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Enhancing the electrochemical reduction of carbon
dioxide to multi-carbon products on copper
nanosheet arrays via cation-catalyst interaction

Jinli Yu,"® Mingzi Sun,*¢ Juan Wang,'® Yunhao Wang,'¢ Yang Li,"® Pengyi Lu,"? Yangbo Ma,’
Jingwen Zhou,'? Wenze Chen,' Xichen Zhou,' Chun-Sing Lee," Bolong Huang,*~>*

and Zhanxi Fan!-24.7.*

SUMMARY

Electrochemical carbon dioxide reduction offers an efficient way to
curtail carbon emissions and generate value-added chemicals and
fuels. However, this reaction still suffers from sluggish kinetics and
poor selectivity, especially for the formation of multi-carbon prod-
ucts. Here, we report the preparation of copper nanosheet arrays
mainly enclosed by {100} facets on copper foils. The copper nano-
sheets promote the formation of multi-carbon products with a
multi-carbon to single-carbon ratio of 7.2, which is almost 18 times
that of bare copper foils. Electrochemical investigations reveal
that the density of adsorbed potassium ions on copper nanosheet
surfaces is approximately five times that on pristine copper foils.
Theoretical calculations indicate that the adsorbed potassium ions
can effectively modulate the electronic structures of copper nano-
sheets and thus lower the energy barriers for highly selective gener-
ation of multi-carbon products. This work highlights the substantial
implications of cation-catalyst interactions for multi-carbon produc-
tion in electrochemical carbon dioxide reduction reaction.

INTRODUCTION

The fast-growing amount of CO; in the global atmosphere poses a huge threat to
the living environment of humans,’ which has motivated researchers in different
fields to develop effective technologies to tackle CO, emission problems.”® In
this regard, the electrochemical CO, reduction reaction (CO,RR) is considered
one of the most promising techniques, as it can upgrade CO; to value-added fuels
and chemical feedstocks by utilizing renewable electricity.””'? Currently, Cu-based
catalysts show very unique selectivity in the electrochemical CO,RR because they
can facilitate the generation of multi-carbon (C;,) products (e.g., ethylene [CoH4],
ethanol [C;HsOH], and n-propanol [n-C3H;OH]) with considerable Faradaic effi-
ciency (FE), which are much more valuable than the single-carbon (C4) products
(e.g., formic acid [HCOOH] and carbon monoxide [CO)."*" To enhance the
CO3RR performance, great research efforts have been devoted to developing novel
Cu-based catalysts with different strategies, including the control of morphology,
composition, size, facet, crystal phase, oxidation state, and defect, as well as
the surface functionalization.'®?¢ Besides, reaction environment modulation (e.g.,
electrolytes, local pH, and mass transfer) and cell design (e.g., H-type cell, gaseous
cell, and flow cell) were also extensively explored to improve the overall CO,-reduc-
tion performance.”’~*' However, although significant progress have been achieved,
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Cu-based catalysts still suffer severely from their insufficient activity and limited
selectivity toward the electrochemical CO3RR, especially for the formation of high-
value C,, products.

Recently, cation engineering has emerged as an efficient approach to boost the per-
formance of the electrochemical CO,RR. In general, cations can suppress the
competitive hydrogen evolution reaction (HER), tune the selectivity, and adjust
the reaction rate of the CO,RR.**"*> To date, several mechanisms have been pro-
posed to rationalize the aforementioned cation effects, including tuning the struc-
ture of the electrochemical double layer (EDL), buffering the local pH, modulating
the interfacial electric field, and interacting with the reaction intermediates.**~*°
Since the cations can interact with the intermediates and affect their electronic struc-
tures, it is deduced that the cations could also interact with the surface atoms of cat-
alysts under negative bias and change their electronic structures if the cations are
attracted close enough to the surface of the electrode. In particular, previous studies
have revealed that specifically adsorbed cations on the catalysts can affect the elec-
tronic structure of their surface atoms, thereby modulating the catalytic prop-
erty.’~*° Significantly, Waegele et al. recently observed that the coverage of specif-
ically adsorbed alkali metal cations on an Au electrode during CO,-to-CO reduction
follows the order of Li* < Na* < K* < Cs* under the same bulk concentration, and the
rate of CO,-to-CO conversion increases with the coverage increase of specifically
adsorbed alkali metal cations.”® Nevertheless, current investigations are mostly
restricted to the interactions between cations and the reaction environment or inter-
mediates in the CO,RR, and the influence of cation-catalyst interaction on the
CO3RR performance has been almost neglected.

