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Electrocatalytic CO, reduction into value-added multicarbon products offers a
means to close the anthropogenic carbon cycle using renewable electricity.
However, the unsatisfactory catalytic selectivity for multicarbon products
severely hinders the practical application of this technology. In this paper, we
report a cascade AgCu single-atom and nanoparticle electrocatalyst, in which
Ag nanoparticles produce CO and AgCu single-atom alloys promote C-C
coupling kinetics. As a result, a Faradaic efficiency (FE) of 94 + 4% toward
multicarbon products is achieved with the as-prepared AgCu single-atom and
nanoparticle catalyst under ~720 mA cm™ working current density at -0.65V
in a flow cell with alkaline electrolyte. Density functional theory calculations
further demonstrate that the high multicarbon product selectivity results from
cooperation between AgCu single-atom alloys and Ag nanoparticles, wherein
the Ag single-atom doping of Cu nanoparticles increases the adsorption
energy of *CO on Cu sites due to the asymmetric bonding of the Cu atom to the
adjacent Ag atom with a compressive strain.

Electrocatalytic reduction of CO, into valuable chemicals using
renewable electricity provides a sustainable route for CO, recycling
and utilization, playing a critical role in realizing a carbon-neutral
cycle' In the past few decades, enormous progress has been made in
single-carbon product generation through electrocatalytic CO,
reduction reaction (CO,RR), especially for carbon monoxide and

formic acid®**. However, the application of electrocatalytic CO,RR
technology is limited by the low values of the C; products®”. Therefore,
producing multicarbon products from CO,RR seems much more
attractive than C; products®. Since Hori et al. reported the production
of multicarbon products (C,H,4, C,HsOH, CH;COOH, n-C3H;0H, etc.)
on copper (Cu) in1989, Cu has been demonstrated to be the only metal
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that can effectively catalyze CO, into multicarbon products’’. The
sluggish C-C coupling kinetics over pure Cu surface severely hinders
the mass production of multicarbon products' . Accordingly, various
catalyst design strategies have been developed to improve the per-
formance of multicarbon products produced using Cu-based catalysts,
for instance, alloying, doping, surface modification, and interface
engineering"".

Inspired by the complex multistep cascade reactions in enzymes,
O’Mara et al. put forward a cascade catalysis strategy to improve the
multicarbon production with an Ag@Cu core-shell structured
catalyst'. The CO, can be reduced into CO on the Ag core and then
transferred to the Cu shell for further reduction into multicarbon
products'®. Similarly, Chen et al. improved the C,, partial current over
the Cu catalyst from 37 to 160 mA cm™ by simply adding Ag nano-
particles to the catalyst, proving the effectiveness of cascade catalysis
under industrial current densities'. Very recently, Zhang et al. applied
such a cascade catalysis to the design of gas diffusion electrodes
(GDEs)™. Specifically, they prepared segmented tandem electrodes,
where a CO-selective catalyst layer (CL) segment at the inlet prolongs
the CO residence time in the subsequent C,. selective segment,
resulting in a high C,.. FE over the Cu/Fe-N-C catalysts. These examples
evidence the practicability of C,. production by such a cascade CO,RR
mechanism, which integrates two consecutive steps of CO,-to-CO and
CO-to-C,- on two distinct catalytic sites. In principle, the C-C kinetics
are dominated by two factors, the surface coverage of local adsorbed
carbon monoxide (*CO) and the adsorption energy of *CO**%,
However, the catalyst designs in cascade CO,RR systems reported
earlier only focused on improving the surface coverage of adsorbed
*CO by enhancing the local CO concentration, ignoring the adsorption
energy of *CO on the Cu surface. Therefore, the C,. performances still
cannot satisfy the industrial requirements.

To further break the limitation to C,. performance, we tuned both
the surface coverage of adsorbed *CO and its adsorption energy on the

C-C coupling site. Specifically, we develop a cascade catalyst where an
AgCu single-atom alloy (SAA) serves as a C-C coupling site while the Ag
nanoparticles (NP) produce CO locally. The Ag single-atom doping of
Cu NP can greatly increase the adsorption energy of *CO on the Cu
sites because of the asymmetric bonding of the Cu atom to the adja-
cent Ag atom with a compressive strain, resulting in a much better C-C
coupling ability than that of pure Cu NP. Consequently, the as-
prepared AgCu single-atom alloy and Ag NP (denoted as AgCu SANP)
catalysts exhibited 94 + 4% FE toward multicarbon products under the
working current density of approximately 720 mA cm™in a flow cell. In
addition, the density functional theory (DFT) calculations indicate the
high C,. selectivity mainly is rooted in the cascade catalysis by AgCu
SAA and Ag NP.

Results

Characterization of the catalysts

The AgCu catalysts were prepared through the galvanic replacement
reaction between commercial Cu NPs and Ag’, which was sponta-
neously driven by their reduction potential difference. As illustrated in
Fig. 1A, the dispersion of Ag atoms varies with the increasing amount of
Ag’. As aresult, AgCu SAA, AgCu SANP, and AgCu NP were synthesized
by simply tuning the amount of Ag*. The scanning electron microscope
(SEM) images (Supplementary Fig. S1) show the presence of all AgCu
catalysts with similar morphology of aggregation with a size between
100 nm to 200 nm. The bright-field scanning transmission electron
microscopy (BF-STEM) images (Fig. 1B and Supplementary Fig. S2A, B)
further prove the aggregation. The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images
(Fig. 1C and Supplementary Fig. S2C-F) show some small Ag NP in
AgCu SANP because of the Z contrast difference between Ag and Cu. At
the atomic scale, however, the complex electron scattering between
the number of X-rays detected and atoms interacting with the electron
probe makes it impractical to directly relate the X-ray counts to the

AgCu SANP AgCu NP

Fig. 1| Scanning transmission electron microscopy imaging of catalysts. A Scheme of the synthesis process of AgCu catalysts; B BF-STEM image of AgCu SANP;
C HAADF-STEM image of AgCu SANP; D AC-HAADF-STEM image of AgCu SANP; E STEM and EDX element mapping images of AgCu SANP.
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number of density of atoms?*. Thus, we cannot confirm the existence
of Ag single atoms by the point spectrum (Fig. 2G). Alternatively,
atomic scale imaging is required to confirm the existence of Ag single-
atoms. The aberration-corrected HAADF-STEM (AC-HAADF-STEM)
images (Fig. 1D, Supplementary Fig. S3D) further show many bright
dots in the Cu crystal lattice, which are ascribed to the Ag single-atoms.
The HAADF-STEM images and the energy-dispersive X-ray spectro-
scopy (EDX) element mapping evidence the existence of separated Ag
NP and the uniform dispersion of Ag and Cu elements in other parts of
AgCu SANP (Fig. 1E). These results confirm the co-existence of Ag NP
and Ag single-atom in the AgCu SANP. Conversely, the Ag atoms are
uniformly and atomically dispersed in the AgCu SAA (Supplementary
Fig. S3E).

