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Electrochemical reduction of carbon monoxide is a promising
carbonate-free approach to produce ethylene using renewable electricity.
However, the performance of this process suffers from low selectivity

and energy efficiency. A priority has been to weaken water dissociation
with the aim of inhibiting the competing hydrogen evolution reaction but
when this path was examined by replacing H,0 with D,0, afurther-reduced
selectivity toward ethylene was observed. Here we examine approaches
to promote water adsorption and to decrease the energy barrier to the
ensuing water dissociation step, which could promote C-O cleavage in
*CHCOH hydrogenation to *CCH. We modified a copper catalyst with the
strong electron acceptor 7,7,8,8-tetracyanoquinodimethane, which made
the catalyst surface electron deficient. The observed ethylene Faradaic
efficiency was 75%, 1.3 times greater than that of unmodified copper
control catalysts. A full-cell energy efficiency of 32% was achieved for a
total projected energy cost of 154 GJ t ™ in ethylene electrosynthesisin a
membrane electrode assembly.

The reduction of carbon dioxide (CO,RR) to chemicals such as ethyl-
ene (C,H,) using renewable electricity may contribute to industrial
decarbonization'. Alkaline CO,RR enables efficient carbon-carbon
coupling; however, carbonate formation in alkaline condition leads
to inefficient CO, utilization®. Approaches such as performing the
CO,RRinacidicelectrolytes and utilizing bipolar membranes to regen-
erate CO, have been used totackle theissue of CO, loss, but the acidic
approach has to date suffered from a lower energy efficiency (~10%

towards C,H,), in part because carbon-carbon coupling s less favoured
under these conditions’, and the bipolar membrane approaches typi-
cally add appreciable excess voltage®.

Carbon monoxide electroreduction (CORR) offers an energy-
efficient and carbonate-free route towards C,H, (refs. 9-11). However,
there remains a need to increase further the energy efficiency (EE)
of CO-to-C,H, electrosynthesis from its current best value of 28%,
achieved atacurrent density of 170 mA cm™ (ref.12).
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Fig.1|Influence of water dissociation on the product distributionin the
CORR. a, FE for C,H, (C,D,) over commercial 25 nm copper nanoparticles under
different applied current densities in D,0/1 M LiOH, 50% D,0 + 50% H,0/1M
LiOH and H,0/1 M LiOH electrolyte. The error bars represent the s.d. of three
independent experiments and the corresponding data distribution is presented

by hollow points. Data are presented as mean + s.d. b, Ratio of C,H, (C,D,) to
liquid productsin D,0/1 M LiOH, 50% D,0 + 50% H,0/1 M LiOH and H,0/1 M LiOH
electrolyte. ¢, Our hypothesis about the effect of water dissociation on product
distribution in the CORR: H, formation exhibited a similar selectivity trend with
respect to C,H,, thatis, accelerating water dissociation promoted H, and C,H,.

An avenue to increase production of multicarbon (C,,) products
has been to focus on alkaline electrolytes with the goal of slowing
the competing hydrogen evolution reaction (HER)"™. HER kinetics
decrease by orders of magnitude in alkaline electrolyte compared
with acid electrolyte, a change linked to the high activation barrier of
the alkaline Volmer step (H,0 + e~ *H + OH") which is reliant on the
cleavage of aH-OH bond in water dissociation' %,

Inthiswork, we explored the product distributionin CORR with dif-
ferent rates of water dissociation. In control experiments, we found that
there is a decreased C,H, selectivity when the water dissociation was
slowed. This finding motivated us to further accelerate water dissocia-
tiontoimprove the single product (C,H,) selectivity. By molecular mod-
ification of copper catalysts with 7,7,8,8-tetracyanoquinodimethane
(TCNQ), astrong electron acceptor, we achieved a C,H, Faradaic effi-
ciency (FE) of 75% at 500 mA cm™in a flow cell, 1.3 times greater than
unmodified copper control catalysts. The performance evaluationin
amembrane electrode assembly (MEA) system showed a full-cell EE
of 32% to C,H,, corresponding to an energy cost of 154 GJ t* for C,H,
electrosynthesis. A series of operando characterization and density
functional theory (DFT) calculations revealed that the strong inter-
action between copper and TCNQ enhances water adsorption and
dissociation. This decreases the energy barrier to hydrogenation of
akeyintermediate, *CHCOH to *CCH, in the CO-to-C,H, pathway, and
thereby improves C,H, selectivity in CORR.

