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ABSTRACT

Understanding C-C coupling pathways is essential for achieving selective CO> conversion into
multi-carbon products. However, controlling intermediates dimerization remains highly challenging
due to both the complexity of the catalytic systems and the limited mechanistic knowledge into the C-
C coupling process. In this work, a model dual-site catalyst with precisely configured Fe-O-Cu sites is
designed by covalently grafting iron-phthalocyanine (FePc) onto copper nanowires via oxygen bridges
(FeN4-O-Cu NW), which enables probing of atomic-level mechanistic insights into the C-C coupling
pathways during electrochemical CO; reduction reaction (CO2RR). Remarkably, the FeN4-O-Cu NW
exhibits a 23.6-fold enhancement in the ethanol-to-ethylene Faradaic efficiency ratio as compared to
O-Cu NW, achieving >80% C»+ Faradaic efficiency at an industrially relevant current density of 1 A
cm. BCO,/2CO co-feed experiments together with a collection of operando/in-situ characterizations
reveal that the enhanced ethanol selectivity over FeN4-O-Cu NW arises from asymmetric C-C coupling
between *CO and *CHO intermediates, where *CO is generated at the low-spin single-Fe-atom site,
while *CHO is produced at the oxygen-bridged Cu site. Density functional theory (DFT) calculations
further unveil that the oxygen-bridged Fe-O-Cu site can not only stabilize the in-situ generated low-
spin Fe(Il) active site for enhancing CO> activation and lowering *CO desorption energy, but also
construct an oxygen-bridged Cu active site to stabilize the *OCHO intermediate, significantly lowering
the *OCHO-to-*CHO conversion energy barrier, orchestrating an efficient asymmetric *CO-*CHO

coupling path and boosting the CO»-to-ethanol conversion.



INTRODUCTION

Excessive fossil fuel consumption has significantly raised atmospheric CO> levels, underscoring
the urgent demand for advanced technologies to efficiently convert and store renewable energy'-2. The
electrochemical CO> reduction reaction (CO2RR) stands out as a promising strategy for chemically
storing intermittent renewable energy by converting CO; into value-added carbon-based fuels and
chemicals®”’. Among the diverse products achievable via CO,RR, multi-carbon (Ca+) compounds,
particularly ethanol, have garnered significant attention due to their high energy density and versatile
applications as chemical feedstocks, clean fuels, and pharmaceutical intermediates® 3.

In this context, the design of electrocatalysts capable of efficiently and selectively reducing CO» to
ethanol has emerged as a central focus in CO2RR research!*!6, However, achieving high ethanol
selectivity remains a significant challenge, primarily due to the sluggish kinetics of carbon-carbon (C-
C) coupling. This bottleneck arises from two main factors: firstly, the low surface coverage of adsorbed
*CO diminishes the likelihood for C-C coupling to occur'’"?. Secondly, the complex multiple CO.RR
pathways limits the CO»-to-ethanol selectivity?®*!. For instance, the thermodynamic instability of key
coupling intermediates (e.g., *COCHO, *COCOH, *COCO, *CH,CO, and *OCHCH) leads to
competing CO2RR pathways that favor the production of C; products or HER!'*?*2°_ Consequently,
regulating the key intermediates involved in the CO2RR over precisely designed catalytically active
sites and optimizing their adsorption, desorption capabilities as well as configurations are critical to
manipulating the C-C coupling pathways towards producing ethanol, but it remains a grand challenge.

Single-atom catalysts (SACs), featuring well-defined and atomically dispersed metal sites,
represent a highly promising platform for the precise construction of model catalysts?’?°. Through

strategies like coordination environment regulation, alloying, and the design of inorganic-organic



interfaces, the binding strength between catalytic sites and target intermediate species can be optimized,
providing new opportunities for controllable manipulation of the C-C coupling pathway®?°>*. For
instance, Sargent et al. constructed a molecule-metal interface to create a local environment rich in

13!, Recently, Cuenya et al.

*CO intermediate, thereby enhancing the electrosynthesis of ethano
elucidated the distinct pathways for CO2RR to Cz+ products through combined in-sifu Raman
spectroscopy measurements and DFT calculations, revealing that ethylene formed via *OC-CO(H)
coupling on undercoordinated Cu sites, while ethanol production required compressed Cu domains
with modified electronic states to stabilize the key *OCHCH, intermediate’. Despite significant
progress, challenges remain under operando conditions, particularly in the precise identification of
catalytic sites, the configuration of bonded intermediate species, and the exact C-C coupling
mechanism. In our previous research, the enhanced ethanol selectivity observed in single-Ag-atom
modified Cu nanowires was attributed to the promoted H>O dissociation at atomically dispersed Ag
sites, which could accelerate *CO hydrogenation to form *CHO intermediate and facilitate asymmetric
*CO-*CHO coupling on adjacent paired Cu atoms'>. Therefore, design of dual-site catalysts have
emerged as a promising solution to tackle C-C coupling challenges by leveraging the synergistic
interaction between two distinct active sites to better stabilize intermediates, promote dimerization
reaction, and provide insights into the C-C coupling mechanism during CO2RR to ethanol®’.

