 M KOH.

As displayed in Figure. 4, B-D, the vibrational bands centered at
ca. 2050 cm™, corresponding to linearly-bonded CO (CO,), is
observed between 0.2 and -1.0 V U The shift of bands
associated with the applied potential is caused by the Stack
turning effect 24, The peaks of adsorbed CO. over Cu(OH),-D is
in higher wavenumbers than CuO-D and Cu,O-D, corresponding
to the strong binding of CO_. on Cu(OH),-D with more low-
coordinated stepped (110) surface, followed by CuO-D and
Cu,0O-D, which is crucial for building up sufficient CO coverage
to promoting CO-CO coupling (Figure 4b-d) 2. As shown in
Figure 4e-f, the activation energy of CO dimerization on Cu(100)
facets and the Cu(100) regions in (210) and (310) facets are
similar, and lower than that on Cu(110) and Cu(111) facts
(Figure S17). These results suggest that Cu(100) regions in
(210) and (310) with low-coordination, help to build sufficient CO
coverage and to facilitate the CO-CO coupling, which is
responsible for the enhanced activity to form C,. products. It
should be noted that the rougher surface of Cu(OH),-D may
contain more low-coordinated sites. We also calculated the

formation energy of *COCOH [202.231 on Cu(111), (100), and low-
coordinated (211) and (321) to understand whether the low-
coordinated sites are beneficial for C-C coupling or not (Figure
S18). Our results revealed that the formation energy of *COCOH
on low-coordinated (211) and (321) are higher than that on (100),
implying that low-coordinated sites alone may not help to
promote CO-CO coupling, consisting with previously reported [**
241, Low-coordinated square Cu(100) is essential to improve the
formation of C,. products in Cu(OH),-D.

Additionally, in situ Raman spectroscopy was also employed
to catch the adsorbed intermediate further (Figure S19). As
displayed in Figure 4g, three bands centered at ca. 276, 354 and
392 cm™ are observed on Cu(OH),-D/Cu foil in low-frequency
area. The band at ca. 276 cm is attributed to the rotation of
adsorbed CO on the Cu surface, and the other two bands at ca.
354 and 392 cmis derived from the Cu-CO stretch 2%, We note
that C=0 stretching modes displayed at ca. 1862, 2073, and
2164 cm™ and the bands of *CH, at ca. 2855 and 2925 cm™ can
be observed at less negative applied potentials, demonstrating
CO can be easily reduced to hydrocarbons or alcohols on
Cu(OH),-D/Cu foil (Figures 4g and h) % Whereas, Cu-CO
stretch in the low-frequency area (ca. 354 and 276 cm™) and C
=0 stretching modes in the high-frequency area (ca. 2073 and
2164 cm), which are attributed to CO bound on more open Cu
sites, are not obvious on CuO-D/Cu foil and Cu,O-D/Cu foil
(Figure S20) 1. Due to the weak adsorption of CO, the bands of
CH, on CuO-D/Cu foil and Cu,O/Cu foil are not obvious either
(Figure S20). Besides, we also noted the presence of C=0
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stretching modes displayed slightly lower than 2073 cm™! (at ca.
2046 cm™) on Cu(OH),-D/Cu foil, which can be attributed to the
relatively weaker CO bound on fully coordinated Cu(100) or/and
Cu(111) 28, The in situ Raman also indicates that Cu(OH),-D/Cu
foil promotes the adsorption of CO intermediate and C,. product
formation, agreeing well with the in situ ATR-SEIRAS results
and DFT calculations.

Flow-cell and PV-EC configuration performance. To
overcome the low solubility limitation of CO, in aqueous solution
and meet the requirement of industry application (current density
> 200 mA cm?), the performance of Cu(OH)-D for CO,RR was
conducted with a flow-cell electrolyzer in 1 M KOH (Figure 5a).
CO, molecules directly diffuse across the gas diffusion electrode
to the electrode/electrolyte interface without dissolved in the
electrolyte firstly 7. In addition, it is not realistic to use alkaline
electrolytes in batch-cell due to hydroxide ions that can easily
combine with dissolved CO, to form carbonates. Figure 5b