Results and discussion

Influence of water dissociation on CORR product distribution
Webeganwithastudy of the competition for hydrogen fromwater dis-
sociation, looking at CORR-to-C,H, versus HER. Using a copper catalyst
operating in a flow cell (Supplementary Figs.1and 2), we tuned water
dissociationby altering the ratio of H,0 to D,0in1 MLiOH electrolyte.

TheFEfor H, (D,) decreased when the D,0O proportionincreased; the D,
FE was <1% in pure D,0 (Supplementary Fig. 3), a finding we attribute
to the sluggish dissociation of D,O (refs. 19,20). The C,, FE increased
with the decrease inH, (D,) FE.

However, it was noted that the C,H, FE decreased as the D,O con-
tentwasincreased (Fig.1a).Inaddition, theratio of C,H, to oxygenated
liquid products increased with H,O content in the mixed electrolyte.
Thisratioincreased with voltage and currentandreached1.6inH,0/1M
LiOH electrolyte at 300 mA cm™ (Fig. 1b). The Tafel slope (-120 mV per
decade) and thekineticisotope effect (KIE) (1.6-1.9) for C,H,inall three
electrolytesimplicate the involvement of water in the rate-determining
step (RDS) of the CO-to-C,H, pathway (Supplementary Fig. 4)* >, H,
formation exhibited a similar selectivity trend with respect to C,H,,
thatis, accelerating water dissociation promoted H,and C,H, (Fig. 1c).

Catalyst characterization and CORR performance

These initial studies motivated us to examine how to increase water
dissociation in the CORR. Previous reports showed that water disso-
ciation kineticsin an alkaline HER could be increased by constructing
electron-deficient active metal sites with unfilled d orbitals toimmobi-
lize the oxygen atom in water via stronger electrostatic affinity®* . We
sought molecular means to increase water dissociation at the hetero-
geneous catalyst surface and reasoned that astrongelectron acceptor
could contribute to this goal.

We therefore investigated TCNQ, a strong electron acceptor®*%,
Neutral, planar TCNQaccepts two electrons from copper to aromatize
the central hexagonal ring and reduce both dicyanomethylene groups
to the anionic form, TCNQ?* (Fig. 2a)*.

With improved performance in the CORR as our ultimate tar-
get, a baseline/reference catalyst comprised of copper oxide (CuO)
nanosheets synthesized via a hydrothermal method was developed
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Fig.2| Characterization of Cu-100TCNQ catalyst. a, Schematic illustration of
copper with TCNQ modification during the CORR. Yellow, grey, blue and white
balls represent copper, carbon, nitrogen and oxygen atoms, respectively.

b, Scanning electron microscopy image of Cu-100TCNQ. ¢, Scanning
transmission electron microscopy image and corresponding energy-dispersive
X-ray spectroscopy mapping images (copper and nitrogen) of Cu-100TCNQ.
d,e, Operando X-ray absorption spectroscopy analysis for the CuO-TCNQ

complex electrode obtained during the electrochemical polarization at different
applied current densities: normalized X-ray absorption near-edge structure
spectraat the CuK-edge (d), and the Fourier transform (FT) of the extended X-ray
absorption fine structure spectra (e). The spectra of reference of CuO and copper
foil areincluded for comparison. The open circuit potential is defined as OCP.

f, High-resolution N 1s XPS spectra of Cu-100TCNQ and TCNQ molecule.

(see Methods for details; Supplementary Figs. 5 and 6), and the
as-synthesized CuO exhibited a CORR-to-C,H, FE typically ~5% (abso-
lute) greater than that of commercial copper nanoparticles (Supple-
mentary Fig.7). TCNQwas thenincorporatedinto the catalyst by insitu
electroreduction of amixture of CuO and TCNQ, giving Cu-100TCNQ.
Cu-100TCNQ exhibited no significant changesin morphology (Fig.2b
and Supplementary Fig. 8) or crystalline reconstruction (Supplemen-
tary Fig.9) compared to CuO-derived bare copper electrodes. Scanning
transmission electron microscopy energy-dispersive X-ray spectros-
copy mapping shows that copper and nitrogen elements were distrib-
uted uniformly in Cu-100TCNQ (Fig. 2c and Supplementary Fig. 10).
Operando X-ray absorption near-edge structure results of Cu-100TCNQ
revealed the phase transformation of CuO to metallic copper at applied
currentdensities of -50 mA cm™2to-100 mA cm™in the CORR (Fig. 2d).
This conversion was also observed in Fourier-transform extend X-ray
absorption fine structure results, in which the peak ascribed to Cu-O
was converted to Cu-Cu coordination (Fig. 2e). High-resolution X-ray
photoelectron spectroscopy (XPS) spectra of nitrogen and copper in
Cu-100TCNQ suggest the transfer of electrons from copper to TCNQ
(Fig. 2fand Supplementary Fig. 11), consistent with the electron para-
magnetic resonance spectra (Supplementary Fig. 12)*. These results
suggested that the copper of Cu-100TCNQ existed in a crystalline
metallic phase and the anionic TCNQ?* bonded the copper atoms by
nitrogeninthe cyano group, resultinginan electron-deficient copper
surface during the CORR.