Herein, by covalently anchoring iron-phthalocyanine to copper nanowires via oxygen bridges
(FeN4-O-Cu NW), a model dual-site catalyst with well-defined Fe-O-Cu sites is developed to decipher
the active structural features responsible for CO2RR toward ethanol production and the underlying C-

C coupling mechanism. Specifically, the FeN4-O-Cu NW catalyst exhibits an exceptional CO2RR

performance, achieving a maximum ethanol Faradaic efficiency (FE) of 57.3% at -0.9 V vs. RHE with



an ethanol partial current density as high as 282.5 mA cm, and over 80% Faradaic efficiency for Ca+
products at an industrial current density of 1 A cm™. Operando X-ray absorption spectroscopy (XAS)
and operando °'Fe Maossbauer spectroscopy measurements reveal the dynamic evolution of
catalytically active sites during the CO2RR, showing gradual reduction of copper sites and
transformation of single-Fe-atom sites from low-spin (LS) Fe(Ill) to LS Fe(Il). Quasi in-situ XPS
analysis discloses that the oxygen-bridged Fe-O-Cu configuration can effectively stabilize the Cu”
species during CO» electrocatalysis. Additionally, *CO2/">CO co-feed experiments together with
operando attenuated total reflectance surface enhanced infrared absorption spectroscopy (ATR-
SEIRAS) measurements indicate that the enhanced ethanol selectivity over FeNs-O-Cu NW arises
from the favorable asymmetric C-C coupling between *CO and *CHO, where *CO is generated at the
LS Fe(II) site, while *CHO is produced at the oxygen-bridged Cu site. Density functional theory (DFT)
calculations further elucidate that the oxygen-bridged Fe-O-Cu catalytic sites can not only stabilize the
in-situ generated LS Fe(Il), thereby facilitating CO; activation and concurrently reducing *CO
desorption, but also form highly synergistic O-Cu dual active site, able to stabilize the *OCHO
intermediate, lowering the *OCHO-to-*CHO conversion energy barrier and thus orchestrating an

efficient asymmetric *CO-*CHO coupling path.



RESULTS AND DISCUSSION
Catalyst synthesis and characterization

The oxygen-bridged dual-site electrocatalyst was synthesized through a wet chemical method (see
Methods for details). Specifically, in the presence of trimethylamine, chlorophthalocyanine iron (ClI-
FePc, Supplementary Fig. 1) was grafted onto hydroxylated copper nanowires via a reflux process,
removing H-Cl to form the oxygen-bridged FeN4-O-Cu NW catalyst. Fig. 1 illustrates the synthesis
process, with additional experimental details provided in the Supplementary Methods. One-
dimensional Cu nanowires (Cu NW) with an average diameter of 45 + 3 nm were imaged using
transmission electron microscopy (TEM) (Supplementary Fig. 2). Compared to pristine Cu NW, the
FeN4-O-Cu NW displays obviously rougher surface (Fig. 2a and Supplementary Fig. 3). High-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image combined with
energy-dispersive X-ray spectroscopy (EDX) elemental mapping demonstrates the absence of Fe
clusters or nanoparticles in FeN4-O-Cu NW, with isolated Fe atoms uniformly dispersed across the
entire hydroxylated copper nanowires matrix (Figs. 2b, 2¢ and Supplementary Fig. 4). Ex-situ Fourier
transform infrared (FT-IR) spectroscopy and Raman spectroscopy were employed to comprehensively
verify the successful synthesis of chlorophthalocyanine iron molecules (Supplementary Figs. 5, 6 and
Supplementary Tables 1, 2)*%37. Power X-ray diffraction (XRD) analysis provides further evidence for
the bulk metallic Cu phase in the FeN4-O-Cu NW (Supplementary Fig. 7). No characteristic peaks
corresponding to Cl-FePc species are observed in the XRD pattern of FeNs-O-Cu NW, suggesting a
minimal Fe content. The Fe content in FeN4-O-Cu NW was quantified to be 0.65 wt.% via inductively
coupled plasma optical emission spectrometry (ICP-OES, Supplementary Table 3). A broad XRD peak

at 36.5° (position 1) can be attributed to CuOx resulting from the hydroxylation treatment of Cu NW.
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Fig. 1 | Material synthesis. Schematic illustration showing synthesis of FeNs-O-Cu NW.

