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N-propanolis animportantindustrial solvent but the currentindustrial
routes for its production rely on fossil fuels and generate high carbon
dioxide emissions. Replacing fossil processes with electrochemical systems
powered using renewable energy offers one route to reduce the carbon
intensity of n-propanol manufacture. The electrosynthesis of n-propanol
via carbon monoxide electroreductionrelies on the coupling of C,and C,
intermediates, and these are preferentially stabilized on different sites.
Here we pursued the synthesis of catalysts in which a high-oxygen-affinity
metal (such as Snin the best catalysts herein) is present in dilute quantities
within a Cumatrix. The Sn—-Cu catalyst is then formed into a catalyst/
carbon/ionomer heterojunction architecture that reverses electro-osmotic
dragto concentrate the n-propanol produced. We achieve n-propanol
electrosynthesis from carbon monoxide with a Faradaic efficiency of 47 + 3%
and a concentration of 30 wt% at an energy efficiency of 24%. We report
stable n-propanol electrosynthesis for 120 h in amembrane-electrode
assembly electrolyser.

The chemical sector accounts for 28% of total industrial energy
demand'* Today this demand is fulfilled principally using fossil fuels,
leading to substantial carbon dioxide (CO,) emissions®. N-propanol is
anindustrial solvent used in coatings, pigments, dyes, as a fuel addi-
tive and in paint, and is produced at a market volume of US$3 billiona
year®. In addition, n-propanol is readily dehydrated, under mild con-
ditions, to propylene that is produced at US$130 billion a year, and a
precursor to polypropylene, propylene oxide (used in polyurethane)
and acrylonitrile’.

Today n-propanol is produced via a two-step process: the hydro-
formylation of ethylene with carbon monoxide (CO) and hydrogen
(H,) at 20 MPa and roughly 80-150 °C to form propanal, followed by
the hydrogenation of propanal with H, (refs. 6-9; Fig. 1a). Overall the

feedstocks and emissions lead to more than 4 tonnes of CO,-equivalent
per tonne of n-propanol produced™.

Electrosynthesis of n-propanol powered using low-carbonelectric-
ity (Fig. 1b) could consume CO, (such as that captured from air) and
substantially decarbonize the process' . The direct electrosynthesis
of n-propanol from CO, electroreduction (CO,R) suffers from limited
energy efficiency and also from CO, loss; the latter arises from car-
bonate and/or bicarbonate formation and requires an additional CO,
regeneration step that is energy intensive .

Motivated by theincreasing availability of CO as afeedstock from
electrochemical CO,to CO conversiontechnologies'®, we therefore pur-
sued a cascade process with CO,-to-CO followed by CO electroreduc-
tion (COR) to n-propanol (Fig. 1b). The key challenge in advancing
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Fig. 1| Electrosynthesis of n-propanol by using renewable energy.

a, Existing thermochemical route to n-propanol. b, The proposed
electrochemical system. ¢, LCA for carbon intensity of n-propanol production
by the industrial thermochemical system and the proposed electrochemical
system. Data for LCA calculation of the electrochemical system are from this
work and details are shown in Supplementary Note 3. d, Energy consumption

for n-propanol production associated with n-propanol energy efficiency and
concentration. Details are shown in Supplementary Note 1. e, Breakdown of
the plant-gate levelized cost per tonne of n-propanol, as calculated from a TEA.
Data for TEA calculation are from this work and refs. 6,12. Details are shown in
Supplementary Note 2.

this approach is to improve COR performance towards n-propanol,
simultaneously increasing the CO-to-n-propanol electrolyser energy
efficiency and producing highly concentrated n-propanolin the final
productstream" (the latter to minimize distillation energy costs). The
efficient previous reports of CO-to-n-propanol electrosynthesis have
exhibited n-propanol energy efficiency of 16% with n-propanol concen-
tration below 1 wt% (refs. 6,18-20). With n-propanol production requir-
ingboth C,—C,and C,-C, coupling”*, generating therelevant C;and C,
intermediates on proximate active sites could offer an efficient route.

Herein we pursued a materials synthesis strategy to produce
catalysts with distinct C;- and C,-generating active sites in close prox-
imity. The resultant Sn—Cu dilute alloy catalyst leads to a Faradaic
efficiency (FE) of 47 + 3% and an energy efficiency of24% in n-propanol
production. Weincreased n-propanol concentration by reversing local
electro-osmotic resistance and prolonging the diffusion pathway of
n-propanol. By combining the catalyst strategy with electrode system
engineering, we fabricated a carbon/ionomer composite layer onto the
Sn-Cu catalyst to construct a catalyst/carbon/ionomer heterojunction
(CCIH), and found that this suppresses n-propanol crossover and thus
facilitates concentrated n-propanol collectionat the cathode, leading
to an n-propanol product concentration of 30 wt%. On the basis of our
experimentally measured performance, assuming the use of wind as
low-carbon electricity and assuming that CO, is obtained viadirect air
capture, we estimate cradle-to-gate -1.5 tonnes of CO,-equivalent per
tonne of n-propanol (tCO,eq/t n-propanol) compared to today’s value
of +4.4 tCO,eq/t n-propanol.