Inthe CORR, the product distribution (C,H,, ethanol, n-propanol,
acetate (AcO") and H,) shows C,, FE >90%, with C,H, the dominant
product (Fig. 3a). The FE for C,H, increased with applied current den-
sity, while the FE towards ethanol and n-propanol decreased. TCNQ
modificationled toapeak ethylene FE of 75% at 500 mA cm 2, compared
with 60% for copper. The ratio of C,H, to oxygenated liquid products
for Cu-100TCNQ was 2.3x higher than for copper (Fig. 3b).

Azero-gap MEA electrolyser was then used to minimize the full cell
voltage (Supplementary Fig.13). Nickel-iron-boron (NiFe-B) catalyst
was used to substitute commercial IrO, for anodic oxygen evolution
(Supplementary Fig.14)*,and a full cell voltage 0f 2.39 V was obtained
at500 mA cm2 (Supplementary Fig.15). The gas product distribution
was similar when different anode catalysts were used (Supplementary
Table 1), except that ethanol and n-propanol were further oxidized to
AcO™and propionicacid, respectively, on the NiFe-B (Supplementary
Figs. 16-18 and Supplementary Table 2)*. The EE for C,H, reached a
peak value of 32% with a C,H, partial current density of 442 mA cm™
(Fig.3cand Supplementary Table 3). The optimized single-pass carbon
efficiency (SPCE) for C,H, was 80% when the flow rate decreased to
1.6 sccm (Fig. 3d). In comparison with reported CO,RR/CORR catalysts,
Cu-100TCNQ exhibited superior performance in terms of FE and EE
for C,H, (Fig. 3e and Supplementary Table 4). In stability studies, the
catalyst retained FE,,, greater than 70% for >100 h at 500 mA cm™
(Fig.3f), with TCNQremaining on the copper catalyst for the duration
(Supplementary Fig.19). A technoeconomic analysis was performed to
assess the economic feasibility of C,H, electrosynthesis using the cas-
cade CO,RRmodel (Supplementary Fig.20 and Supplementary Note1).
The result is an estimated energy cost of 154 GJ t ' in the electrified
production of C,H, (Fig. 3g, Supplementary Fig. 21, Supplementary
Note 2 and Supplementary Table 5).

Reaction mechanism studies

Operando Raman measurements were used toinvestigate adsorbed CO
(*CO) in each catalyst because *CO is a common intermediate for C,,
products®*. Linear sweep voltammetry (LSV) curves indicated that the
modification of TCNQ accelerated the carbon-carbon coupling over
Cu-100TCNQin the CORR (Supplementary Fig. 22). Raman features
at1,900-2,200 cm™ correspond to C-O stretching (Supplementary
Fig.23)*,and include two *CO configurations, the low-frequency linear
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Fig.3 | CORR performance of TCNQ-modified copper electrocatalyst.

a, FEfor all products under different applied current densities over bare copper
(patterned) and Cu-100TCNQ (solid filled) ina flow cell. The error bars represent
thes.d. of three independent experiments. Data are presented as mean + s.d.

b, Theratio of C,H, to oxygenated liquid products over copper and Cu-100TCNQ
inaflow cell. ¢, The optimized full-cell EE and partial current densities for C,H, over
Cu-100TCNQ catalyst under different applied potentials. d, The FE for C,H,and H,
and the corresponding SPCE for C,H, over Cu-100TCNQ with decreasing flow rate.

e, Comparison of the maximum FE and EE for C,H, over Cu-100TCNQ and state-of-
the-art CO,/CO catalysts. DVL-Cu, dense vertical lamellate Cu; CTPI, Cu/tetrahydro-
phenanthrolinium/ionomer; Cu-GDE, Cu gas diffusion electrode; Cu:py:SSC,
Cu:N-tolyl substituted tetrahydro-bipyridine:short-side-chainionomer. f, Stability
of Cu-100TCNQat a constant applied current density of 500 mA cm™and the
corresponding FE for C,H, and H,. g, The influence of EE and SPCE for C,H, on the
energy cost for electrosynthesis of C,H,. The red star represents the minimum
energy cost for electrosynthesis of C,H, at a flow rate of 2.8 sccm in this work.