The surface valence states of the as-synthesized FeN4+-O-Cu NW, O-Cu NW and reference samples
were examined by X-ray photoelectron spectroscopy (XPS). The high-resolution O 1s XPS spectra of
Cu NW, O-Cu NW, and FeN4-O-Cu NW show similar characteristic peaks at 531.8 eV, corresponding
to adsorbed surface hydroxyl group (OHugs) (Fig. 2d). The enrichment and depletion of surface
hydroxyl species over the as-synthesized catalysts reveal the hydroxylation and O-bridging processes
during the catalyst synthesis. High-resolution Fe 2p XPS spectrum indicates that the oxidation state of
the central iron mainly presents a trivalent state in FeNs-O-Cu NW (Supplementary Fig. 8a).
Supplementary Fig. 8 shows that the binding energies of Cu 2p and Fe 2p shift positively from 932.3
eV (Cu NW) to 932.8 eV (FeN4-O-Cu NW) and from 712.6 eV (Cl-FePc) to 714.2 eV (FeN4-O-Cu

NW), implying a gradually decreased charge density of Cu/Fe atoms due to electron transfer from



Cu/Fe to O atoms, which may be related to the high electronegativity of oxygen.
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Fig. 2 | Structural characterization. a, Structural models of Cl-FePc, O-FePc and FeNs-O-Cu NW.
b, HAADF-STEM (scale bars: 5 nm) image of FeNs-O-Cu NW. ¢, The EDX elemental mapping
images of FeN4-O-Cu NW. d, High-resolution O 1s XPS spectra of Cu NW, O-Cu NW and FeNy-O-
Cu NW. e, Normalized Fe K-edge XANES spectra of Cl-FePc, FeN4-O-Cu NW and reference samples
(inset shows the enlarged Fe K-edge XANES spectra). f, Experimental (black) and simulated (red) Fe
K-edge XANES spectra of FeNs+-O-Cu NW. g, Fourier transformed Fe K-edge EXAFS spectra of
FePcCl, FeN4-O-Cu NW, and reference samples. h, >’Fe Mossbauer spectra of FeNs-O-Cu NW and

Cl-FePc. i, Comparison of the experimental IS and QS values of FeN4-O-Cu NW and Cl-FePc.



X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) analyses were conducted to further elucidate the chemical states and local coordination
environments of Cu and Fe in FeN4-O-Cu NW. As shown in Supplementary Fig. 9a, the Cu K-edge
XANES spectra show that the absorption edge of FeNs-O-Cu NW is close to that for the reference
Cu20, while the edge feature of FeN4-O-Cu NW (designated as 1s—3d transition) is close to that of
the reference commercial Cu foil, suggesting that the Cu atoms in FeN4-O-Cu NW mainly exist in the
form of Cu® and Cu!, matching well with the XPS results. The corresponding EXAFS spectrum and
the fitted result of the first coordination shell for FeN4-O-Cu NW show that the Cu-Cu coordination is
located at ~2.23 A and the Cu-O coordination peak appears at 1.35 A (Supplementary Fig. 9b). A
comparison of the Fe K-edge near-edge absorption energy of FeN4-O-Cu NW with that of Cl-FePc
(Fig. 2e) reveals that the Fe species in FeN4-O-Cu NW exhibit a higher valence state (Fe (II1)), which
may be attributed to the stronger electron-withdrawing ability of oxygen atoms relative to chlorine
atoms. The pre-edge shift from ~7112.6 eV (Cl-FePc, corresponding to the 1s—3d orbital transition)
to ~7114.4 eV (FeNs-O-Cu NW) suggests partial distortion induced by an additional heteroatomic
ligand an axially coordinated oxygen atom (Fig. 2e). XANES simulation on the density functional
theory (DFT)-optimized FeNs-O-Cu NW structure shows exceptional consistency between the
experimental and theoretical spectrum, further refining the structural understanding of the O-Fe-Ny
moiety, featuring an oxygen atom bonded to the copper NW support as depicted in Fig. 2f. The Fe K-
edge EXAFS spectrum of FeN4-O-Cu NW displays a principal peak at ~1.50 A, which can be ascribed
to Fe-N/O coordination, and the absence of a distinct Fe-Fe scattering peak provides a strong evidence
for the uniform dispersion of O-Fe-N4 species within the as-synthesized FeNs-O-Cu NW (Fig. 2g).

To further determine the coordination environment, valence and spin state of the single-Fe-atom

10



species in FeNs-O-Cu NW, room temperature °>’Fe Mdossbauer spectroscopy measurements were
performed. Only one doublet with the isomer shift (IS) value of 0.37 mms™! and the quadrupole
splitting (QS) value of 2.48 mm s was observed (Fig. 2h), which could be unambiguously assigned to
LS Fe (III) species (Fig. 2i, Supplementary Table 4). Based on the IS and QS values calculated for a
set of hypothetical Fe structures, the fitted parameters of this doublet match well with those calculated
by DFT for the optimized FeN4-O-Cu NW structure (Fig. 2i, Supplementary Figs. 10, 11 and
Supplementary Table 5), further confirming the successful synthesis of the model dual-site catalyst

with oxygen-bridged Fe-O-Cu sites.