To further characterize the structure and composition of AgCu
SANP, grazing incidence X-ray diffraction (GI-XRD) was measured
(Fig. 2A and Supplementary Fig. S4A). The intensity of Cu (111) and CuO
(002) and (111) peaks gradually decrease with the increase of Ag in the
samples, accompanying the increase of Ag (111) and (200) and Cu,O
(111) and (200) peak intensities. In detail, AgCu SAA shows an XRD
spectrum similar to Cu NP, indicating the high atomic dispersion of Ag
atoms in AgCu SAA. The co-existence of both Ag and Cu peaks in AgCu
SANP confirms the existence of Ag NP, agreeing well with the STEM
results. Furthermore, X-ray photoelectron spectroscopy (XPS) was
tested to study the elemental valence. Only AgCu SANP and AgCu NP
show apparent Ag peaks, which can be deconvoluted into the four
peaks of 3d5,, 3ds/, of metallic Ag, and Ag oxide (as marked in Fig. 2B).
The disappearance of the Ag XPS peak in AgCu SAA may result from
the low content of Ag, which is only 0.04 wt.% as determined by
inductively coupled plasma mass spectrometry (ICP-MS). The core-
level Cu 2p XPS peak can be deconvoluted into six peaks, corre-
sponding to 2ps,, 2py/, of Cu®, Cu*, and shake-up peaks (as marked in
Fig. 2C)***. The Auger spectrum further proves the existence of Cu"
(Supplementary Fig. S4B), and this finding agrees well with the XRD
results. In addition, the intensity of Ag and Cu XPS peaks also exhibits a

trend similar to that in the XRD spectra, where Ag increases and Cu
decreases with the increasing amount of Ag in the samples. This also
supports the reaction mechanism of galvanic replacement. The ICP-MS
results show that the exact content of Ag in AgCu SAA, AgCu SANP, and
AgCu NP increased from 0.04 wt.%, 1wt.% to 4 wt.%, respectively.

The coordination structure of the Ag species in as-synthesized
AgCu SANP was further analyzed by synchrotron-radiation-based X-ray
absorption fine structure (XAFS) at the Advanced Photon Source
(APS), Argonne National Laboratory. As shown in the Ag K-edge X-ray
absorption near-edge structure (XANES) spectral (Fig. 2D), the
adsorption edge (Ep) around 0.5 of AgCu SANP shows a slight shift to
lower energy compared to that of Ag foil, indicating the electron
transfer from Cu to Ag due to the formation of Ag-Cu bond. The
positive shift of the adsorption edge of AgCu SANP in the Cu K-edge
also demonstrates the electron loss of Cu (Supplementary Fig. S5).
Because of the co-existence of Cu,0O and CuO, it is difficult to distin-
guish the positive shift of the adsorption edge of AgCu SANP in the Cu
K-edge is caused by electron transfer from Cu to Ag; or is it for the
electron transfer from Cu to O (Supplementary Fig. S5). However, the
Fourier transform (FT) of the k*weighted extended X-ray absorption
fine structure (EXAFS) curve of the Ag K-edge of AgCu SANP shows
both Ag-Ag and Ag-Cu coordination bonds (Fig. 2E), lacking Ag-O
scattering path, which confirms the electron transfer between Cu and
Ag. As seen in Fig. 2F, the ratio of Ag-Cu bonds to Ag-Ag bonds was
estimated to be around 1:7 based on the extended X-ray absorption
fine structure (EXAFS) fitting results (Supplementary Fig. S6 and Sup-
plementary Table S1). These results evidence the co-existence of the
single-atom and NP Ag in AgCu. To summarize, a combination of the
XANES, the EXAFS analysis, and the AC-STEM images confirms the co-
existence of Ag and Cu atoms in the AgCu SAA.

Performance of CO, reduction and CO reduction on the catalyst
To demonstrate the concept of cascade catalysis on C,. production
(Fig. 3A), the electrocatalytic CO,RR performance of AgCu SANP and
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Fig. 2 | X-ray diffraction and spectroscopies characterization of catalysts.
A XRD spectra, B Ag 3d core-level XPS spectra, C Cu 2p core-level XPS spectra of Cu
NP, AgCu SAA, AgCu SANP, and AgCu NP; D Ag K-edge XANES spectra of AgCu

SANP and Ag foil; E Ag K-edge XAFS experimental and fitting spectrum of AgCu
SANP; F Scheme of AgCu SANP structure and the ratio of Ag-Cu and Ag-Ag con-
tribution from fitting results. Source data are provided as a Source Data file.
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other controlled samples were tested in a flow cell with 1M KOH as an
electrolyte; see Supplementary Fig. S7. Specifically, potentiostatic
testing was conducted on AgCu catalysts under different potentials.
The gas products besides H, were collected and quantified by in-line
gas chromatography (Supplementary Fig. S8), while the liquid pro-
ducts were directly dissolved into the electrolyte and analyzed by
nuclear magnetic resonance (NMR) (Supplementary Fig. S9). The C,.
products for all catalysts are mainly ethylene and ethanol with minor
acetate and n-propanol (Fig. 3B, Supplementary Fig. S10). Typically,
AgCu SANP exhibits a C,. FE of 94 + 4% under —0.65V, which is much
higher than that of Cu NP (56 + 7%), AgCu SAA (78 £ 3%), and AgCu NP
(73 £1%) (Fig. 3B). The apparent current density under —0.65 V of AgCu
SANP (720+61mAcm™) is also greater than that of Cu NP
(630+38mAcm™), AgCu SAA (71036 mAcm™) and AgCu NP
(233 +32 mA cm™) (Fig. 3C). Similarly, Supplementary Fig. S11 shows