band CO (LFB-CO) at 2,060 cm™ and the high-frequency linear band
CO (HFB-CO) at2,095 cm™. The LFB-CO peak exhibited a dynamic shift
inresponse toapplied potential, thatis, Stark tuning®, while the inert
HFB-CO remained constant. The LFB-CO to HFB-CO ratio was eight
times higher for Cu-100TCNQ compared with bare copper, suggest-
ing a weakened C=0 bond favourable for carbon-carbon coupling”,
consistent with the LSV result. The dramatic changes of CO adsorption
configurations were attributed to the electron-deficient copper surface
induced by TCNQ modification®,

These observations account for the high C,, formation rate; we now
turntodiscussthe origins of the high C,H, productionspecifically. The D,O
control experiments highlighted the influence of water dissociation on
C,H,selectivity (Supplementary Fig.24). The Tafel slope (-120 mV per dec-
ade) and thekineticisotope effect (1.5) for C,H, over Cu-100TCNQindicate
that TCNQ modification does not change the rate-determining step over
copperinthe CO-to-C,H, pathway but accelerates the water-dissociation

process (Supplementary Fig.25). The performance was studied asafunc-
tion of the surface concentration of TCNQ. The surface treatment does
notnoticeably impact the copper morphology (Supplementary Fig.26)
or the local chemical environment near the electrodes (Supplementary
Figs.27 and28). When the TCNQ concentration wasincreased further, the
peak FE,,, declined (Supplementary Fig.29). LSV under argon revealed
that, asafunction of TCNQ surface concentration, Cu-I00TCNQhad the
highest HER activity (Fig. 4a), again consistent with the idea that water
dissociationis enhancedin Cu-100TCNQ.

DFT calculations suggest that TCNQadsorbed on copper takesona
bent conformation, with the cyano groups oriented towards the copper
atoms beneath via Cu-N chemical bonding, and with the carbonring
positioned parallel to the copper surface (Supplementary Fig.30). The
binding energy of H,0 on Cu(111)-TCNQ (-0.7 eV) is lower than that on
Cu(111) (-0.4 eV), thatis, H,0 adsorbs more strongly on Cu(111)-TCNQ
(Fig.4b and Supplementary Fig. 31). From DFT, TCNQ lowers the water
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Fig. 4 |Mechanistic study of TCNQ modification of copper for C,H, formation.
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TCNQand Cu(111) surfaces. ¢, H,O dissociation energy barrier over Cu(111)-TCNQ
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Slab

strength in *CHCOH on the selectivity of C,H, and ethanol. e, Charge-density
difference of *CHCOH on Cu(111)-TCNQ and Cu(111) surfaces. Yellow and blue
contoursrepresent the isosurfaces of electronic charge accumulation and depletion,
respectively, with anisosurface value of 0.01 e A implemented. f, Reaction free-
energy difference between *CCH and *CHCHOH on Cu(111), Cu(111) with *H,0 and
Cu(111) with*OH surfaces, and Cu(111)-TCNQ with *OH slabs, respectively.

dissociation barrier (AE;) (1.12 eV) compared with Cu(111) (1.68 eV)
(Fig.4cand Supplementary Fig.32). Raman spectroscopy also showed
enhanced water dissociationinthe CORR based on adsorbed OH (*OH)
on copper (Cu-OH), 490-600 cm™, during the water dissociation
(H-OH cleavage) process (Supplementary Fig. 33), corresponding to
the DFT results (Supplementary Fig. 34).In abinitio molecular dynam-
ics simulations, *OH exerts a strong attractive force on the H,O layer,
bringing H,O closer to the surface and activating H,O as indicated by
alengthened O-Hbond (Supplementary Fig. 35).

Using DFT, we studied the effect of water dissociation on post-
hydrogenation of the *CHCOH intermediate—the key post carbon-
carbon coupling intermediate that branches C,H, and ethanol path-
ways—inthe CORR (Fig.4d)**°. The evolution of related intermediates
occursonactive copper sites, not on the TCNQ molecule (Supplemen-
tary Figs. 36 and 37). From the electronic configuration of *CHCOH
on Cu(111)-TCNQ versus bare Cu(111), we see that the charge density
of the C-0 bond decreases when the *CHCOH is adsorbed on the
Cu(111)-TCNQ surface, thatis, the C-O bond is weakened after TCNQ
modification (Fig. 4e). With water dissociation kinetics accelerated by
the TCNQ molecule, the reaction pathway of *CHCOH to *CCH for C,H,,
involving the breaking of the C-0 bond, exhibits a more favourable
Gibbs free energy compared with the *CHCOH to *CHCHOH pathway
for ethanol (Fig. 4fand Supplementary Fig.38). We concluded that the
TCNQ modification enhanced water dissociation, further promoting
the hydrogenation of *CHCOH to *CCH by breaking the C-0 bond,
thereby improving the C,H, selectivity in the CORR.