Electrochemical CO2RR performance

The electrochemical CO2RR performance was first evaluated in an H-type cell filled with CO»-
saturated 0.1 M KHCOs3 electrolyte, and the gas and liquid products were quantified by gas
chromatography (GC) and nuclear magnetic resonance (NMR), respectively (Supplementary Figs. 12,
13). For comparison, copper nanowires modified with phthalocyanine iron (FeN4-Cu NW) without O-
bridging were also synthesised. To preliminarily assess the CO2RR activity of FeNs-O-Cu NW and
FeNs-Cu NW, linear sweep voltammetry (LSV) measurements were conducted under CO, and Ar
atmosphere (Fig. 3a), respectively. The LSV curves clearly illustrate that both catalysts exhibit a more
positive onset potential and a higher current density under CO; atmosphere compared to Ar atmosphere
at the same applied potential, indicating that CO>RR can occur readily rather than the hydrogen
evolution reaction (HER) over FeN4-O-Cu NW and FeN4-Cu NW, consistent with the cyclic
voltammetry (CV) results (Supplementary Fig. 14). Fig. 3b compares the potential-dependent Faradaic
efficiencies (FEs) for various CO2RR products on FeN4-O-Cu NW and FeNs-Cu NW. The ethanol

Faradaic efficiency (FEctano) on FeN4-O-Cu NW displays a volcano-shaped dependence on applied
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potential in the range of -0.8 to -1.2 V vs. RHE. At -1.0 V vs. RHE, FeN4-O-Cu NW achieves an
optimal FEethanot of 50.4 %, significantly surpassing that of FeN4+-Cu NW, which reaches only 15.9 %
at the same potential. Additionally, FeN4-O-Cu NW demonstrates a maximum ethanol partial current
density (jetanol) of 8.9 mA cm? at -1.0 V vs. RHE, compared to 1.6 mA cm™ for FeNs-Cu NW

(Supplementary Fig. 15).
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Fig. 3 | Electrochemical CO:RR performance. a, LSV curves acquired in a CO> or Ar-saturated 0.1
M KHCO:s solution on a rotating disc electrode at a rotation speed of 1,600 rpm and a scan rate of 5
mV s, b, Potential dependent Faradaic efficiencies for CO2RR on FeNs-O-Cu NW (left) and FeNu-
Cu NW (right) in an H-type cell. ¢, Potential dependent Faradaic efficiencies recorded over FeN4-O-

Cu NW (left) and FeN4-Cu NW (right), and current density for CO2RR to ethanol and C»+ products
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over FeN4-O-Cu NW in 1 M KOH electrolyte in a flow cell. Error bars represent the standard deviation
of three independent measurements. d, Current density dependent Faradaic efficiencies for CO2RR on
FeN3s-O-Cu NW acquired in a flow cell using 1 M KOH as the electrolyte. The results of each potential

in Figs. 3b-3d were collected after one hour of continuous electrolysis.

The CO2RR was further evaluated in a flow-cell electrolyzer to overcome the poor solubility of
CO; and the sluggish CO> mass transport in aqueous solution (Supplementary Fig. 16). As presented
in Fig. 3c, CO2 can be electrochemically reduced to ethanol on FeN4-O-Cu NW, exhibiting a total
current density of 282.5 mA cm™ with an FEethanoi as high as 57.3% at -0.9 V vs. RHE (Supplementary
Figs. 17, 18). In comparison, FeN4-Cu NW exhibits a significantly lower FE and partial current density
for ethanol production, highlighting the pivotal role of oxygen-bridged Fe-O-Cu sites in facilitating
CO2RR to ethanol. Supplementary Figs. 19 and 20 illustrate the potential-dependent liquid-phase
products distribution over FeN4-O-Cu NW and FeN4-Cu NW during CO2RR. Notably, the FeN4-O-Cu
NW catalyst demonstrates an exceptional ethanol selectivity, exhibiting a 23.6-fold enhancement in
the ethanol-to-ethylene Faradaic efficiency ratio compared to that of the O-Cu NW (Supplementary
Figs. 21, 22). This exceptional performance highlights the critical role of oxygen-bridged Fe-O-Cu
sites in promoting selective CO»-to-ethanol conversion while effectively suppressing the ethylene
formation pathway. Fig. 3d displays the FEs of C»+ products (ethylene, ethanol, acetate and n-propanol)
on the FeN4-O-Cu NW electrode during CO2RR in the current density range of 100-1000 mA cm 2.
An optimal FE for C»+ products of 86.9 % can be achieved at a total current density of 400 mA cm 2.
Moreover, an FE exceeding 80% for C+ products is achievable at an industrial-relevant current density
of 1 A cm™, which is competitive among the state-of-the-art catalysts reported for electrochemical

CO2 reduction to ethanol (Supplementary Fig. 23, Supplementary Table 6). Besides, negligible decay
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in current density and ethanol or Co+ products FE are observed during 10 hours of continuous
electrolysis (Supplementary Figs. 24), and the FeN4-O-Cu NW catalyst displays a similar Fe species
distribution before and after CO2RR (Supplementary Fig. 25), suggesting the outstanding catalytic

stability of FeN4-O-Cu NW.