353+2ImAcm? (Cu NP), 553+28mAcm? (AgCu SAA) to
677 +57 mA cm™ (AgCu SANP), which proves that Ag increases the
local CO concentration and expedites the C-C coupling. Too much Ag
in AgCu NP causes a rapid decrease of C,, partial current density
(170 £ 26 mA cm™) due to the lack of enough Cu sites. In addition, the
C,. production performance of as-prepared AgCu SANP is well-placed
among the catalysts reported earlier (Fig. 3D). It is worth noting that all
the copper oxides in the as-synthesized catalyst were reduced to the
metallic state during the negative potential®®. The FE of CO production
is the least in AgCu SANP, which indicates that most of the CO was
converted to C,, products via C-C coupling. Again, the concept of the
proposed cascade catalysis of AgCu SANP is that the Ag single-atom on
Cu promotes the C-C coupling selectivity, while the Ag nanoparticles
produce local CO from CO,. To further prove this concept, CO
reduction tests were conducted to evaluate the C-C coupling selec-

the C,. partial current density at —-0.65V increased from tivity. As presented in Fig. 3E, AgCu SAA shows a much higher FE than
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Fig. 3 | Electrocatalytic CO, reduction and CO reduction performance of the
catalysts. A Scheme of the cascade catalysis mechanism over AgCu SANP; B FE
results of Cu NP, AgCu SAA, AgCu SANP, and Ag NP catalysts toward CO,RR at
-0.65V; C Total current density of Cu NP, AgCu SAA, AgCu SANP, and Ag NP
catalysts at —0.65 V; D Performances comparison of AgCu SANP and reported
results; E FE results of Cu NP, AgCu SAA, and AgCu SANP toward CO reduction at

-0.65V; F Long-term stability results of AgCu SANP toward CO,RR; G FE results of
AgCu SANP toward CO;RR feeding with different CO, concentrations. Note that the
FE of H, products from competitive hydrogen evolution reaction was not quanti-
fied. All the error bars are obtained from three independent experiments. Source
data are provided as a Source Data file.

Nature Communications | (2023)14:6142



Article

https://doi.org/10.1038/s41467-023-41871-w

Cu NP does, indicating the strong suppression of HER and the
improvement of C-C coupling selectivity by Ag single-atom in Cu lat-
tice. The low FE of AgCu SANP for CO reduction can be ascribed to Ag
NP composition, which excludes the adsorption of CO and hinders
further CO reduction. This easy desorption of CO from Ag sites is also
confirmed by the density functional theory (DFT) calculation (Sup-
plementary Table S3, Supplementary Figs. S14 and S17). Note that the
FEs of ethanol and ethylene (green plus orange region) result from CO,
(Fig. 3B) and CO (Fig. 3E) reductions were comparable on AgCu SAA
and Cu NP. Conversely, the FEs of ethanol and ethylene (green plus
orange region) result from CO reduction on AgCu SANP significant
decrease from 87.1 + 4.6% (Fig. 3B) to 32.2 + 2.4%, respectively (Fig. 3E).
This is due to the easy desorption of CO from the Ag NP, which
decreases the local concentration of CO on the catalyst surface. This
also confirms the existence of Ag NP in AgCu SANP as well as the
cascade catalysis of AgCu SANP in CO,RR. The FE of acetate formation
is similar for CuNP, AgCu SANP, and AgCu SAA in CO reduction
(Fig. 3E). This indicates acetate is produced on the Cu active sites that
are independent of Ag content. To reduce the flooding in the flow cell,
long-term stability was tested by pulse electrolysis (working 90 s and
off 30s) with a polytetrafluoroethylene (PTFE)-based gas diffusion
electrode (GDE) as previously reported”. Although the current density
decreased because of flooding, the C,.. FE only slightly decreased from
98% to 88% during the 13-h-long test with a total working time of 9.75 h
(Fig. 3F). The catalytic activity of the as-prepared AgCu SANP was also
tested using a diluted CO, gas feed to demonstrate its potential in
practical CO, reduction from industrial flue gases. As shown in Fig. 3G
and Supplementary Fig. S12, the CO,RR activity of AgCu SANP remains
very high when the concertation of feeding CO, gas decreased to 20%,
exhibiting 95 + 2% FE toward CO, reduction and 76 +1% FE toward C,.
production. The C,. FE decreased to 57 + 6% (70% for total CO,RR) and
35+1% (43% for total CO,RR) when the CO, gas concentration
decreased from 15% to 10%, respectively. This result indicates the
promising application of AgCu SANP in practical conditions.

Mechanistic study using density functional theory calculation

Our experiment reveals that ethanol and ethylene are the most com-
mon C, products on the AgCu SAA catalyst with little acetic acid. Both
ethanol and ethylene require 12 coupled electron protons, while the
formation of acetic acid involves 8 coupled electron protons®~°. To
model AgCu SAA, we create an Ag-doped Cu structure. To get insight
into the atomic-scale CO, reduction reaction mechanism toward
ethylene, ethanol, and acetic acid on the Ag-doped Cu catalyst surface,
we performed a detailed mechanistic study considering the possibility
of forming different intermediates using DFT calculations. The Cu was
confirmed to be polycrystalline in the experiment (Supplementary
Fig. S4). However, we model the (100) facet of Cu because it favors C,
products over the C; products as recommended in the literature®. The
CO;RR to C,, products involve various intermediates, with the C-C
coupling being the rate-determining step®’. The possible intermediates
in each elementary step across the reaction coordinate were exam-
ined, as seen in Supplementary Fig. S13. The minimum energy path-
ways are shown in Fig. 4. Other researchers have reported that the C-C
coupling can occur on Cu electrodes through *CO-*CO dimerization,
*CO-*CHO, or *CO-*COH with *CO-*CO coupling being less feasible
because of a higher transition state (TS) energy (>1eV)*, The barriers
for hydrogenation of *CO to *CHO and *COH on Cu(100) are 0.64 and
0.94 eV, respectively, which are more favored than the direct CO-CO
coupling (>1eV)*. Thus, we choose to investigate the less energetic
C-C coupling barriers, i.e., *CO-*CHO and *CO-*COH, on the Ag-doped
Cu(100) surface. The Ag doping creates a surface strain because of its
larger atomic radius. The Cu-Cu bond length is 2.57 A on the pure
Cu(100) surface, but the Cu-Cu bonds next to the Ag site are com-
pressed to 2.50 A after doping (Supplementary Fig. S14). The com-
pressive strain creates asymmetrical Cu sites next to the Ag atom (i.e.,