Results

Catalyst design for n-propanol electrosynthesis

We conducted aninitial life cycle assessment (LCA) and studied the
potential for n-propanol electrosynthesis systems to decarbonize
n-propanol production when CO, is sourced from direct air capture

and the full systemis powered using wind electricity (Fig.1c). Anaccom-
panying technoeconomic analysis (TEA) indicates that achieving high
n-propanol electrolyser energy efficiency and n-propanol concentra-
tionarecriticaltoreducethe plant-gate levelized cost of n-propanol pro-
duction (Fig.1d,e, Supplementary Notes1-3, Supplementary Figs.1-3
and Supplementary Tables 1-3). The goal of increasing electrolyser
energy efficiency motivated us to study a catalyst design that stabilizes
therelevant C, and C, intermediates and facilitates C,-C, coupling.
Ininitial studies on Cu alone, we saw the same product distribution
trend as in previous reports: a mix of predominantly C, alongside a
minor proportion of n-propanol with negligible presence of C, prod-
ucts (Supplementary Fig.4). This observation suggests that on the Cu
surface, C,intermediates primarily engage in direct coupling to form
C,intermediates, rather than proceeding towards further hydrogena-
tion to generate C, products or engaging in C,—~C, coupling to yield C,
products. We therefore pursued identifying the specific C, interme-
diates conducive to C,-C, coupling. When we sought to improve the
*CO coverage onthe Cusurface via pressurization, aslight decreasein
n-propanol FE was observed (Supplementary Fig. 5). We propose that
*COisanintermediateto C,, butitis notthe primary C,intermediate of
n-propanol. Instead, from formaldehyde-feed studies (Supplementary
Figs. 6 and 7), it appears likely that intermediate(s) related to formal-
dehyde (forexample, adsorbed formyl *CHO, adsorbed formaldehyde
*CH,0) are the key C, intermediates on the pathway to n-propanol.
This prompted us to seek a second metal with higher oxygen
affinity than Cu to promote the formation and stabilization of the
intermediate(s) related to formaldehyde*?. Unfortunately, when we
introduced more than 10% surface coverage of high-oxygen-affinity
metals (HOA-M), selectivity was lost to methane (Supplementary
Tables 4-6 and Supplementary Fig. 8). This result indicates that the
introduction of HOA-M leads to the generation of formaldehyde related
C,intermediates®*”. However, the presence of high-coverage HOA-M
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Fig. 2| Design criteria and structure of the electrocatalyst. a, Catalytic
strategy based on the atomic arrangement of active sites through altering the
surface coverage of HOA-M on the Cu surface. The approach seeks to regulate
the adsorption and activation behaviours of key C, and C, intermediates,
ensuring their spatial proximity and enhancing the C,-C, coupling for
improved n-propanol production. b, Combination of *CO hydrogenation

energy to *CHO for C, intermediate and *CO + *CO coupling energy to
*OCCOH for C,intermediate. ¢, Combination of C, intermediates (*CHO

and *CH,0) + *OCCOH coupling energies for C;intermediates in Cu-based
atomically dilute alloy catalysts. d-f, The aberration-corrected HAADF image
of Sn—Cu atomically dilute alloy catalyst (d), along with intensity profiles
extracted along the marked light blue rectangles1(e) and 2 (f).

on the Cu surface restricts the spatial availability for the coupling of
C, intermediate with C, intermediate adsorbed on the Cu surface.
Consequently, C, and C, intermediates undergo distinct subsequent
proton-coupling electron transfer processes, leading to a mixed prod-
uct distribution of C, (methane) and C,, products®?*® (Fig. 2a).

We therefore considered the idea of altering the atomic arrange-
ment of active sites at the atomic scale, seeking to modify the spatial
adsorption configuration of surface intermediates®* . We pursued
atomically dilute HOA-M:Cu alloys with atomically adjacent distinct
active sitesto enable the cooperative adsorption of key C,and C, inter-
mediates, thereby enhancing the spatial availability of C,~C, coupling
(Fig.2a).