In this work, we report the fabrication of Cu nanosheet (CuNS) arrays on Cu foils by a
two-step wet-chemical method. Significantly, the obtained CuNS arrays can pro-
mote the catalytic conversion of CO; to high-value Cy, products in 0.1 M KHCOs,
while the bare Cu foils mainly favor the generation of C; products under the same
condition. Detailed studies show that the adsorption of K* ions on the surface of
CuNSs is greatly enhanced compared with the pristine Cu foils. Density functional
theory (DFT) calculations demonstrate that the CuNS shows intrinsic uneven electron
distributions, which facilitates the adsorption of K* ions on the surface to optimize
the surface electroactivity. The modified electronic structures of CuNSs lead to
improved C-C coupling for C,, products, while the bare Cu foils show strong pref-
erences for the C; products.

RESULTS AND DISCUSSION

Synthesis and characterization of CuNS arrays

The CuNS arrays were prepared through a two-step method involving the surface
oxidation treatment of Cu foils and the subsequent in situ electroreduction of
CuO nanosheet (CuONS) arrays, as shown in Figure 1A (see more details in the
experimental procedures below). Briefly, the pristine Cu foils were first immersed
in an aqueous solution containing K;S,0g and NaOH at 60°C. After 30 min, the color
of the Cu foils turned black, which indicates the formation of CuONSs on the surface
of Cu foils. Then, the CuONSs were reduced to CuNSs at a given potential in the spe-
cific electrolyte for 10 min before the CO2RR test, along with a color change from
black to red.

The crystal structure of the Cu foil, the CuUONS, and the CuNS was characterized by
powder X-ray diffraction (XRD). As shown in Figure S1, the pristine Cu foil mainly
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Figure 1. The synthesis and structural characterization of CUONS and CuNS-0.8

(A) A schematic illustration for the formation of CuNS from Cu foil.

(B-G) SEM images of CuONS (B-D) and CuNS-0.8 (E-G) at different magnification levels. The scale bars are 2 pum in (B) and (E), 500 nm in (C) and (F), and
100 nm in (D) and (G).

(H) TEM image of CUONS. The scale bar is 100 nm.

() HRTEM image of CuONS, with the corresponding fast Fourier transform (FFT) pattern as the inset. The scale baris 1 nm.

(J) TEM image of CuNS-0.8. The scale bar is 100 nm.

(K) HRTEM image of CuNS-0.8, with the corresponding FFT pattern as the inset. The scale bar is 1 nm.

shows three peaks at 43.3°, 50.4°, and 74.1°, which correspond to the (111), (200),
and (220) facets of Cu (PDF#04-0836), respectively. The peak at 50.4° is the domi-
nant peak and has the strongest intensity, while the other peaks are almost ne-
glectable, suggesting that the Cu foil is mostly (001) oriented (Figure S1B).*’
The CuONS demonstrates two sets of XRD peaks. Peaks located at 35.5° and
38.7° correspond to the (002) and (111) facets of CuO (PDF#45-0937) (Figure S1A).
The peak at 50.4° is attributed to the (200) facet of the Cu substrate, implying that
the CuONS is formed on the surface of the Cu foil and that the inner part of the Cu
foil is not completely oxidized. After reduction, the obtained CuNS at the
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reduction potential of —0.8 V (vs. reversible hydrogen electrode [RHE], denoted as
CuNS-0.8) shows a similar XRD pattern to the pristine Cu foil, indicating that the
CuO is completely reduced to the metallic Cu. Besides, the chemical states of
all the aforementioned materials were further verified by the X-ray photoelectron
spectroscopy (XPS; Figure S2). For Cu foil, there are two peaks at 932.5 and
953.5 eV, and no satellite peaks can be found in the XPS spectrum, which matches
well with the standard Cu spectrum (Figure S2A). For CuONSs, the strong satellite
peaks between 940 and 945 eV are the typical characteristics corresponding to
CuO (Figure S2B). The obtained CuNS shows a similar XPS spectrum to Cu foil
along with very weak satellite peaks (Figure S2C), which are commonly believed
to result from the oxidation of Cu nanostructures by air during the sample prepa-
ration. In addition, Raman spectroscopy was further used to evaluate the oxidation
state of CuNSs prepared at the reduction potentials of —0.2, —0.5, —0.8, and
—1.1 V (vs. RHE), as shown in Figure S3. Both CuNS-0.2 and CuNS-0.5 show a
CuO peak at 628 ecm™" and two Cu,O peaks at 218 and 146 em™!, while no
obvious Cu,O peaks can be observed on CuNS-0.8 and CuNS-1.1, indicating
the complete reduction of CuONSs to metallic CuNSs.