first-neighbor atoms labeled ‘B’, Supplementary Fig. S15), which pro-
vide active sites for the C-C coupling. As shown in Fig. 4A, the TS values
of C-C coupling via *CO-*CHO and *CO-*COH reactions are 0.45 and
1.10 eV, respectively. This agrees well with the numbers on Cu(100)
reported earlier®. To understand the effects of Ag on the reactions, we
also calculated the TS barrier of *CO-*CHO on the pure Cu(100) sur-
face. The obtained transition state energy of 0.55 eV barrier is 0.1eV
higher than the Ag-doped Cu(100) surface. On the other hand, Ag is
known to produce CO from CO,”. The Ag sites, both in the single atom
(AgCu SAA) and nanoparticle (AgCu SANP), could convert CO, to CO.
However, the enhanced formation of CO is expected with the latter
because of the number of active sites. To assess the formation of CO on
a single Ag atom and Ag nanoparticle, we compare the CO, reduction
to CO on the Ag-doped Cu and Ag(100) surface (Supplementary
Fig. S16). The result shows that the Ag-doped Cu is a better catalyst
than the pure Ag surface in terms of CO, to CO reduction (Supple-
mentary Fig. S16). However, nanoparticles have more under-
coordinated Ag sites (corners and kinks) than the lower Miller index
surfaces. Those undercoordinated Ag atoms are the most active for
CO, to CO reduction reaction’. The AgCu SANP catalysts are expected
to have kinked and corner sites. Therefore, it is likely that the CO, to
CO reduction takes place on both single Ag atoms and Ag
nanoparticles.

The CO binding in AgCu SAA is weak on the Ag atom and easily
diffuses to the next Cu atoms (Supplementary Table S3 and Supple-
mentary Fig. S17). These findings suggest that the Ag atoms play the
following two key roles. (1) facilitating the reduction of CO, to CO and
(2) expediting the C-C coupling by spilling over the CO atom to this
asymmetrical active site with a reduced transition state energy.

Ethanol, ethylene, and acetic acid pathways

The lowest energy pathways identified for the production of ethanol,
ethylene, and acetic acid are illustrated in Fig. 4B, C. All the inter-
mediates before the C-C coupling are the same for these three pro-
ducts, i.e., CO, » *COOH - *CO - *CHO > *CO-CHO. Because of the
lower TS barrier, all the elementary steps after C-C coupling are
investigated based on the *CO-CHO intermediate. The acetic acid path
bifurcates at the sixth coupled proton-electron step, while ethanol and
ethylene share six-coupled proton-electron transfer and bifurcate only
at the seventh reduction step. The common intermediate for ethanol
and ethylene, i.e., *OCH-CHO* (labeled 7A), is more favored than the
acetic acid intermediate (labeled 7B), indicating the formation of
ethanol and ethylene before acetic acid (Fig. 4C). This mechanistic
understanding supports the experimental finding in Fig. 3B, where
ethylene and ethanol are the major products, and a negligible amount
of acetate/acetic acid is formed in CO,RR. However, the formation of
acetate from CO electroreduction reaction (CORR) is equivalent to the
formation of ethylene and ethanol (Fig. 3E). This can be due to the
presence of a high amount of CO on the catalyst surface that expedites
the C-C coupling step and thereby enables the formation of other C,
products including the acetate/acetic acid. As shown in Fig. 4, the free
energy of the acetic acid formation step (labeling 7B) is slightly higher
(0.19 eV) than those of ethanol and ethylene (labeling 7A). Therefore,
the acetic acid/acetate pathway would be feasible as well.

Comparing ethanol and ethylene formation from CO, (which both
are 12-electron reduction products), free energy diagram analysis
revealed that the uphill steps after the coupling for ethanol and
ethylene (CH,CH,OH* » CH;CH,OH and CH,CHO* » CH,CH,0) are 0.4
and 0.44 eV, respectively. This negligible difference of 0.04eV is
within the DFT error, which indicates that both ethanol and ethylene
are equally probable products of CO,RR on Ag-doped Cu. Nonetheless,
the solvent, pH, and double-layer electric field effect were excluded
from the DFT calculations, which could affect the stabilization of dif-
ferent intermediates and the consequent selectivity of the final
products®**°.
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Comparing ethanol and ethylene (which both are 12-electron
reduction products), free energy diagram analysis demonstrates that
ethanol formation is favored over ethylene (labeling 8a and 8b in
Fig. 4B, respectively). This agrees with the slightly higher percentage of
ethanol over ethylene in the experimental result for the AgCu SANP
shown in Fig. 3B.

To gain further insight into the impact of Ag doping on the elec-
tronic structure of copper surfaces, we analyzed the density of states
(DOS) of the pure Cu and Ag-doped Cu surfaces (in the absence of
adsorbate). Supplementary Fig. S15 shows the d-band, which has
shown to be a good descriptor for understanding the differences in
catalytic activities*'. This analysis shows that the d-band center in pure

Cu(100) surface is shifted to lower values in the Ag-doped Cu, as
indicated by the vertical dashed lines. This downshift originates from
the excess of DOS in Ag-doped Cu (compared to pure Cu) concerning
the Fermi level. The projected DOS on the d orbitals of the Cu (B)
atoms near the Cu active site and Ag atom (before and after Ag sub-
stitution, respectively) also shows a downshift of the d-band center
upon Ag substitution. The downshift of the d-band center in the Ag-
doped Cu surface indicates that Ag reduces the bonding strength of
the adsorbate at the surface, which is consistent with the weak
adsorption of CO on the Ag-doped Cu surface, and the reduced reac-
tion barriers to producing ethanol, ethylene, and acetic acid molecules
(Fig. 4A, B).
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Discussion

In conclusion, an AgCu SANP cascade catalyst has been developed and
exhibited an FE of 94 +4% toward multicarbon products under a
working current density of 720 mA cm™ or so in a flow cell. DFT cal-
culations indicate that the high C,. selectivity is ascribed to the
synergistic catalysis of Ag NP and AgCu SAA in the AgCu SANP, namely
Ag NP generating CO and AgCu SAA promoting the C-C coupling step.
This work not only reports a highly effective catalyst for multicarbon
product production but also provides a cascade catalysis strategy for
future C,. selective catalyst development.