We carried out density functional theory (DFT) calculations to
screen metal-doped Cu dilute alloys, considering metal dopants with
high-oxygen affinity, including p-block metals (that is, Ga, Ge, In, Sn, Sb,
Tl, Pb, Bi) and Zn (Supplementary Note 4). In this way, we identified that
the Sn-Cu dilute alloy with atomically dispersed Sn on the Cu surface
appeared to favour *CO hydrogenation to *CH,O (x=1,2) for C, inter-
mediates, *CO dimerization to *OCCOH for C, intermediates, as well
as C,-C, coupling, compared to other p-block metal-doped Cu dilute
alloys (Fig. 2b,c and Supplementary Figs. 9-12) and the Zn-Cu dilute
alloy (Supplementary Figs.13-18 and Supplementary Note 4). DFT cal-
culations alsoindicated the Sn—Cudilute alloy drives the configuration
of the C, intermediate from the atop-adsorption (*CH,O-t) to favour
instead the bridge-adsorption (*CH,0-b) on adjacent Cu and Sn sites
(Supplementary Fig. 19). This is expected to bring into adjacency the
coupling of *CH,O-b and *OCCOH to facilitate n-propanol production.

Materials synthesis and operando mechanistic studies
Experimentally we then synthesized Sn—-Cu dilute alloys using a
solvothermal-electrochemical reduction method. We also prepared

Zn-Cu, Ga-Cu, In-Cu, Sb-Cu, Pb-Cu and Bi-Cu, analogously, for com-
parison. Transmission electron microscopy (TEM) images of Sn-Cu
exhibited a lattice spacing of 0.21 nm, corresponding to the Cu (111)
facet, without crystalline Sn features (Supplementary Figs. 20 and 21).
Energy dispersive spectroscopy showed a uniformdispersion of Snand
Cu (Supplementary Fig.22).In aberration-corrected high-angle annular
dark-field scanning TEM (HAADF-STEM) we were able to distinguish
isolated Sn atoms highlighted by yellow circles (Fig. 2d and intensity
profilesinFig.2e,f). We carried out in situ X-ray absorptionspectroscopy
(XAS) toinvestigate the state of the catalyst during electrochemical COR.
The in situ extended X-ray absorption fine structure (EXAFS) analysis
was conducted to examine the chemical structure during COR. The
Cu K-edge EXAFS spectra of Sn—Cu exhibited a main peak at approxi-
mately 2.2 A, this associated with Cu-Cu coordination (Supplementary
Fig.23), also seen via EXAFS fitting analysis (Supplementary Fig.24 and
Supplementary Table 7), indicating that Cu is in the metallic state in
Sn-Cu. The Sn K-edge EXAFS spectra of Sn-Cu showed a main peak at
approximately 2.2 Aascribed to the Sn-Cu coordination, and ashoulder
at approximately 1.5 A, due to Sn-0O coordination from the O species
of the *CH,O-b intermediates interacting with Sn atoms (Supplemen-
tary Fig. 25). We performed EXAFS fitting for the Sn K-edge spectra of
Sn-Cu and found that these show similar trends to those predicted by
the DFT model of *CH,O-b adsorbed on Sn—Cu (Supplementary Fig. 26
and Supplementary Table 7). We did not detect Sn-Sn coordinationin
the SnK-edge EXAFS spectra of Sn—Cu. These results demonstrate that
Sn species are atomically dispersed on Cu matrix, forming atomically
adjacent Sn-Cudual atomic sites. Furthermore, in situ X-ray absorption
near-edge fine structure (XANES) analysis was conducted to investigate
theelectronicstructure of Snand Cu during COR. The CuK-edge XANES
spectraof Sn-Cu showed similar white-line intensity and edge position
to Cufoil (Supplementary Fig. 27), indicating that Cu species within
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Fig. 3 |Insitu ATR-SEIRAS studies. a, In situ ATR-SEIRS spectra recorded during
COR on Sn-Cu atomically dilute alloy catalyst from -1.0 to -2.0 V versus Ag/AgCl.
b, Contour map of in situ ATR-Fourier transform infrared spectra on the Sn-Cu
catalystand Cu catalyst at the wavenumber range 0f 1,350 to 1,450 cm™. Spectra
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catalyst. The regions from 260 to 400 cm™ associated with the surface-absorbed
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COare shaded in light blue. The regions from 2,010 to 2,110 cm™, corresponding
to the C-Ostretching of the absorbed CO are shaded in light orange. d, The
Raman spectra analysis of the Sn-Cu catalyst and Cu catalyst in the range of
2,000t02,150 cm™. e, Comparison of different CO adsorption ratios on the
Sn-Cu catalyst and Cu catalyst. LFB CO,, low-frequency band linear CO; HFB CO,,
high-frequency band linear CO.