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
high-resolution TEM (HRTEM) were combined to identify the morphology and struc-
ture of both CuUONS and CuNS-0.8. As shown in Figures 1B and 1C, vertically aligned
CuONS arrays are formed on the surface of the Cu foil after the oxidation step. The
thickness of individual CuONSs is around 28 nm (Figure 1D). The typical SEM images
of the CuNS-0.8 array are shown in Figures 1E and 1F. The thickness of individual
CuNS-0.8 is about 24 nm, and the surface of individual nanosheets becomes uneven
(Figure 1G). The nanosheet structure of CuUONSs was also confirmed by TEM, as
shown in Figure TH. The HRTEM image in Figure 11 shows clear lattice fringes with
an interplanar spacing of 2.51 A, corresponding to the (002) facet of CuO.** The
nanosheet structure of CuNSs can also be seen in Figure 1J, which displays an un-
even surface. The HRTEM image of CuNS-0.8 shows lattice fringes with an interpla-
nar spacing of 1.81 A, which is attributed to the (200) facet of Cu (Figure 1K),*”*° well
consistent with the XRD result (Figure S1).

Electrochemical tests of CuNS arrays

The electrochemical tests were conducted in a gas-tight H-type cell under ambient
conditions to study the electrochemical properties and CO,RR performance of
CuNS arrays. The cyclic voltammetry (CV) scan was adopted to identify the chemical
states of CuNS-0.8 in 0.1 M KHCOj3 before the CO,RR (Figure 2A). There are two
typical reduction peaks at 0.48 and 0.18 V (vs. RHE) in the CV curve of CUONS arrays,
which correspond to the reduction of Cu?* to Cu* and Cu™ to Cu, respectively. After
the reduction of CuONS arrays at —0.8 V (vs. RHE) in 0.1 M KHCOs3 for 10 min, no
reduction peaks can be found in the CV curve, indicating the pure metallic state of
CuNS-0.8. This is well consistent with the XRD result (Figure S1). To further investi-
gate the surface structure of the Cu foil and CuNS-0.8, the OH™ adsorption experi-
ment and the electrochemically active surface area (ECSA) measurement were con-
ducted in 1 M KOH (Figures 2B, 2C, and S4). As can be seen in Figure 2B, there are no
obvious anodic or cathodic peaks in the CV curve of the Cu foil, suggesting that the
Cu foil shows very weak specific adsorption of OH™. While for the CuNS-0.8, the
sharp and strong anodic and cathodic peaks at 0.35 and 0.33 V (vs. RHE), respec-
tively, are attributed to the adsorption and desorption of OH™ on the Cu(100) facet,
which reveals that the CuNS-0.8 is mainly enclosed by the {100} facet,”'>*
well with the HRTEM result (Figure 1K). In addition, the double-layer capacitances of
CuNS-0.8 and Cu foil were measured to be 1.67 and 0.56 mF/cm?, which indicates

agreeing
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Figure 2. The electrochemical properties and performance of Cu foil and CuNS-0.8

(A) CV curves of CuNS after reducing the CuUONS at —0.8 V (vs. RHE).

(B) The OH™ adsorption profiles of CuNS-0.8 (left panel) and Cu foil (right panel).

(C) The charging current density differences plotted against the scan rates over CuNS-0.8 and Cu foil.

(D) LSV curves of CuNS-0.8 and Cu foil in CO,-saturated 0.1 M KHCO3 with a scan rate of 10 mV/s.

(E and F) The product distributions and current densities of (E) Cu foil and (F) CuNS-0.8 at different potentials. The error bars represent the standard
deviation around the mean of 3 measurements.

G) The partial current densities of C,H, and Cy, products on CuNS-0.8 and Cu foil at different potentials.

H) The ratio of C,H4 to CH4 on CuNS-0.8 and Cu foil at different potentials.

I) The ratio of C,, products to Cq products on CuNS-0.8 and Cu foil at different potentials.

(
(
(
that the ECSA of CuNS-0.8 is almost 3 times that of the Cu foil,>> as shown in
Figure 2C.