Methods

Chemicals

All solvents, unless stated otherwise, are of ACS grade. Copper nano-
particles with an average diameter of 100 nm and silver nitrate (AgNO3,
99%) were purchased from Sigma-Aldrich, Canada. The water used was
purified by a Milli-Q system with a resistivity of 18.2 MQ cm. All stan-
dard gases for electrocatalysis and gas chromatography were obtained
from Praxair and Linde, Canada, with the associated purities: CO,
LaserStar 5.0 (99.999%), Air Zero (maximum 3ppm water, 1 ppm total
hydrocarbons), Helium 5.5 (99.9995%), Hydrogen 5.5 (99.9995%), and
Argon 5.0 (99.9995%). The gas mixture for GC calibration (Supelco
23462) was obtained from Sigma-Aldrich too. For the NMR tests,
deuterium oxide (99.9 atom % D), dimethyl sulfoxide (99.5%), formic
acid (98%), and 1-propanol (99.9%) were also purchased from Sigma-
Aldrich. Ethylene glycol (laboratory grade) was obtained from VWR
Chemicals. Nafion 117 containing solution (-5% in a mixture of lower
aliphatic alcohols and water) was also obtained from Sigma-Aldrich.
Sigracet 36 BB gas diffusion electrodes were purchased from the Fuel
Cell Store. Nickel foam (99.9%) was purchased from MTI Corporation.
Potassium hydroxide (85%) was obtained from Sigma-Aldrich.

Synthesis of AgCu SANP

First, 20 mg Cu NPs and 2 mg AgNO; were dispersed into 5mL of
ethylene glycol and 0.2 mL of water, respectively. These two solutions
were then mixed and put into an ultrasonic bath for the galvanic
reaction for 30 min. After that, the nanoparticles were washed with
water and isopropanol and collected using a centrifuge. The obtained
nanoparticles contain both Ag single-atoms and nanoparticles labeled
as AgCu SANP. The AgCu SAA and AgCu NP were prepared following a
similar procedure, except for the different doses of AgNO5 (0.1 mg for
AgCu SAA and 20 mg for AgCu NP). The ethylene glycol solvent is
reductive, and the ultrasonic bath inevitably raises the temperature of
the solvent. Thus, the ethylene glycol can partly reduce the CuO in the
Cu NPs into Cu,O (Fig. 2A).

Preparation of GDE

AgCu-based nanoparticles were first dispersed into IPA with a con-
centration of 5 mg mL™. The Nafion-117 solution was also added to the
IPA solution with a 1% volumetric ratio. After mixing with ultrasound
for 30 min, the catalyst ink was directly sprayed onto the GDL (Sigracet
36 BB) using an airbrush. The final loading of GDE was determined by
balancing the weight difference before and after the airbrush step,
which was about 0.5 mgcm™.

Material characterization

Scanning electron microscopy (SEM) images were captured on a
Hitachi S4800 with a working accelerating voltage of 10 kV. Glancing-
incidence X-ray diffraction (GI-XRD) was measured on a PANalytical
X’Pert Pro MRD diffractometer with Cu Ko radiation (1.54 A) at an
incidence angle of 0.3°. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a Thermo-VG Scientific ESCALab
250 microprobes with a monochromatic Al Ka X-ray source
(1486.6 eV). The obtained spectra were calibrated using the C 1s line.
Aberration-corrected scanning transmission electron microscope (AC-

STEM) tests were carried out on an FEI Titan 80-300 HB TEM equipped
with energy-dispersive X-ray spectroscopy (EDX) at 200kV. The
HAADF-STEM images were recorded by FEI Titan 80-300 HB TEM/
STEM with an aberration corrector operating at 300 kV. Inductively
coupled plasma mass spectrometry (ICP-MS) analyses were carried out
on an Agilent 8800 triple quadrupole, using He as a collision cell gas,
Ge and In as internal standards to correct for instrument drift and ICP
element standards (secondary standards from Delta Scientific Inor-
ganic Ventures; primary calibration standards from Alfa Aesar and
Aristar VWR Chemicals BDH) to confirm instrument accuracy (within
3%; relative standard deviation for individual sample analyses was
<12%). Proton nuclear magnetic resonance (H-NMR) was measured on
Bruker Avance Il 300 MHz. GC tests were conducted on an Agilent
6890 machine with Carboxen (TCD) and Carbonplot (FID) columns.
XAS measurements were carried out at the Advanced Photon Sources
(APS) 20-ID-C and 20-BM beamlines. The measurements at the copper
K-edge and Ag K-edge were performed in fluorescence mode using a
Lytle detector. The XAS data were analyzed using the software package
Athena.

Electrochemical CO,RR and CORR tests

All electrochemical tests were measured on Gamry Reference 3000
electrochemical workstation at room temperature (23 +2 °C) with IR
compensation. A three-electrode system was fabricated with the pre-
pared AgCu-based GDE, Ni foam, and Ag/AgCl electrode serving as
working electrodes, the counter electrode, and the reference elec-
trode, respectively*’. A gas-tight, three-chamber flow cell equipped
with a piece of Fumasep FAB-PK-130 anion exchange membrane (AEM)
was employed to conduct the electrochemical reaction. Before CO,RR
tests, the AEM was first activated in 1M KOH solution for 12 h. The
CO;RR catalytic activities were evaluated using the potentiostatic
technique under selective potential for 10 min in 1 M KOH with flowing
pure CO, gas. The flow rate of electrolyte and CO, gas was 18 mL min™*
and 30 sccm, respectively. The gas flow was measured by a flow meter
at the end of the GC output tube to keep it the same as the flow rate in
the standard curve test. All the potential values are relative to the
reversible hydrogen electrode (RHE) and follow the equation below
unless stated otherwise.