Sn-Cu exhibited metallic nature during COR. The Sn K-edge XANES
spectraof Sn-Cushowed aslightly higher white-line intensity and a posi-
tive shiftin edge position comparedto Snfoil (Supplementary Fig.28),
suggesting the oxidation state of Snis slightly positive, thisis dueto the
interaction withthe O species of the*CH,O-bintermediates during COR.

We carried out in situ surface-enhanced infrared absorption
spectroscopy in the attenuated total reflection mode (ATR-SEIRAS)
(Fig. 3a and Supplementary Figs. 29 and 30). The peak at 1,425 cm™
in the ATR-SEIRAS spectra of the pristine Cu we assign to the C=0
stretching of hydrogenated CO (*CH,O) that is stabilized through its
C species interacting with the Cu surface in an upright geometry*-*
(Fig. 3b and Supplementary Fig. 30). In the ATR-SEIRAS spectra of
the Sn—Cu atomically dilute alloy catalyst, the peak at 1,425 cm™is
red-shifted to 1,405 cm™, indicating a longer C-O bond length on the
Sn-Cu. Another peak at 1,485 cm™ is observed on the Sn-Cu, which
isascribed to the 8CH, vibration in *CH,O (refs. 33,34; Fig. 3a,b). This
result indicates the adjacent Sn—Cu dual sites on the Sn-Cu catalyst
allowed *CH,O to be stabilized in abridge-bound geometry (*CH,0-b)
through both its O species interacting with Sn atom and its C species
interacting with the Cuatom, leading toalengthened C-Obond length.
These findings from in situ ATR-SEIRAS spectra are consistent with
our DFT calculation results (Supplementary Fig.19) and XAS analysis

results (Supplementary Fig. 26 and Supplementary Table 7). In com-
parison, the ATR-SEIRAS spectra of the high-coverage Sn—-Cu sample
with 10% surface coverage of Sn exhibits distinct peaks associated with
oxygen-bonded C,intermediatesinanupright geometry (Supplemen-
tary Fig.31). The peaksat1,100 and 1,128 cm™are ascribed to the *CHO
and *OCH, groups in an upright geometry, respectively”. The *OCH,
serves asacrucial intermediate in methane production”. These obser-
vations align with performance, where the production of methane
wasseeninthe high-coverage Sn—Cusample (Supplementary Fig. 32).

The CO stretching bands at 1,562 and 1,713 cm™ ascribed to
*OCCOH are observed in the Sn—Cu (ref. 36); these increased with the
applied potential (Fig. 3a). We offer thatin the Sn—Cu atomically dilute
alloy catalyst system, bridge-bound *CH,0-b adsorbed on adjacent
Sn-Cudualsitesis attacked by *OCCOH adsorbed on neighbouring Cu
sites to produce n-propanol through C,-C, coupling and subsequent
proton-coupling electron transfer processes.

Insitu Raman spectrabands located at roughly 283 and 363 cm™
areassociated with the frustrated rotation of *CO on Cu and the Cu-
CO stretching, respectively®”*%, We observed no shifts in the Cu-CO
stretching band on Sn-Cu under applied potentials (Fig. 3¢). This sug-
gests that Sn doping has only aminor effect on Cu-CO adsorption®,
which, coupled with increased n-propanol production on Sn-Cu,

1
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Fig. 4 | Performance of n-propanol production on the Sn-Cu atomically dilute
alloy catalyst. a, Product distribution in COR on the Sn-Cu and the pristine

Cu under different current densities. The FE values are means and error bars
represent the standard deviation from three independent measurements (n = 3).
b, N-propanol energy efficiency and full-cell voltage of Sn-Cu and the pristine
Cuin MEA electrolyser. ¢, N-propanol FE, C,, FE and SPCE of the Sn—-Cu and

the pristine Cu catalyst under 16 sccm CO flow rate at the current of 2.4 Ainan
area of 16 cm? MEA electrolyser. The values are means and error bars represent
the standard deviation from three independent measurements (n = 3).d, One
hundred twenty hours of stability at a total current density of 150 mA cm™on

lonomer

the Sn-Cu catalyst. The purple half-filled circle represents the n-propanol FE
and the blue solid line represents the cell voltage of the Sn—-Cu catalyst at a total
current density of 150 mA cm™ e, Schematicillustration of CCIH architecture for
suppressing crossover and facilitating concentrated n-propanol. AEM, anion-
exchange membrane. f, N-propanol FE at cathode and anode sides comparing
the uncontrolled crossover and the Sn—Cu CCIH architecture operating at 40 °C.
Experimental data obtained using a Sn-Cu electrode (uncontrolled crossover)
and aSn-Cu CCIH electrode at 150 mA cm™in3 M KOH. The FE values are

means and error bars represent the standard deviation from three independent
measurements (n=3).