10.1002/anie.202015159
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exhibits the correlation between product FE and applied
potential. FEs of H, at different potential are suppressed at a
level below 20% in 1 M KOH alkaline electrolyte. Cu(OH).-D
shows the maximal FE of 58+1%, 21+0.2%, and 7+0.01% for
C2H4, C2HsOH, and n-propanol, respectively, at -0.54 V with the
total current density of 250 mA cm (Figure 5b and Figure S21).
FE and partial current density of C.. products are displayed in
Figure 5C and Figure S21. High C,+ FE of ~87% and partial
current density of ~217 mA cm? were achieved simultaneously
at -0.54 V. The power conversion efficiency (PCE) for Cj.
products at different potential or current density are also
calculated to evaluate the performance of Cu(OH).-D (Figure
S22). The PCEc;-+ is increased as the current density or potential
rises in our experiments. The maximum PCEc,: of 56.5% was
achieved at 250 mA cm? (-0.54 V vs. RHE). The excellent
performance is superior to other activities of CO, reduction to
C.. products reported so far (Figure S23 and table S2).
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Figure 5. CO2 reduction reaction performance in the flow cell and solar-driven CO2 reduction performance. (a) Flow cell configuration. Cathode: Cu(OH)2-D/CP (1
cm?); Reference electrode: Hg/HgO (1 M KOH); Membrane: anion-exchange membrane; Anode: Ni foam (1 cm?). (b) Faradaic efficiency, and (c) Cz+ partial
current density and faradaic efficiency of Cu(OH).-D evaluated by flow cell in 1 M KOH. (d) I-V curve of the solar cell shown in Figure. S24 and |-V curve of the
two-electrode electrochemical cell. (e) Solar driven CO2 reduction current density and faradaic efficiency of products versus time.

The solar cell was employed to drive the CO, reduction
system and realize artificial photosynthesis directly (Figures S24
and S25). NiFe double-layer hydroxide on Ni foam (NiFe-
LDH/NF) with excellent oxygen evolution performance was used
as the anode to configure the two-electrode CO; reduction cell
(Figure S26). The ion-exchange membrane was excluded to
minimize the resistance between the two electrodes. The
geometric areas of the anode and cathode are 1 cm? and 0.2
cm?, respectively. Potential-dependent current density of the
electrochemical cell is shown in Figure 5d. The current was
determined to be 50.9 mA at a low cell voltage of 2.74 V
(Without iR-compensation). The solar cell is composed of five-
junction single-crystal Si photovoltaic, and the |-V curve

collected under the illumination of standard AM 1.5G sunlight
with 100 mW cm? (1 sun) intensity also displayed in Figure. 5D
under the red line. The power of the solar cell system revealed
that the optimized working condition is at ca. 2.69 V, which gives
the maximum output power (Figure S27). These two |-V curves
crossed at the point where the current and cell voltage were
respectively 50.9 mA and 2.74 V (operating point), which is
close to the maximum power point of the solar cell (Figure 5d).
During the long-time unassisted CO; reduction powered by
simulated solar radiation, a C,Hs FE of ~50% was obtained
(Figure 5e). The FE of C,HsOH and n-propanol were determined
to be ~18% and ~4%, respectively. Surprisingly, the solar-to-
fuel efficiency of 4.47%, 1.58%, and 0.35% for C;H4, C2HsOH,
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and n-propanol can be achieved, respectively (details see the
Methods Section). The total solar-to-fuel efficiency for Ca.
products is as high as 6.4%. The extremely high solar-to-C;H, or
C,. efficiency is also higher than all of the reported ones as yet
(table S3).

Conclusion

Comparing the performance of different copper hydroxide/oxides
derived copper, we reveal that the stepped Cu(110) and Cu(100)
sites in Cu(OH),-D/Cu foil are crucial for the enhanced
selectivity/activity of C,:+ products. In situ ATR-SEIRAS, DFT
calculations, and in situ Raman spectra demonstrate that (110)
facilitating CO adsorption and (100) promoting the C-C coupling
to C.+ products. Cu(OH),-D show the FEs of ~58% for C,H4 and
~87% for C,:+ hydrocarbons and alcohols with the C,. partial
current density of ~217 mA cm2 only at -0.54 V in the flow-cell
electrolyzer. We achieve a power conversion efficiency of 56.5%
for C,+ hydrocarbons and alcohols at the same potential.
Coupling to a Si solar cell, the solar conversion efficiency for
C;Hs and C,+ products is as high as 4.47% and 6.4%,
respectively. This study paves a facile stratagem to develop
efficient catalysts for (solar driven) CRR to C,. products and
guides the development of Cu catalysts for efficient CO,
reduction.
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This paper describes the facet effect of copper crystal to promote CO adsorption and C-C coupling and consequently yield a superior
selectivity (87% Faradaic efficiency) for C,. products. Record-high solar conversion efficiencies of 4.47% and 6.4% are achieved for
C;Hsand Ca. products, respectively.
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