E(RHE) = E(Ag/AgCl) +0.059 « pH +0.197 )

The IR compensation was conducted automatically by the Gamry
Reference 3000 electrochemical working station. After opening
“Chronoamperometry” in the Gamry measurement software, para-
meters such as applied voltage, test duration and IR compensation
mode can be configured. The Current Interrupt (ClI) mode of the
potentiostat (Gamry Reference 3000) automatically compensates for
internal resistance and adjusts compensation values in real time based
on changes in internal resistance. The electrolyte for both the cathode
and anode is 30 mL of Ar-saturated KOH solution separately. The gas
products were tested using online GC, and the liquid products were
detected using H-NMR. For CORR tests, the feeding gas was replaced
with CO, other and conditions are the same as those for CO,RR tests.
Three independent experiments were carried out to obtain all
error bars.

Determination of gas products using GC

The standard curves of CHy, CO, C,H,, C;H,4, and C,Hg gases were first
built using corresponding standard gases. Different concentrations
were prepared by diluting the mixture with CO, using mass flow con-
trollers (Alicat Scientific). The produced standard curves are shown in
Supplementary Fig. S8. During the electrocatalytic CO, reduction, the
gas products flow into the GC with the input CO, gas in the online tube.
CH, and C;H, are the main gas products that can be detected in the
flame ionization detector (FID), and CO was detected by the thermal
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conductivity detector (TCD). There is no CO, reduction gas product
being detected in the GC from the anode. H, was not quantified in this
work due to the inability of the GC.

Determination of liquid products using the NMR

The standard curves of ethanol, formate, acetate and propanol were
first built using pure chemicals with known concentrations. NMR tubes
were prepared by combining 630 pL of sample with 70 pL D,O and 30
pL of aqueous 5 mM DMSO internal standard. The produced standard
curves are shown in Supplementary Fig. S8. After electrocatalytic CO,
reduction, the electrolyte was collected and mixed with the NMR
detecting solution (DMSO internal standard DMSO, D20, as above).
For H-NMR tests, 128 scans were performed, with excitation sculpting
used to suppress the water peak. As seen in Supplementary Fig. S9,
ethanol, formate, acetate, propanol, and DMSO can be ascribed to the
peaks located at 1.07 (triplet) and 3.55 (quartet), 8.35 (singlet), 3.44
(triplet), and 1.42 (sextet) and 0.77 (triplet), and 2.61 ppm, respectively.
The signals from the OH proton in the alcohols are not observed, likely
because of hydrogen-deuterium exchange. There is no CO, reduction
liquid product being detected in the NMR from anolyte.

FE calculations
FE represents the ratio between the electrons used for product gen-
eration and the total electrons during the reaction*?, namely:

_ Amount of theproduct xnxF

FE -
Joldt

2

where n is the number of moles of electrons to participate in the
Faradaic reaction; t is the time of electrolysis; F is the Faraday constant,
i.e., 96485 C mol™. The reported values were calculated based on three
separate measurements under the same conditions.

DFT calculations

All DFT calculations have been performed using the Vienna ab initio
simulation package (VASP) with spin polarization**. The generalized
gradient approximation (GGA) exchange-correlation functional para-
metrized by Perdew, Burke, and Ernzerhof (PBE) for the electronic
interactions, and the projector-augmented wave (PAW) method for the
core electrons was used**¢. A cutoff energy of 600 eV was used for the
plane wave. The convergence criterion for the electronic self-
consistent iteration was set at 10°eV. During the relaxation, we
assumed the relaxation was achieved when the atomic forces were
lower than 0.05eV/A. We used a Monkhorst-Pack grid with dimen-
sions of 4 x 4 x 1 for sampling the first Brillouin zones*. The DOS cal-
culations were done using a 12x12x12 k-points grid and the
tetrahedron method with Blochl corrections*®. The d-band center was
calculated with an integration window of -10 to 10 eV. The copper
surface was modeled using 2 x 2 supercells of the fcc(100) with four
layers, for which only the bottom two layers were frozen while the rest
of the system was allowed to relax. The Cu(100) is doped with Ag by
substituting one Cu atom with Ag, which corresponds to a 3% Ag
doping concentration on the Ag-doped Cu surface. To ensure that the
interactions between neighboring periodic images are negligible, a
vacuum region along the z-direction has been added so that the dis-
tance between the two nearest surface atoms in neighboring images is
at least 16 A. We employed the DFT-D3 Grimme method for long-range
dispersion interaction correction®. For the C-C coupling, a transition
state search was carried out by automated relaxed potential energy
surface scans (ARPESS)®. The computational hydrogen electrode
(CHE) model proposed by Ngrskov et al. was used to calculate the free
energies of CO, reduction intermediates, based on which the free

energy of an adsorbed species is defined as:
AG,4s = AE 45 + AEzpp — TASy45 + / CpdT 3)

where AE 4, is the electronic adsorption energy, AE,p and TAS, 4
represent zero-point energy and entropy (difference between
adsorbed and gaseous species), respectively, [ CpdT is the enthalpy
correction and T is at room temperature®.

Data availability

The authors declare that all data supporting this study are available
within the paper and Supplementary Information files. Source data are
provided with this paper.

Code availability

All the DFT calculations were performed using the commercial soft-
ware VASP. All the input and output files of the calculations are avail-
able per request.

References

1. Bushuyeyv, O. S. et al. What should we make with CO, and how can
we make it? Joule 2, 825-832 (2018).

2. Birdja, Y. Y. et al. Advances and challenges in understanding the
electrocatalytic conversion of carbon dioxide to fuels. Nat. Energy
4, 732-745 (2019).

3. Masel, R. I. et al. An industrial perspective on catalysts for low-
temperature CO, electrolysis. Nat. Nanotechnol. 16, 118-128 (2021).