suggests that adsorbed *CO is not the primary C, intermediate for
n-propanol. Aset of bands at 2,000-2,150 cm™inthe C-O stretching
region canbe further deconvolved into three peaks associated with
differentadsorption configurations: bridged CO, the low-frequency
band (LFB) and the high-frequency band (HFB) linear CO, which are
centred at approximately 2,030, 2,060 and 2,090 cm™, respectively.
Raman spectra of Sn-Cu versus pristine Cu at —1.7 V, the potential
showing the highest n-propanol production (Fig. 3d), showed a
dominance of LFB CO on Sn-Cu, 1.5% higher than on Cu (Fig. 3e).
LFB COis typically associated with adsorbed CO species that favour
C-Ccoupling*®*,

Electrocatalytic n-propanol electrosynthesis

We evaluated electrochemical COR performance in a membrane-
electrode assembly (MEA) electrolyser. We optimized the catalyst load-
ing and the concentration of electrolyte (Supplementary Figs. 33-35).
Using the optimized Sn—-Cu atomically dilute alloy electrode in3 M
KOH, we achieved a C,, FE of over 96% and H, FE of 4% and below across
acurrent density range100-200 mA cm™ (Fig. 4a and Supplementary
Tables 8 and 9). The Sn—Cu electrode showed a peak n-propanol FE of
47 +3%at 150 mA cm?, leading to a 24% n-propanol energy efficiency
(Fig.4band Supplementary Fig. 36). This energy efficiency achieved on
theSn-Cuelectrodeis1.5 times higher than that reported in the most
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efficient previous n-propanol electrosynthesis studies (Supplementary
Figs. 37 and 38 and Supplementary Table 10). Pristine Cu exhibited a
maximum 24% FE and 12% energy efficiency towards n-propanol at
100 mA cm™. For comparison, we also assessed the performance of Zn-
Cu, Ga-Cu, In-Cu, Sb~Cu, Pb~Cu and Bi-Cu (Supplementary Fig. 39),
and the n-propanol FE remains highest on Sn—-Cu, in agreement with
DFT calculations.

We sought to increase the CO single-pass conversion efficiency
(SPCE) by optimizing electrode geometry, and we reached 88% SPCE
to C,, products, simultaneous with 47 + 3% n-propanol FE in a16 cm?
electrocatalysis system (Fig. 4c). To evaluate initial stability, we studied
120-h operationinthe MEA electrolyser (Fig. 4d); both voltage and FE
changed no more than 7% (relative) over this duration of operation.
We then conducted postreaction X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) measurements to investigate the
oxidation state of Snand Cu. Three main peaks corresponding to the
crystal planes of (111), (200) and (220) of metallic Cuwere observedin
the XRD patterns of the postreaction Sn-Cu (Supplementary Fig. 40).
The Cu2p XPS spectra of the postreaction Sn—Cu exhibited two main
peaks at binding energies of 932 and 951.8 eV, attributed to the 2p;,
and 2p,, states of metallic Cu (Supplementary Fig. 41). Similarly, in
the Sn 3d XPS spectra of Sn—-Cu, two main peaks were observed at
binding energies of 485.1 and 493.5 eV, corresponding to the 3d;,,
and 3d;, states of metallic Sn (Supplementary Fig. 42). These results
indicate the metallic nature of Cu and Sn species within Sn—-Cu was
well-maintained.

Construction of aSn-Cu CCIH to achieve high n-propanol
concentration

Previous reports of n-propanol electrosynthesis concentration have
been below 1 wt%, the result of uncontrolled n-propanol crossover
through anion-exchange membranes via electro-osmotic drag and
diffusion****, Studying the crossover of n-propanol, we found that
across current densities most (more than 85%) of the n-propanol crosses
the anion-exchange membrane into the anode and is markedly diluted
in the anolyte (Supplementary Figs. 43 and 44). Concentrating the
product is of interest to minimize downstream separation energy*’*.
We first studied a Sn—Cu catalyst/ionomer heterojunction (CIH) and
found areductionin n-propanol crossover from 85to 66% (Supplemen-
tary Fig. 45). Cross-sectional scanning electron microscopy analysis
revealed that theionomer formsathin (<1 pm) adlayer ontop the Sn-Cu
catalyst (Supplementary Fig.46). We proposed that the anionic charged
adlayer reverses theionic flux locally, forming alocally high concentra-
tion of cations near the catalyst and reducing electro-osmotic drag of
n-propanol to the anode (Fig. 4e).