In-situ identification of the catalytic sites for CO:2RR to ethanol

To identify the catalytic sites over FeN4-O-Cu NW responsible for the CO2RR to ethanol, operando
Mossbauer spectroscopy measurements under real operating conditions were carried out
(Supplementary Fig. 26). Supplementary Fig. 27 shows the current-time curves recorded during the
operando Mossbauer spectroscopy measurements. Fig. 4a displays the Mossbauer spectra of FeN4-O-
Cu NW under various applied potentials. Notably, a doublet with an isomer shift (IS) value of 0.35
mm s and a quadrupole splitting (QS) value of 2.48 mm s™! was detected over FeNs-O-Cu NW under
open-circuit voltage (OCV) condition, which could be assigned to LS Fe(III). When polarized at -0.6
V vs. RHE, negligible changes on IS and QS values were observed as compared to the OCV condition.
Starting from -0.9 V vs. RHE, the Mossbauer spectra of FeN4-O-Cu NW revealed a new doublet with
IS and QS values of 0.15 and 0.33 mm s™!, which could be attributed to LS Fe (II). Furthermore, the
LS Fe (IT) became more prominent as the cathodic voltage increased from -0.9 V to -1.2 V vs. RHE,
while concurrently the relevant LS Fe (III) exhibited a decreasing trend. Supplementary Fig. 28 and
Supplementary Table 7 summarize the content variations of all Fe species during CO2RR at different
cathodic potentials. Quantitative analysis indicates that the fraction of LS Fe (II) increases from ~20 %
to ~54.1 % as the potential becomes more negative from -0.9 to -1.2 V vs. RHE. Moreover, as the
applied potential decreases from -0.9 V to -1.2 V vs. RHE, the ethanol partial current density gradually

increases, aligning well with the trend of the relevant content of LS Fe (II) species, indicating that the
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in-situ generated LS Fe (II) over FeNs-O-Cu NW may play a key role in driving CO2RR to produce
ethanol.

Next, operando XANES measurements were conducted to further investigate the dynamic
evolution of the FeN4-O-Cu NW catalyst during CO2RR. As shown in Fig. 4b, operando Cu K-edge
XANES spectra were recorded over FeN4-O-Cu NW at OCV, -0.7 V vs. RHE, -1.2 V vs. RHE, and
AFT (after CO2RR), respectively. The results indicate that the valence state of Cu in FeNs-O-Cu NW
is maintained close to metallic Cu under various applied cathodic potentials, exhibiting the similar pre-
edge and white-line features (marked A, B, C in the XANES spectra of Fig. 4d) as those of Cu foil**
40 In detail, at -0.7 V and -1.2 V vs. RHE, the Cu K-edge of FeN4-O-Cu NW was observed shifting to
lower energies as compared with that under OCV, indicating reduction of partially oxidized copper
NW. This reduction of partially oxidized copper NW was also evident from the FT-EXAFS results,
where the peak attributed to Cu-O was converted into Cu-Cu coordination (Supplementary Fig. 29a).
Moreover, the FT-EXAFS fitting profiles in the R space, recorded at -0.7 V and -1.2 V vs. RHE
(Supplementary Fig. 30 and Supplementary Table 8), indicated that although Cu-Cu coordination
dominated, some Cu-O coordination still persisted. This suggests that the O-bridged Cu sites
originating from Fe-O-Cu can be well maintained during the CO2RR. A significant left shift in the Fe
K-edge XANES spectra (Fig. 4c) suggests that the Fe species in FeN4-O-Cu NW undergo a continuous
reduction as the applied cathodic potential increases from OCV to -1.2 V vs. RHE, further confirming
the decrease of Fe valence state in FeN4-O-Cu NW during CO2RR, matching well with the operando
Maossbauer results. On the other hand, the FT-EXAFS spectra at the Fe K-edge display only Fe-N/O
coordination without the presence of Fe-Fe peak throughout the whole testing period (Supplementary

Fig. 29b), indicating that Fe species are always distributed in the form of single atoms during the
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CO2RR process.