4. lJin, S., Hao, Z. M., Zhang, K., Yan, Z. H. & Chen, J. Advances and
challenges for the electrochemical reduction of CO, to CO: from
fundamentals to industrialization. Angew. Chem. Int. Ed. Engl. 60,
20627-20648 (2021).

5. Ross, M. B. et al. Designing materials for electrochemical carbon
dioxide recycling. Nat. Catal. 2, 648-658 (2019).

6. Zheng, Y. et al. Understanding the roadmap for electrochemical
reduction of CO, to multi-carbon oxygenates and hydrocarbons
on copper-based catalysts. J. Am. Chem. Soc. 141, 7646-7659
(2019).

7. Du, C. et al. CO, transformation to multicarbon products by pho-
tocatalysis and electrocatalysis. Mater. Today. Adv. 6,

100071 (2020).

8. Zhong, M. et al. Accelerated discovery of CO, electrocatalysts
using active machine learning. Nature 581, 178 (2020).

9. Hori, Y., Murata, A. & Takahashi, R. Formation of hydrocarbons in the
electrochemical reduction of carbon-dioxide at a copper electrode
in agueous solution. J. Chem. Soc. Faraday Trans. | 85,
2309-2326 (1989).

10. Nitopi, S. et al. Progress and perspectives of electrochemical CO,
reduction on copper in aqueous electrolyte. Chem. Rev. 119,
7610-7672 (2019).

1. Peterson, A. A., Abild-Pedersen, F., Studt, F., Rossmeisl, J. & Nors-
kov, J. K. How copper catalyzes the electroreduction of carbon
dioxide into hydrocarbon fuels. Energ. Environ. Sci. 3,

1311-1315 (2010).

12. Garza, A. J., Bell, A. T. & Head-Gordon, M. Mechanism of CO,
reduction at copper surfaces: pathways to C, products. ACS Catal.
8, 1490-1499 (2018).

13. Ma, M., Djanashvili, K. & Smith, W. A. Controllable hydrocarbon
formation from the electrochemical reduction of CO, over Cu
nanowire arrays. Angew. Chem. Int. Ed. Engl. 55, 6680-6684 (2016).

14. Lee, C. W. et al. Defining a materials database for the design of
copper binary alloy catalysts for electrochemical CO, conversion.
Adv. Mater. 30, 1704717 (2018).

15. Zhou, Y. S. et al. Dopant-induced electron localization drives CO,
reduction to C, hydrocarbons. Nat. Chem. 10, 974-980 (2018).

Nature Communications | (2023)14:6142



Article

https://doi.org/10.1038/s41467-023-41871-w

16. Li, F. W. et al. Molecular tuning of CO,-to-ethylene conversion.
Nature 577, 509 (2020).

17. Ma, S. et al. Electroreduction of carbon dioxide to hydrocarbons
using bimetallic Cu-Pd catalysts with different mixing patterns. J.
Am. Chem. Soc. 139, 47-50 (2017).

18. O’'Mara, P. B. et al. Cascade reactions in nanozymes: spatially
separated active sites inside Ag-core-porous-Cu-shell nano-
particles for multistep carbon dioxide reduction to higher organic
molecules. J. Am. Chem. Soc. 141, 14093-14097 (2019).

19. Chen, C. B. et al. Cu-Ag tandem catalysts for high-rate CO, elec-
trolysis toward multicarbons. Joule 4, 1688-1699 (2020).

20. Zhang, T.Y. et al. Highly selective and productive reduction of
carbon dioxide to multicarbon products via in situ CO manage-
ment using segmented tandem electrodes. Nat. Catal. 5,
202-211 (2022).

21. Andersen, S. Z. et al. Arigorous electrochemical ammonia synthesis
protocol with quantitative isotope measurements (vol 570, pg 504,
2019). Nature 574, E5 (2019).

22. Lugg, N. R. et al. Atomic-resolution composition mapping in EDS
STEM. Microsc. Microanal. 22, 1432-1433 (2016).

23. Spurgeon, S. R., Du, Y. & Chambers, S. A. Measurement error in
atomic-scale scanning transmission electron microscopy—energy-
dispersive X-ray spectroscopy (STEM-EDS) mapping of a model
oxide interface. Microsc. Microanal. 23, 513-517 (2017).

24. Biesinger, M. C,, Lau, L. W. M., Gerson, A. R. & Smart, R. S. C.
Resolving surface chemical states in XPS analysis of first row tran-
sition metals, oxides and hydroxides: Sc, Ti, V, Cu and Zn. Appl.
Surf. Sci. 257, 887-898 (2010).

25. Du, C. et al. Novel Pd;3Cu3S; nanotubes with high electrocatalytic
activity towards both oxygen reduction and ethanol oxidation
reactions. CrysttngComm 18, 6055-6061 (2016).

26. Lee, S. H. et al. Oxidation state and surface reconstruction of Cu
under CO, reduction conditions from in situ X-ray characterization.
J. Am. Chem. Soc. 143, 588-592 (2021).

27. Xu, Y. et al. Self-cleaning CO, reduction systems: unsteady elec-
trochemical forcing enables stability. ACS Energy Lett. 6,

809-815 (2021).

28. Calle-Vallejo, F. & Koper, M. T. M. Theoretical considerations on the
electroreduction of CO to C, species on Cu(100) electrodes.
Angew. Chem. Int. Ed. Engl. 52, 7282-7285 (2013).

29. Lum,Y.W., Cheng, T., Goddard, W. A. & Ager, J. W. Electrochemical
CO reduction builds solvent water into oxygenate products. J. Am.
Chem. Soc. 140, 9337-9340 (2018).

30. Li, Y. G. C. et al. Binding site diversity promotes CO, electro-
reduction to ethanol. J. Am. Chem. Soc. 141, 8584-8591 (2019).

31. Todorova, T. K., Schreiber, M. W. & Fontecave, M. Mechanistic
understanding of CO, reduction reaction (CO,RR) toward multi-
carbon products by heterogeneous copper-based catalysts. ACS
Catal. 10, 1754-1768 (2020).