To reduce crossover further, we aimed to further address the
diffusion of the n-propanol into the anode. We further constructed
a Sn-Cu CCIH architecture (Fig. 4e). The n-propanol production
remained similar with the addition of the carbon/ionomer adlayer
(Supplementary Fig. 47). Scanning electron microscopy images
of the Sn-Cu CCIH revealed that the carbon/ionomer adlayer
forms a highly porous structure approximately 10 um thick (Sup-
plementary Fig. 46¢). The porous structure increases tortuosity,
further prolonging the pathways for n-propanol diffusion. Together
with the ionomer, the CCIH reduced n-propanol crossover from
85t035% and achieved 30 wt% n-propanol on the cathode (Fig. 4e,f
and Supplementary Figs. 48-50). Studying the effect of electrolyte
concentrations, we found that n-propanol crossover is mostly unaf-
fected by the electrolyte concentration (Supplementary Fig. 51).
The system operated stably (change in FE and full-cell voltages were
less than 10% relative) and produced n-propanol over 30 wt% in the
course of 120 h (Supplementary Fig. 52). Structural characteriza-
tion after the 120 h of operation showed that the structure of the
Sn-Cu catalyst was well preserved (Supplementary Figs. 53-55 and
Supplementary Note 5).

Conclusions

This work reports a dilute alloy catalyst that stabilizes relevant C, and
C,intermediates via proximate active sites. By combining this catalyst
designstrategy with electrode system engineering, aSn-Cudilute alloy
catalystimplementedina CCIH architecture, we document n-propanol
FE of 47 + 3%, product concentration of 30 wt%, single-pass CO conver-
sion of 88% and electrolyser energy efficiency of 24% at 150 mA cm™,
united with120 h of stability ina MEA electrolyser. LCAand TEAindicate
the potential of n-propanol produced in this manner to contribute to
the decarbonization of chemical production.

Methods

Chemicals

Copper(ll) sulfate pentahydrate (CuSO,-5H,0), tin(IV) chloride pen-
tahydrate (SnCl,-5H,0), sodium hydroxide (NaOH), potassium hydrox-
ide (KOH), methanol, formaldehyde and Nafion perfluorinated resin
solution (5 wt%in amixture of lower aliphatic alcohols and water) were
purchased from Sigma Aldrich. Carbon black, acetylene, 100% com-
pressed was obtained from Thermo Scientific Chemicals. Sustainion
anion-exchange membrane was obtained from Dioxide Materials.
Titanium mesh was obtained from the Fuel Cell Store. The polytetra-
fluoroethylene (PTFE) gas-diffusion layer with 450-nm pore size was
purchased from Beijing Zhongxingweiye Instrument Co., Ltd. The
copper target (>99.99%) was obtained from K. J. Lesker. The aqueous
solutions in all the experiments were prepared using distilled water
with a resistivity of 18.2 MQ-cm obtained from a Milli-Q reference
water-purification system.

Material synthesis

The typical synthesis of Sn—-Cu atomically dilute alloy catalyst is taken
as an example. Four millimoles of CuSO,-5H,0 and 0.025 mmol of
SnCl,-5H,0 were dissolved in 50 ml of distilled water in a flask and
thenimmersedinanice water bath with vigorous stirring. Then, 10 ml
of 1.2 M NaOH solution was added dropwise, and the mixture was
vigorously stirred for 30 min. Followed by being refrigerated at about
3°Cfor24 h, the mixture was transferred into a100 ml of Teflon-lined
autoclave and heated at 130 °C for 20 h. The resulting precipitate was
obtained by washing repeatedly with distilled water, and thendried in
avacuumat 60 °Cfor12 h. Theresulting powder was calcined at 400 °C
for 3 hto obtain the preformed Sn-CuO. The Sn—Cu atomically dilute
alloy catalyst was prepared by an electrochemical reduction of the
preformed Sn—CuO running for 30 minunderinsitu CORat50 mAcm™.
The Sn-Cu catalysts with different Sn surface coverages on Cu were
obtained using a similar procedure, except that the feeding molar
ratios of the Sn or Cumetal precursors were increased to1:13, 2:11and
1:3, respectively, while maintaining a consistent total feed of 4 mmol.
The Cu catalyst was obtained using a similar procedure without the
inclusion of a Sn precursor. The Zn-Cu, Sb-Cu, In-Cu, Bi-Cu, Pb-Cu
and Ga-Cu catalysts were obtained using a similar procedure to the
Sn-Cu atomically dilute alloy catalyst, except that the SnCl,-5H,0
was replaced with Zn(NO,),-6H,0, SbCl,, InCl;, BiCl;, Pb(NO,), and
Ga(NO,),, respectively.