Quasi in-situ XPS measurements were performed to precisely track the oxidation state of surficial
Cu species on FeNs-O-Cu NW during CO2RR (Supplementary Fig. 31). As displayed in
Supplementary Fig. 32, the quasi in-situ XPS spectra recorded on O-Cu NW indicate a continuous
reduction of surficial Cu with increasing applied cathodic potential, as evidenced by the progressive
decrease of the Cu"/Cu® ratio from 1.08 to 0.15 (Supplementary Table 9). For FeN4-O-Cu NW, as
shown in Fig. 4d, the high-resolution quasi in-situ Cu 2p XPS spectra reveal that the Cu species on
FeN4-O-Cu NW surface consist of both Cu?* and Cu”* under OCV condition. Upon increasing the
cathodic potential to -0.7 V vs. RHE, the Cu®* signals disappear rapidly. Furthermore, the Cu 2p XPS
spectra maintain similar Cu®* profiles from -0.7 to -1.1 V vs. RHE. To differentiate Cu”*, Auger
spectroscopy measurements were conducted (Fig. 4e). Quantitative XPS analysis demonstrates that
the FeN4-O-Cu NW surface initially contains Cu’, Cu*, and Cu?* species under open-circuit condition.
Increasing applied cathodic potential cause complete reduction of Cu?*, yielding exclusively Cu’/Cu*
species. Remarkably, unlike O-Cu NW, the FeN4-O-Cu NW can maintain a stable Cu’/Cu’ ratio under
various cathodic potential conditions, demonstrating the outstanding structural integrity of the oxygen-

bridged Fe-O-Cu moieties during CORR (Supplementary Table 9).
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Fig. 4 | Dynamic evolution of FeN4-O-Cu NW during CO:RR. a, Operando >’Fe Mossbauer spectra
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XANES spectra of FeN4-O-Cu NW recorded at OCV, -0.7 V vs. RHE, -1.2 V vs. RHE, and AFT in
COs-saturated 0.1 M KHCO:s electrolyte. High-resolution quasi in-situ (d) Cu 2p XPS spectra and (e)
Cu Auger spectra of FeN4-O-Cu NW recorded at OCV, -0.7 to -1.1 V vs. RHE (AE = 0.2 V) in CO»-

saturated 0.5 M KHCOs electrolyte.

Mechanistic insights

To probe the CO2RR to ethanol pathway, operando ATR-SEIRAS measurements were conducted
at various applied cathodic potentials (Supplementary Fig. 33). Figs. 5a, 5b, and Supplementary Fig.
34 present the operando ATR-SEIRAS spectra recorded on FeN4-O-Cu NW and FeN4-Cu NW in CO»-

saturated 0.5 M KHCO;s electrolyte. A distinct H,O absorption peak at around 1620 cm™ was observed
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on both catalysts*'*2. However, on FeNs-O-Cu NW, the H,O absorption peak is noticeably less
pronounced as compared to that on FeNs4-Cu NW, indicating that the oxygen bridging effect can
effectively suppress water adsorption on FeN4-O-Cu NW, which may help to reduce the undesired
HER over FeN4-O-Cu NW. When the applied cathodic potential increased to -0.3 V vs. RHE, two
distinct peaks emerged at ~2050 and 1865 cm™ over FeN4-O-Cu NW, corresponding to *CO species
adsorbed in the atop (*COatop) and bridge (*COuridge) configurations on the catalyst’s surface (Figs. Sa,
5b, Supplementary Table 10)**. The ratio of *CObridge/*COatop Over FeN4-O-Cu NW is much larger
than that over FeN4-Cu NW (Fig. 5c). Between the two types of *CO species, the *COpridge
intermediate can more readily participate in the hydrogenation reaction due to its comparatively
weaker C=0 bond as compared to *COatop' . The stronger *OCHO peak (~1367 cm™') observed on
FeNs-O-Cu NW indicates enhanced CO; activation compared to that on FeN4-Cu NW. Additionally,
new peaks at around 1244 cm™ and 1083 cm™ are observed on FeN4-O-Cu NW, which can be assigned
to the adsorbed *CHO and *COCHO intermediates, respectively (Fig. 5a). In addition, the peak
intensity of *COCHO intermediate gradually increased as the applied cathodic potential was raised
from -0.3 to -1.6 V vs. RHE, while the peak intensity of *CHO intermediate was correspondingly
decreased (Fig. 5d). This observation suggests that the *COCHO intermediate is formed via
asymmetric coupling between *CO and *CHO. The operando ATR-SEIRAS spectra of the KSCN-
poisoned FeN4-O-Cu NW did not reveal any peaks associated with the *CO intermediate, further
confirming that the single-atom Fe sites served as the active centers for *CO production during the
CO2RR process (Fig. 5f and Supplementary Fig. 35). Additionally, after poisoning the single-atom Fe
sites with KSCN, the LSV curves of FePcCl and FeN4-O-Cu NW exhibited a sharp decrease in current

density under CO> atmosphere, indicating that the single-atom Fe centers are essential for the CO.RR
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(Fig. 5e). Meanwhile, the CO Faradaic efficiency of Cl-FePc and the ethanol Faradaic efficiency of
FeN4-O-Cu NW both decreased significantly (Supplementary Figs. 36, 37). All these results support
our hypothesis that the *CO intermediate species generated at the single-atom Fe sites and the
asymmetric coupling between *CO and *CHO (derived from *OCHO) over oxygen-bridged Fe-O-Cu
sites should be responsible for ethanol production via CO2RR over FeN4-O-Cu NW.