The CO2RR performance of Cu foils and CuNS-0.8 was firstly evaluated in 0.1 M
KHCO;. The linear sweep voltammetry (LSV) curves show that CuNS-0.8 has a higher
current density than the Cu foils, which might result from the higher ECSA of
CuNS-0.8 (Figure 2D). Figure 2E shows the product distribution of Cu foils. Specif-
ically, at the potentials from —0.6 to —0.8 V (vs. RHE), the major gaseous products
are Hy and CO, and the liquid product is HCOOH. The CyH, can be detected
at —0.9 V (vs. RHE) with an FE of 3.3%. The maximum FEcon4 and FEc,, are 19.9%
and 28.8% on the Cu foil, respectively. As the applied potential shifts to more nega-
tive values, CH, gradually becomes the dominant CO,-reduction product, and the
FEcna reaches 54.8% at —1.2 V (vs. RHE). In sharp contrast, CuNS-0.8 shows a very
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different product distribution from the Cu foil (Figure 2F). Specifically, at —0.6 V (vs.
RHE), the detected products are H,, HCOOH, and CO, which are similar to the Cu
foil. Notably, C;H,4 can be detected at —0.7 V (vs. RHE) and becomes the major prod-
uct as the applied potential changes to more negative values. The FEc,1a shows a
volcano trend, which first increases to the maximum value of 53.6% at —1.1 V (vs.
RHE) and then decreases. The typical liquid products at this potential are HCOO™,
C,HsOH, n-C3H;OH, and a very trace amount of acetate (Figures S5 and Sé). And
the FE of C,. products also reaches a maximum value of 64% at —1.1 V (vs. RHE).
Note that the FE of CH,4 on CuNS-0.8 is below 10%, implying that the production
of CHy, is greatly suppressed compared with the Cu foil. The CuNS-0.8 also demon-
strates a much larger current density than the Cu foil in the tested potential
window (Figures 2E and 2F). The partial current densities of both C;H, and Cy. prod-
ucts on CuNS-0.8 are much higher than those of Cu foils (Figure 2G). At —1.1 V
(vs. RHE), the partial current densities of C;Hy and Cy. products on CuNS-0.8 are
—23.6and —28.2 mA/cm?, respectively, which are 7.4 and 6.1 times those of Cu foils.
At —1.1V (vs. RHE), the C,H4/CH, ratio on CuNS-0.8is 11.5, while itis only 0.6 on Cu
foils (Figure 2H). Significantly, the ratio of C;. to C; products (C,./C4) on CuNS-0.8 is
as high as 7.2 at —1.1 V (vs. RHE), which is 18 times that on Cu foils (Figure 2I).

The stability of CuNS-0.8 was also evaluated at —1.1 V (vs. RHE). As shown in Fig-
ure S7, the selectivity of CuNS-0.8 toward C,H4 production can be well maintained
above 50% in the first 1 h (Figure S8A). After about 1.5 h, the FEc,n4 decreases to
around 35% and keeps this level in the following 3.5 h. In the early stage, the nano-
sheet array structure can be well preserved (Figures S8A and S8B), so it shows a rela-
tively high FEcons. However, when the electrolysis continued for a long time, the
nanosheet array structure of CuNS-0.8 collapsed (Figure S8C), resulting in the
change of their surface structure and the corresponding sharp decrease of FEczpa.
These results further indicate that the nanosheet structure plays a vital role in pro-
moting the selective formation of C,, products. Besides, it should be mentioned
that the CO,RR performance of CuNSs has been optimized by systematically tuning
the reduction potentials of CuONS from —0.2 to —1.1 V (vs. RHE), as shown in
Figures 2F and S9-S12.

The sharp difference in CO2RR selectivity of CuNS-0.8 and Cu foils is attributed to
the uneven nanosheet structure of CuNS-0.8 as well as the cation-catalyst interaction
effect. On the one hand, uneven two-dimensional nanosheets can lead to electron
perturbation and change in the electronic structure of surface atoms.”* On the other
hand, cations are essential to initiate the CO,RR, as mainly the HER occurs in the
absence of cations.”® The modified electron distribution of uneven nanosheets
could affect the specific adsorption of cations and thus modulate the CO;RR perfor-
mance.***¢>” To validate this hypothesis, the density of K* ions adsorbed on both
CuNS-0.8 and Cu foil was measured at —1.1 V (vs. RHE). As shown in Figure 3A, the
densities of adsorbed K* ions on CuNS-0.8 are as high as 11.69 and 3.92 umol/cm?
based on the geometric area and ECSA, respectively, while the values are only
0.80 umol/cm? on Cu foils. These observations suggest that the cation-catalyst inter-
action on CuNS-0.8 has been significantly enhanced compared with the Cu foil.