32. Schouten, K. J.P.,Kwon, Y., van der Ham, C. J. M., Qin, Z. & Koper, M.
T. M. A new mechanism for the selectivity to C, and C, species in the
electrochemical reduction of carbon dioxide on copper electrodes.
Chem. Sci. 2, 1902-1909 (2011).

33. Santatiwongchai, J., Faungnawakij, K. & Hirunsit, P. Comprehensive
mechanism of CO, electroreduction toward ethylene and ethanol:
the solvent effect from explicit water Cu(100) interface models.
ACS Catal. 11, 9688-9701 (2021).

34. 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. 138, 483-486 (2016).

35. Montoya, J. H., Peterson, A. A. & Norskov, J. K. Insights into C-C
coupling in CO, electroreduction on copper electrodes. Chem-
CatChem 5, 737-742 (2013).

36. Luo, W.J., Nie, X. W., Janik, M. J. & Asthagiri, A. Facet dependence of
CO, reduction paths on Cu electrodes. ACS Catal. 6,

219-229 (2016).

37. lJia, Y., Li, F., Fan, K. & Sun, L. Cu-based bimetallic electrocatalysts
for CO, reduction. Adv. Powder Mater. 1, 100012 (2022).

38. Qi, K. et al. Enhancing the CO,-to-CO conversion from 2D silver
nanoprisms via superstructure assembly. ACS Nano 15,
7682-7693 (2021).

39. Tang, M.T., Peng, H.-J., Stenlid, J. H. & Abild-Pedersen, F. Exploring
trends on coupling mechanisms toward C3 product formation in
COR. J. Phys. Chem. C 125, 26437-26447 (2021).

40. Liu, X. et al. pH effects on the electrochemical reduction of CO(,
towards C, products on stepped copper. Nat. Commun. 10,

32 (2019).

41. Norskov, J. K., Abild-Pedersen, F., Studt, F. & Bligaard, T. Density
functional theory in surface chemistry and catalysis. Proc. Natl
Acad. Sci. USA 108, 937-943 (2011).

42. Liu, K., Smith, W. A. & Burdyny, T. Introductory guide to assembling
and operating gas diffusion electrodes for electrochemical CO,
reduction. ACS Energy Lett. 4, 639-643 (2019).

43. Zhu, Q. et al. Carbon dioxide electroreduction to C, products over
copper-cuprous oxide derived from electrosynthesized copper
complex. Nat. Commun. 10, 3851 (2019).

44. Kresse, G. & Furthmuller, J. Efficiency of ab-initio total energy cal-
culations for metals and semiconductors using a plane-wave basis
set. Comp. Mater. Sci. 6, 15-50 (1996).

45. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

46. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59,

1758-1775 (1999).

47. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone
integrations. Phys. Rev. B 13, 5188-5192 (1976).

48. Blochl, P. E., Jepsen, O. & Andersen, O. K. Improved tetrahedron
method for Brillouin-zone integrations. Phys. Rev. B 49,
16223-16233 (1994).

49. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

50. Plessow, P. N. Efficient transition state optimization of periodic
structures through automated relaxed potential energy surface
scans. J. Chem. Theory Comput. 14, 981-990 (2018).

51. Norskov, J. K. et al. Origin of the overpotential for oxygen reduction
at a fuel-cell cathode. J. Phys. Chem. B 108, 17886-17892 (2004).

Acknowledgements

Y.A.W. thanks the funding from the Tang Family Chair in New Energy
Materials and Sustainability, National Research Council of Canada Mate-
rials for Clean Fuels Challenge Program (CH-MCF-123), the Natural Sci-
ences and Engineering Research Council of Canada (NSERC) (RGPIN-
2020-05903, GECR-2020-00476), New Frontiers Research Fund-
Transformation (NFRFT-2022-00197), Canadian Foundation for Innovation
John R. Evans Leaders Fund ((#41779), and Ontario Research Fund for
Small Infrastructure Fund ((#41779). S.S. and A.Y. acknowledge the sup-
port received from the National Research Council of Canada’s Materials
for Clean Fuels (MCF) Challenge R&D Program (Grant number CH-MCF-
115-1). This research was made possible in part thanks to the computa-
tional resources provided by Compute Canada (www.computecanada.
ca). J.X.L. acknowledges the support from the University of Calgary’s
Canada First Research Excellence Fund Program, the Global Research
Initiative in Sustainable Low Carbon Unconventional Resources. This
research used resources of the Advanced Photon Source, an Office of
Science User Facility operated for the U.S. Department of Energy (DOE)

Nature Communications | (2023)14:6142


http://www.computecanada.ca
http://www.computecanada.ca

Article

https://doi.org/10.1038/s41467-023-41871-w

Office of Science by Argonne National Laboratory and was supported by
the U.S. DOE under Contract No. DE-AC02-06CH11357, and the Canadian
Light Source and its funding partners.

Author contributions

Y.A.W. conceived and supervised the project. S.S. led the DFT calcula-
tions. C.D. and J.P.M. carried out the catalyst’s synthesis, characteriza-
tion, and performance test. A.G.Y. and J.X.L. conducted the DFT
calculations. M.W., H.Z., and C.J.S. carried out the XAFS measurements
and data fitting. S.L., W.W., and L.W. help with electrochemical mea-
surements. T.G. and X.W. assisted in the material characterizations.
J.Z.W. and H.G. provided advice for the research and the analysis of
results. B.K. performed ICP test. M.C. measured the STEM experiments.
C.D., JP.M, AGY., Z.CT, S.S., and Y.A.W. wrote the manuscript. All
authors made comments and revised the manuscript.

Competing interests

The authors declare the following competing interests: Y.A.W., C.D.,
J.P.M., and H.G. have filed a patent application through the University of
Waterloo on this technology related to this CuAg single atom alloy for
the electrocatalytic CO, reduction processes (US Patent application
number 63/473,924). The remaining authors declare no competing
interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41871-w.

Correspondence and requests for materials should be addressed to
ZhongChao Tan, Samira Siahrostami or Yimin A. Wu.

Peer review information Nature Communications thanks Jun Gu and the
other anonymous reviewers for their contribution to the peer review of
this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6142

10


https://doi.org/10.1038/s41467-023-41871-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