For the CO2RR to mulicarbon products, the conversion of CO»-to-CO and subsequently CO-to-Co+
products are typically considered a sequential two-step process, with each step requiring distinct
catalytic sites. Consequently, the electrochemical CO reduction reaction (CORR) has frequently been
employed as a model reaction to elucidate the reaction pathways leading to the Cz+ products formation
in CO2RR. As shown in Fig. 5g, the potential-dependent FE values of different CORR products
obtained on FeN4-O-Cu NW, using CO as the feed gas, illustrate a significant difference in dominant
products compared to CO2RR. The FE of acetate over FeN4-O-Cu NW reached as high as 78.6 % at -
1.0 V vs. RHE. Given the distinct product distributions of FeN4-O-Cu NW in CO2RR and CORR, co-
electrolysis of CO> + CO mixtures with varying ratios was conducted in 1 M KOH at -1.0 V vs. RHE
to examine the influence of feed composition on reaction kinetics and product selectivity. As shown in
Figs. 5h, 1 and Supplementary Fig. 38, a lower CO; ratio in the co-feed leads to a decline in FEethanol,
while FEqcetate raises when the CO concentration is increased. This variation in product distribution
likely arises from competition between CO2RR- and CORR-derived intermediates for catalytic sites,

suggesting that ethanol formation is strongly dependent on CO»-derived intermediates.
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Fig. 5 | Reaction mechanism. a, b, Operando ATR-SEIRAS spectra recorded in CO;-saturated 0.1 M
KHCOs3 solution at various potentials (V vs. RHE) over FeNs-O-Cu NW and FeN4-Cu NW,
respectively. Potential-dependent ATR-SEIRAS peak intensity for (¢) *COatop/*CObrigge and (d) *CHO
with *OCCHO intermediate over FeN4-O-Cu NW. e, LSV curves acquired in CO»-saturated 0.5 M
KHCO3; solution with or without KSCN over Cl-FePc and FeN4-O-Cu NW (inset shows FEethanol Of
FeNs-O-Cu NW). f, Operando ATR-SEIRAS spectra recorded in COz-saturated 0.1 M KHCO3

solution with or without KSCN at various potentials (V vs. RHE) over FeN4-O-Cu NW. g, Potential
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dependent Faradaic efficiencies for CORR on FeN4-O-Cu NW in 1 M KOH electrolyte (flow cell).
Error bars represent the standard deviation of three independent measurements. h, Faradaic efficiencies
of C; products for CO2RR under different CO2/CO ratios recorded on FeN4-O-Cu NW at -1.0 V vs.
RHE. i, "H NMR spectra of the electrolyte after electrolysis (E=-1.0 V vs. RHE, t =1 h) in 100%CO:
and 100%CO-saturated solutions. j, "H NMR spectra of the electrolyte after electrolysis (E=-1.0 V vs.
RHE, t=1h) in 100% '2CO,/"*CO; and 50% '*CO»/'3CO,+'?CO-saturated electrolyte. k, The

distribution and abundance statistics of 1*C/'?C in ethanol product.

To probe the origin of carbon species in ethanol product, electrolysis was performed using isotope
labelled CO»/CO. Fig. 5j and Supplementary Fig. 39 show the 'H NMR spectra of ethanol produced
from pure 3CO> feed, pure '*CO feed and *CO, + >CO co-feed. As presented in Supplementary Fig.
39, isotope labelling experiments using 100% *CO> and 100% '*CO as reactants yield products
entirely labelled with '3C, including ethanol, acetate, and formate, confirming that the carbon in the
feed gas serves as the exclusive carbon source for the target products. Co-electrolysis of *CO, +
12CO (1:1) further supports the hypothesis that CO; has a promotional effect on the CO,RR to ethanol.
The 'H NMR result from the 1*CO, + '2CO co-feed experiment reveals four types of ethanol products:
BCH;?CH,0H, “CH;3"*CH,OH, *CH3'>CH,0H, and '*CH3'*CH,OH (Fig. 5k). Notably, the peak
area for CHa in '3C-labelled ethanol is significantly larger than that for CHs, and quantitative analysis
of the peak areas shows the following relative abundance: *CH, > 'CHj; > 3CH3 > '2CH,, suggesting
that the coupling of *CO with *CHO (derived from hydrogenation of CO> to *OCHO) is crucial for

ethanol formation via CO>RR over FeN4-O-Cu NW.