To further investigate the cation-catalyst interaction effects, we have also evaluated
the CO,RR performance of CuNS-0.8 in 0.1 M LiHCO3, 0.1 M NaHCOj3, and 0.1 M
CsHCOj; (Figures 3B-3D). Three independent CuNS-0.8 electrodes were adopted,
and their ECSA profiles are shown in Figure S13.In 0.1 M LiHCOg3, H; is the dominant
product at all tested potentials (Figure 3B). At low applied potentials, CO and
HCOOH are the dominant CO,-reduction products. At high applied potentials
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Figure 3. The cation-catalyst interaction effects on the CO,RR performance of CuNS-0.8

(A) The density of K ions adsorbed on CuNS-0.8 and Cu foil.

(B-D) The CO3RR performance of CuNS-0.8 in CO;-saturated (B) 0.1 M LiHCOs3, (C) 0.1 M NaHCO3, and (D) 0.1 M CsHCOj3. The error bars represent the
standard deviation around the mean of 3 measurements.

(i.e., from —1to —1.2 V [vs. RHE]), CH4 gradually becomes the major CO,-reduction
product. The maximum FEc,n4 is merely 12.7% at —1.2 V (vs. RHE), which accounts
for the whole part of C,, products. In 0.1 M NaHCOg3, the production of C;Hy and
C,HsOH is greatly enhanced between —1and —1.2V (vs. RHE), as can be seen in Fig-
ure 3C. The maximum FEcong and FEco, are 28.9% and 46.7% at —1.1 V (vs. RHE),
respectively. In 0.1 M KHCO3, the production of C;H, is further enhanced, with a
maximum FEcopg of 53.6% and a maximum FEc,, of 64% at —1.1V (vs. RHE), as dis-
cussed before (Figure 2F). In 0.1 M CsHCO3, C,H,4 can also be detected at the low
potential of —0.7 V (vs. RHE), and the maximum FEcops is 29.2% at —1.1 V
(vs. RHE), as shown in Figure 3D. Although the FEcopy is lower than that in 0.1 M
KHCOj3, the production of alcohols (including C,HsOH and n-C3H;OH) is signifi-
cantly boosted, with a high FE of 35.5%. The maximum FEcy, is 64.7% in 0.1 M
CsHCO3 at —1.1V (vs. RHE), which is almost equal to thatin 0.1 M KHCO3. Notably,
both the FEc,h4 of CuNS-0.8in 0.1 M KHCO3 and the FEjcohols ©f CuNS-0.8in 0.1 M
CsHCOg3 are much higher than most of the previously reported Cu-based catalysts
(Table S1). As the cations of the electrolyte change from Li* to Cs*, the CuNS-0.8
shows a volcano trend in FEczn4 and a sharp increase in the selectivity of Cy.. alco-
hols, suggesting that the catalytic selectivity of CuNS-0.8 is closely related to the cat-
ions. According to the previous studies, the cations with larger crystal radii demon-
strate smaller hydrated radii and thus show higher densities on the surface of the
electrode,”’ which indicates that the density of alkali cations specifically adsorbed
on Cu should follow the order of Li* < Na* < K* < Cs*.*® Bearing this in mind, it is
anticipated that Li* and Na* can only modulate the electronic structure of CuNSs
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Figure 4. Theoretical calculations with the CuNS and Cu foil for CO,RR

(A) The atomic strain distributions of CuNS.

(B) The electronic distributions of bonding and anti-bonding orbitals near the Fermi level (Ef) of CuNS with K* ions on the surface. Brown ball, Cu; purple
ball, K*; blue isosurface, bonding orbitals; green isosurface, anti-bonding orbitals.

(C) The PDOSs of CuNS with adsorption of K* ions.

(D) The dependence of the d-band center on the K* ion coverage.

(E and F) The site-dependent PDOS of Cu-3d in (E) CuNS and (F) Cu foil.

(G and H) The PDOS of key adsorbates of CO,RR for Cy and C; products in (G) CuNS and (H) Cu foil.