Electrode preparation

The homemade conductive gas-diffusion layer was prepared by sput-
tering a 200-nm-thick copper layer onto a PTFE substrate at a sput-
tering rate of 1A s using a pure copper target in an Angstrom Nexdep
sputtering system. For the preparation of the Sn—Cu electrode, the
catalystink consisting of 40 mg of as-prepared Sn—CuO powder, 120 pl
of 5 wt% Nafion perfluorinated resin solution and 4 ml of methanol was
ultrasonicated for 2 h and then was spray-coated onto a homemade
conductive gas-diffusion layer with Sn-CuO loading of 1.6 mg cm™.
Theloading was determined by weighing the electrode before and after
spraying. The Sn—-Cu electrode was finally obtained by an electrochemi-
calreduction ofthe preformed Sn-CuO running for 30 minunderinsitu
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COR at 50 mA cm™ The preparation of the Cu electrode was followed
by asimilar procedure except that as-prepared CuO powder was used
and the catalyst loading was ensured to be consistent. To fabricate the
Sn-Cu CCIH, an ink consisting of 40 mg of carbon particles (carbon
black, acetylene, 100% compressed, Thermo Scientific Chemicals),
350 mg of ionomer (5 wt% Nafion perfluorinated resin solution) and
4 ml of methanol was spray-coated as a carbon/ionomer adlayer onto
the Sn—-Cu electrode. The ink was ultrasonicated for 2 h before spray
coating. The loading of the carbon/ionomer adlayer was determined
by weighing the electrode before and after spraying.

Materials characterization

The morphologies of samples were characterized by TEM (Hitachi
HF3300) (JEOL-2100F). The high-resolution TEM images and the cor-
responding elemental energy dispersive spectroscopy mappings
were obtained using a JEOL JEM-2100F with an electron acceleration
energy of 200 kV. The aberration-corrected HAADF-STEM images were
obtained on a high-resolution TEM (JEOL JEM-ARM200F working at
300 kV), equipped with a probe spherical aberration corrector. The
inductively coupled plasma optical emission spectroscopy (iCAP6300)
was used to measure the metal content of the catalysts. Powder XRD
datawere obtained intransmission geometry on aSTOE-STADIP pow-
der diffractometer operating at 40-kV voltage and 40-mA current
with Cu-Kal X-ray radiation (A= 0.154056 nm). XPS measurements
were used to determine the Sn coverage on Cu surface in the Sn-Cu
catalysts with different Sn content by using an ECSA device (PHI 5700)
with an AlKa energy source (1,486.6 eV) for excitation. The metal con-
tent of the catalysts was measured by ICP-OES (iCAP6300). XAS data
were collected at the 9BM beamline of the Advanced Photon Source
(Argonne National Laboratory, Lemont, IL, USA). In situ XAS measure-
ments were conducted using a homemade flow cell*’. The Ag/AgCI
electrode served as the reference electrode and a Ni foam served as
the counter electrode. The Sn—Cuelectrode or Cu electrode was used
as a working electrode. During testing, CO was flowed through the
gas compartment with a constant flow rate of 20 sccm, while 3 M KOH
solutionwas circulated through the cathode and anode compartments
atflow rates of 10 ml min™, respectively. The in situ XAS data were col-
lected under a constant current density of 150 mA cm™ The XAS raw
data were background-subtracted and Fourier-transformed by the
standard procedures with the ATHENA software. The least-squares
curve-fitting analysis of the EXAFS x(k) data was carried out using
the ARTEMIS programme based on the standard EXAFS equation. All
fits were conducted in the R space with a k weight of 2, and the fitting
parameter values are listed in Supplementary Table 7. In situ Raman
measurements were performed in aRenishawinViaRaman microscope
equipped with a water immersion objective (x63) and a 785-nm laser
inamodified flow cell. ABRUKER INVENIO R spectrometer equipped
with aliquid nitrogen-cooled mercury cadmium telluride detector was
used for the insitu ATR-SEIRAS measurements. Spectral resolution was
setat 8.0 cm™and each spectrum incorporated 64 interferograms.

Electrochemical measurements

Electrochemical measurements were evaluated in the MEA electro-
lyser (SKU 68732; Dioxide Materials) consisting of a gas chamber and
an anodic chamber. Titanium mesh-supported iridium oxide (IrO,/Ti
mesh) was used as the anode electrode and was prepared by a previ-
ously reported dip coating and thermal decomposition method".
Since the PTFE side of the homemade conductive gas-diffusion layer
isnon-conductive, the cathode electrode was fixed onto the gas cham-
ber using copper tape to ensure good electrical conduction with the
titanium plate of the MEA electrolyser. Subsequently, the activated
anion-exchange membrane (Sustainion X37-50 Grade RT, Dioxide
Materials), silicone gasket and IrO,/Ti mesh anode catalyst were placed
on the top of the cathode. Finally, the electrolyser was assembled
with a torque wrench. We used an electrochemical station (Autolab