Theoretical insights
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Based on the above experimental results, DFT calculations were performed to gain theoretical
insights into the underlying reaction mechanism of CO2RR to ethanol over FeNs-O-Cu NW. The
related optimized configurations of the potential reaction intermediates involved the ethanol pathways
of CO2RR over FeN4-O-Cu NW are shown in Supplementary Figs. 40-42. Combined with operando

ATR-SEIRAS measurements and probe experiments (KSCN-poisoning and *CO, + 2CO co-feed

22



experiments), it is deduced that both the Fe single-atom sites and the O-bridged Cu sites are involved
in the synthesis of ethanol via CO2RR over FeNs-O-Cu NW. Therefore, the energy barriers for the
*CO production at the single-atom Fe sites and the C-C coupling at the O-bridged Cu sites were
calculated and the results are displayed in Fig. 6. As shown, the reaction free energy for the conversion
of COz to *COOH (step 1—2, the rate-determining step, RDS) on the LS Fe (II) site is 0.85 eV,
indicating enhanced CO2RR toward CO generation (Supplementary Fig. 37). Given the pivotal role of
O-bridged Fe-O-Cu sites in ethanol production via CO2RR, we conducted a comparative investigation
into the two distinct CO; binding mechanisms on oxygen-bridged Cu sites and pristine Cu sites. The
results reveal that O-bridged Cu sites, where both O and Cu atoms synergistically bond CO> (step 4)
to form *OCHO, realize a significantly lower Gibbs free energy (-0.47 eV) compared to pristine Cu
sites (-0.12 eV). Additionally, the lower *OCHO-to-*CHO conversion energy barrier (step 6—7, -0.20
eV) on O-bridged Cu sites can further promote *CHO formation. Therefore, the C-C coupling step in
ethanol formation is proposed to proceed through the interaction of *CHO species (generated via
protonation and dehydration of the *OCHO intermediate at O-bridged Cu sites) with *CO species
(produced at LS Fe(Il) sites and transferred to Cu), forming the *CHOCO dimeric intermediate (step
7—8, 0.86 eV), which is well consistent with the results from multiple operandol/in-situ
characterizations and '*CO, + >CO co-feed experiments.

On the basis of the above results, the CO2RR to ethanol mechanism over FeN4-O-Cu NW is clearly
elucidated (Fig. 6). The ethanol pathway proceeds through the asymmetric C-C coupling of *CO
intermediates produced at the LS Fe(II) sites and *CHO intermediates generated at the O-bridged Cu
sites. The rationally constructed O-bridged Fe-O-Cu sites can not only facilitate efficient *CO release

from LS Fe(II) sites but also markedly reduce the Gibbs free energy barrier for the *OCHO-to-*CHO

23



conversion on oxygen-bridged Cu sites, thereby enabling preferential and efficient CO; reduction to

ethanol through asymmetric *CO-*CHO coupling.

CONCLUSIONS

In summary, we have successfully developed FeN4+-O-Cu NW with precisely configured Fe-O-Cu
sites, achieving a maximum FEcthanol 0f 57.3% at -0.9 V vs. RHE with an ethanol partial current density
0f282.5 mA cm2, and an over 80% Faradaic efficiency for Ca+ products at an industrial current density
of 1 A cm? in CO2RR. Results from operando XAS and >’Fe Mdssbauer spectroscopy measurements
have clearly tracked the dynamic evolution of single-Fe-atom sites from LS Fe(III) to LS Fe(II) during
CO2RR over FeNs-O-Cu NW. Quasi in-situ XPS results demonstrate a direct correlation between the
Cu*/Cu® ratio and ethanol Faradaic efficiency, indicating that the O-bridged Fe-O-Cu sites should be
essential for the selective CO,-to-ethanol conversion. Following a combination of 3CO, + 2CO co-
feed experiments and operando ATR-SEIRAS measurements, the enhanced ethanol selectivity over
FeN4-O-Cu NW arises from asymmetric C-C coupling between *CO and *CHO, where *CO species
are produced at the in-situ generated LS Fe(II) sites, and *CHO species are formed at the O-bridged
Cu sites. Theoretical calculations further demonstrate that the Fe-O-Cu sites can not only reduce the
*CO desorption energy barrier at the in-situ generated LS Fe(Il) sites, but also stabilize the *OCHO
intermediate at the O-bridged Cu sites, reducing the *OCHO-to-*CHO conversion energy barrier,
which collectively enable an efficient asymmetric *CO-*CHO coupling process, thus greatly boosting
electrochemical CO; reduction to ethanol. The results of this work provide clear insights into the
asymmetric C-C coupling pathway for electrochemical CO; reduction to ethanol and shall pave the

way for the rational design of novel electrocatalysts with dual active sites for efficient CO2RR.
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