(I) The adsorption energies of different alkali cations on CuNS and Cu foil.

(J and K) The reaction energies of (J) C,, and (K) C4 pathways of CO,RR on CuNS and Cu foil, respectively.

to a slight degree because of their relatively lower densities on the surface of the
catalyst, while K" and Cs™ can tune the electronic structure of CuNSs to a larger de-
gree and thereby greatly improve the selectivity of C,, products.

Theoretical calculations

We have further introduced theoretical calculations to study the CO,RR perfor-
mance of CuNS-0.8. Due to the ultrathin thickness, the CuNS shows evident atomic
strain without even distributions in the range from —0.7% to 0.7% (Figure 4A). This
leads to the intrinsically uneven electronic distributions of the CuNS, which is more
likely to bind with the K* ions in the electrolyte and further modify the surface elec-
tronic structures. Notably, after the adsorption of K™ ions on the surface, the sur-
face electronic structures are strongly perturbed (Figure 4B). The electron-rich sur-
faces are able to guarantee a highly efficient electron transfer from CuNSs to the
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intermediates for deep reduction of CO, toward C,., products. Detailed electronic
structures of CuNSs have been demonstrated through the partial density of states
(PDOSs), as shown in Figure 4C. Importantly, Cu-3d shows a dominant peak at Ey-
2.30 eV (Ey = 0 eV), while the s and p orbitals of surface K* ions mostly locate
above the Ef. It is noted that K-4s orbitals overlap with the Cu-3d orbitals, which
alleviates the electron transfer barrier. The d-band center in the Cu foil is overall
higher than that of the CuNS, which potentially results in the overbinding of the
CO* and causes the transition to CHO* and C; products (Figure 4D). As the K*
ion coverage increases, the electronic structures in both CuNSs and Cu foil are
affected in a similar trend, where the sensitivity in CuNSs is much stronger than
that of Cu foil. This indicates that K* ions more actively interact with the CuNS sur-
face, which induces the strong electric field to modulate surface electronic struc-
tures and benefit the stabilization of key intermediates toward the C,. products.
Within the CuNS, the Cu-3d orbitals display a relatively stable electronic structure
with a subtle upshifting trend (Figure 4E). The appropriate d-band center of Cu-3d
orbitals ensures the suitable binding strength of CO*, which promotes the C-C
couplings for C,. reaction pathways. Meanwhile, the Cu-3d orbitals in Cu foil
show an evident upshifting from the bulk to the surface (Figure 4F). The K* ion
coverage on the surface shows a downshifting trend of the Cu-3d, supporting
that the electrolyte cations modulate the surface electroactivity. Due to the stron-
ger binding trends with key intermediates toward the C,. products induced by the
surface cation effects, the CuNS shows much higher C,. selectivity than that of the
Cu foil. For the selectivity of the C; or C;, pathways, the PDOS of the key adsor-
bates on the CuNS demonstrates that the conversion from CO,* to OCCO* shows
much smooth electron transfer, while the formation of CHO* shows an evident de-
viation (Figure 4G). This supports that the formation of C4 products meets higher
energy barriers than that of the C,. products. The Cu foil shows an opposite trend
(Figure 4H). Note that the formation of CHO* shows a linear correlation, while the
C-C couplings exhibit deviation from the correlation, leading to a strong prefer-
ence for the C; pathways.

As a comparison, the adsorption of other alkali cations (Li*, Na*, and Cs*) was also
investigated together with K™ (Figure 41). Li* has shown the highest adsorption en-
ergies due to its lightest weight, which is difficult to be stabilized. Remarkably, at
the lower coverage, Cs* has displayed a stronger adsorption preference than other
alkali cations, which is attributed to the much larger atomic mass and smaller hydrat-
ed radius. However, the adsorption energies of K* on the CuNS surface show a sud-
den drop and display negative binding energy at high coverage, leading to a strong
preference for higher coverage (Figure 3A). In contrast, the Cu foil shows even higher
binding energies than CuNSs with a continuously increasing trend as K* ion
coverage increases, supporting the low possibility of adsorption (Figure 3A). The
coverage trends of different alkali cations are well consistent with the corresponding
CO2RR performances (Figures 2F and 3B-3D).