PGSTAT302N) equipped with a current booster (Metrohm Autolab,
10 A) for performance measurements. Then 3 M KOH was used as the
anolyte that was circulated through the anode chamber using peristal-
tic pumps at a rate of 10 ml min™. CO gas with different feed flowing
rate controlled by a digital gas flow controller flowed to the humidifier
withdistilled water, then supplied to the gas chamber. Unless explicitly
stated otherwise, all the COR measurements were conducted inal-cm?
MEA electrolyserin3 M KOH witha CO flow rate of 20 sccm. To pursue
to increase the CO SPCE, we optimized electrode geometry using a
16-cm?MEA electrolyser and used a CO flow rate 0f10.8 sccm. In all the
electrochemical measurements, a gas chromatograph (PerkinElmer
Clarus 600) with aflame ionization detector and athermal conductiv-
ity detector was used to analyse the gas products, collected from the
end of the gas chamber. 1H nuclear magnetic resonance spectroscopy
(600 MHz Agilent DD2 NMR Spectrometer) with water suppression
was used to analyse the liquid products, using dimethyl sulfoxide as
thereference standard and deuterium oxide (D,0) as the lock solvent.
Liquid products were collected from anode and cathode sides during
theelectrolysis.

The COsingle-pass carbon efficiency (SPCE) under the conditions
0f298.15Kand 101.3 kPawas determined using the following equation:

SPCE = [(j x 60 8)/(N x F)]/ [(ﬂow rate (ﬁ) x 1(min)) /( 24.05 (#))]
(1

wherejis the partial current density of a specific product from COR
and Nisthe electron transfer for every product molecule.

The full-cell energy efficiency (EE) based on the production of
n-propanol was calculated as follows:

(1~23 + <_E2'propanol>) X FEH'PFODa"0|

—Efuit cen

2

EEsy cell,n-propanol =

where E° E°

n-propanol Ep-propanol = 0-20V versus RHE ) is the thermodynamic
potential of CO to n-propanol, FE,. a0 is the measured FE of
n-propanol and £ is the full-cell voltage without ohmic loss correc-

tion evaluated in the MEA electrolyser.

Computational methods

The Vienna Ab initio Simulation Package was used to perform all spin
unrestricted DFT calculations***°, The Perdew-Burke-Ernzerhof for-
mulation of the generalized gradient approximation was adopted to
determine the exchange-correlation energy*°. We constructed the
planewave using a projector augmented wave®’. The cut-off energy was
set to 450 eV (ref. 52). The DFT-D3 method from Grimme was derived
from the long-range dispersion correction®. Here, a four-layer (3 x 3)
Cu(111) model with awater layer was constructed, and the bottom two
layers were fixed to mimic the bulk and the other atoms are relaxed®. To
construct the Cu-based dilute alloys, we performed substitution doping
for DFT modelling. Specifically, for the screened p-block metal-doped
Cu-based dilute alloys and the Zn-doped Cu dilute alloy, one Cu atom
onthetop layer was substituted with Ga, Ge, Cu, In, Sn, Sb, TI, Pb, Biand
Zn, respectively, based on our previous studies*. Each periodic slab
was separated by the vacuum space with about 15 A along the zaxis. The
3 x 3 x 1k-point mesh was generated by Monkhorst-Pack schemein the
Brillouin scheme®*. Considering the solvation and field effects in elec-
trocatalysis, we constructed one charged water layer consisting of five
water molecules and one hydronium moleculein the periodic Cu(3 x 3)
cell®. For the structural optimization, the self-consistent energy and
force converge to below107 eVand 0.05 eV A™, respectively. Here, we
consider four possible elementary steps to screen the candidate for
C,products, as follows.

*CO+H*+e" - "CHO )
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*Co+ "CO+ H* +e= — "OCCOH )
* * *

CHO + *OCCOH — *OCHOCCOH )
* * *

CH,0+ *OCCOH — *OCH,0CCOH ()

Here, Gibbs free energy (G) was calculated and corrected by the

following equation:

G = Eppr + ZPE + fcpdT—Ts (7)

where Eper, ZPE, fC,dT and TS are the contribution from electronic
energy directly calculated by DFT, zero-point energy, temperature
enthalpicand entropic correction (T=300 K), respectively. Using the
computational hydrogen electrode model, the Gibbs free energy for
aproton and anelectron (G(H* + 7)) in the electrolyte was treated by
the half of the Gibbs free energy of molecule H, (0.5 G(H,)) (ref. 56).

Data availability

Data supporting the findings of this study are available from the cor-
responding authors upon reasonable request. Source dataare provided
with this paper.
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