For the C;. reaction pathways, the CuNS displays a much smaller energy barrier for
the C-C couplings and less energy barriers than that of the Cu foil toward the forma-
tion of CoH, (Figure 4J). In addition, the formation of CH3CH,OH delivers a high en-
ergy barrier of 1.02 eV, supporting the low FE in experiments (Figure 2F). For the for-
mation of CyH4, the conversion from CH,CHO is more preferred over the
CH,CH,OH due to lower energy barriers. For the C; pathways, the formation of
HCOO™ and CO is more favored for CuNS and Cu foil, respectively (Figure 4K).
For the CH,4 pathway, the formation of CHO* shows an energy barrier of 1.50 and
0.64 eV for CuNSs and Cu foil, respectively. The much higher energy barrier of the
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C, pathways and stronger reaction trend of the C,, pathways lead to the higher
selectivity of C,, products on CuNSs, agreeing well with experimental observation
(Figure 2F). In the meantime, the formation of CH, is also favored for the Cu foil
due to the much lower energy barriers than the C,, pathways (Figure 2E). For
both CuNSs and Cu foil, the formation of CH3OH is not preferred, which is well
consistent with the experimental results (Figures 2E and 2F).

In summary, we have successfully prepared a self-supported CuNS array electrode
with an uneven surface. Compared with the bare Cu foil, the CuNS demonstrated
remarkably enhanced selectivity toward C,, products in the CO,RR. At —1.1 V (vs.
RHE), a maximum FE of C,. products of 64% was achieved on CuNSs in 0.1 M
KHCO3, which is over two times that on the Cu foil. Detailed studies revealed that
the adsorption of K" ions on the surface of CuNSs is significantly enhanced
compared with the Cu foil. DFT calculations have revealed that the high selectivity
toward the C,, reaction pathway of the CuNS is attributed to the energetically
favored K* adsorption on the surface, which not only modifies the electronic struc-
tures of Cu sites but also promotes the C-C couplings. The CuNS displays much
lower energy barriers and higher reaction trends for the generation of C,. products.
It is believed that this work will open up new opportunities for boosting the CO,RR
performance via rationally tuning the cation-catalyst interaction.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Zhanxi Fan (zhanxi.fan@cityu.edu.hk).

Materials availability
This study did not generate new unique reagents. All of the chemicals, materials, and
experimental procedures have been provided.

Data and code availability
All data generated during this study are available from the lead contact upon reason-
able request. The study did not generate unique code.

Chemicals and materials

The Cu foil (99.9%, 0.125 mm in thickness) was purchased from Alfa Aesar. K;5,0g
(99.5%) and NaOH (95%) were purchased from Macklin. Acetone (98%), HCI
(37%), LIHCO3 (99.99%), NaHCO3 (99.99%), KHCOs (99.99%), CsHCO5 (99.99%),
D,0, and dimethyl sulfoxide (DMSO) were purchased from Aladdin. All chemical re-
agents were used as received without further purification. The CO, gas (99.999%)
was purchased from South China Special Gas.

Electrode preparation

The CuNS array was prepared by in situ electroreduction of CuONS. Firstly, the
CuONS was obtained by a chemical oxidation method. In specific, a large piece of
Cu foil was cut into small pieces with a size of 1 x 0.5 cm, followed by washing
with 3 M HCI, acetone and de-ionized water (18.2 MQ) sequentially under sonication
to remove the impurities. In parallel, 0.7 g K;5,0g and 2.7 g NaOH were dissolved
into 50 mL de-ionized water (18.2 MQ). The obtained solution was transferred into a
100 mL beaker and heated to 60°C. Then, the Cu foils were immersed in the afore-
mentioned solution and maintained for 30 min. The color of the Cu foils turned from
yellow to black, which indicates the formation of CuONSs. After that, the resultant
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samples were collected and rinsed with ethanol and water 5 times and later dried at
60°C in a vacuum oven overnight. Finally, the CuNS electrodes were obtained by in
situ reducing the CuONSs at a given potential.

Characterizations

SEM measurements of all samples were conducted on a QUATTRO S scanning elec-
tron microscope. XRD analysis was performed on Rigaku SmartLab SE X-ray powder
diffractometer with Cu-K, radiation. XPS spectra were obtained on an ESCALAB-
MKII spectrometer with an Al K,, X-ray source using C 1s (284.5 eV) as the reference.
The TEM images and HRTEM images were collected on a JEOL JEM-2100F transmis-
sion electron microscope.

Electrochemical CO,RR test

The electrochemical CO,RR measurements were conducted in a gas-tight H-type
cell (Gaoss Union), which is separated by an ion exchange membrane (Nafion 117,
Dupont). The 0.1 M KHCOj3 aqueous solution was used as the electrolyte and was
saturated by CO, before the electrochemical test. During the CO,RR, CO, gas
was purged into the cathodic chamber at a rate of 30 standard cubic centimeters
per minute (sccm), and the electrolyte in the cathodic chamber was stirred at 400
RPM. The electrochemical measurements were carried out on a CHI 760E worksta-
tion. The platinum mesh and Ag/AgCl (saturated with KCI) were used as the counter
electrode and reference electrode, respectively. The obtained CuNSs served as the
working electrode, which was prepared via the in situ electroreduction of the CuONS
before the CO2RR test. During the electrolysis test, the chronoamperometry mea-
surement was adopted. At each potential, the time of electrolysis was 45 min so
as to accumulate an adequate amount of liquid products for quantification analysis.
All potentials were compensated and converted to RHE scale with ohmic compen-
sation according to Equation 1:

E (vs. RHE) = E (vs. Ag/AgCl) + 0.197 + 0.0591 X pH + 0.8 x iR. (Equation 1)

All gas products were quantified by an online gas chromatograph (GC; Agilent
7890B). The GC system is equipped with three channels. One channel is equipped
with a thermal conductivity detector (TCD) to quantify H,. Another channel is
equipped with a methanator and a flame ionization detector (FID) to analyze
CO. And the third channel is equipped with another FID to analyze other gas
products, such as CHy, CyHa, and CiHe. Liquid products were quantified by a
nuclear magnetic resonance (NMR) spectroscopy (300 MHz, Bruker AVANCE IlI
BBO Probe). After getting the liquid sample, a 600 pL aliquot of the electrolyte
was mixed with 30 pL D,O and 16.7 ppm (m/m) DMSO as the internal standard.
The "H spectrum was acquired with water suppression using a pre-saturation
method.

K* density measurement

The density of K" was determined by using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES; Optima 8000). After getting the Cu foil and CuNS-0.8,
the electrodes were set in the same electrolysis system as the CO,RR. The potential
was set at —1.1 V (vs. RHE) and held for 120 s. Then, the electrode was carefully
pulled out of the electrolyte, followed by the careful rinsing with 5 mL de-ionized wa-
ter. After that, the density of K* in the water was tested by ICP-OES.

FE calculation
The FE of gas and liquid products was calculated based on Equations 2 and 3,
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Cgas XvXZXF

FEges =
9% = T X 22,400

X 100% (Equation 2)

Cliouid XV XzXF .
FEiquig = % x 100% (Equation 3)

where Cg,s (ppm) is the volume concentration of gas products read from the GC; v
(scecm) is the flow rate of CO,; z is the number of charges transferred when forming
one molecule of the products; Fis the Faradaic constant (96,485C/mol); isotal (MA) is
the measured current read from the electrochemical workstation; 22,400 is the molar
volume of gas at standard conditions (mL/mol); Cjiquid (Mmol/L) is the concentration of
liquid products obtained from NMR measurement according to the calibration
curves (Figure S14); Vis the amount of electrolyte in the cathode chamber (8 mL);
and Q (C) is the total amount of charges passed through the electrode, which can
be read from the electrochemical workstation.

The partial current density (jpartia) of the products was calculated by Equation 4,
Jpartial = jtotal X FE (Equation 4)

where jioras is the total geometric current density.

Calculation setup

To investigate the CO,RR performance of CuNSs and Cu foil, we have introduced
the DFT calculations within the CASTEP packages.”® For the functionals, the gener-
alized gradient approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) were both
chosen to achieve accurate descriptions of exchange-correlation interactions.””™'
Meanwhile, we have applied the ultrasoft pseudopotentials for all the geometry op-
timizations and set the plane-wave basis cutoff energy to 380 eV. In addition, the
Broyden-Fletcher-Goldfarb-Shannon (BFGS) algori’chm62 was selected with the
coarse quality setting of k-points for all energy minimizations in this work. For
both CuNSs and Cu foil, the (100) surfaces were chosen according to the experi-
mental characterizations with 20 A vacuum space introduced in the z axis to guar-
antee the geometry relaxations. The following convergence criteria were applied:
the Hellmann-Feynman forces, the total energy difference, and the interionic
displacement should not exceed 0.001 eV/A, 5 x 10~° eV/atom, and 0.005 A,
respectively.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101366.
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