Conclusions
This study showcases adesign principle based on activating water dis-
sociation to promote the CO-to-C,H, pathway in the CORR. When we

use the strong electron acceptor TCNQ to modify copper, we obtain
evidence that the interaction between copper and TCNQ enhances
water adsorption and water dissociation. This decreases the energy
barrier to hydrogenation of a key intermediate, *CHCOH to *CCH, in
the CO-to-C,H, pathway, and contributes to improving C,H, selectiv-
ityinthe CORR. These advances enable us to reporta C,H, FE of 75% at
500 mA cm~inaflow cell. AMEA system showed an EE of 32% to C,H,,
corresponding to an energy cost of 154 GJ t* for C,H, electrosynthesis.
Thiswork adds anadded degree of freedomin the design of catalysts for
theselective and energy-efficient production of multicarbon products.

Methods

Chemicals and materials

Copper(ll) chloride dihydrate (CuCl,-H,0, 99.95%), sodium dodecyl
benzenesulfonate (CH,(CH,),;C,H,SO;Na, AR), TCNQ (98%), anhy-
drous acetonitrile (CH,CN, 99.8%), lithium hydroxide (LiOH, 99.9%),
anhydrousiron(lll) chloride (FeCl;, 299.99%), nickel(Il) chloride hexa-
hydrate (NiCl,-6H,0, 99.9%), sodium borohydride (NaBH,, 298.0%),
copper foil (99.98%), Nafion perfluorinated resin solution (5 wt% in
a mixture of lower aliphatic alcohols and water, contains 45% water),
ethanol (299.5%), methanol (=99.5%), deuterium oxide (D,0, 99.9%) and
dimethylsulfoxise (DMSO, anhydrous, >299.9%) was purchased from
Sigma-Aldrich. Sodium hydroxide (NaOH, GR) was purchased from
Caledon Laboratory Chemical. Copper (nanopowder, 25 nm particle
size) was purchased from US Research Nanomaterials. Sustainion
x37-50-grade-60 anion-exchange membranes were purchased from
Dioxide Materials; anion-exchange membranes Fumasep FAB-PK-130,
Pention-D18-5 wt% dispersion and Teflon PTFE DISP 30 fluoropolymer
dispersion, and carbon paper-based gas diffusion layers (Freudenberg
H23C3) were purchased from Fuel Cell Store. Commercial iridium
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oxide (Ir0,) anode (titanium fibre felt, 200 mm x 100 mm x 0.3 mm,
fibre felt coated with Ir-mixed metal oxide (MMO)) was purchased
from Magneto Special Anodes. Ultrapure Millipore water (resistivity,
18.2 MQ cm) was used for all experiments. All chemicals were used
without further purification.

Synthesis of CuO nanosheets

The synthesis of CuO nanosheets was carried out using a modified
hydrothermal method*. First, 1.70 g of CuCl,-2H,0 and 3.48 g of
CH;(CH,);;C¢H,SO;Na were dissolved into 25 ml of deionized water,
while stirring continuously at25 °C. Then, 15 ml of 4 MNaOH was slowly
added tothe solution. Theresulting dark blue solution was placedina
50 ml Teflon-lined stainless autoclave and subjected to a hydrothermal
reaction for24 hat120 °Cinanoven. After cooling to roomtemperature,
ablack precipitate was obtained, which was then washed three times
withwater and ethanol, centrifuged and dried. Finally, the powder was
sinteredat 300 °Cfor2 hinair to eliminate any residual organic matter.

Preparation of the Cu-x (x = 0,50,100,500,1000) TCNQ
electrodes

To preparethe TCNQ/CH;CN solution, TCNQ was dissolved in CH;CN at
aconcentration of10 mM. Next, 20 mg of CuO powder was dispersedin
3 mlof methanol. Then, 100 pl of TCNQ/CH,CNwas added tothe above
mixture under ultrasonication for 30 min, after which 80 plof Nafionwas
added, and the mixture was ultrasonicated for another1 hto prepare the
ink. The resulting suspension was spray-coated ontoa3 cm x 3 cmH23C3
carbon paper to prepare the CuO-100TCNQ electrode with a loading
amount of1mg cm™ The Cu-100TCNQelectrode was prepared by insitu
electroreducing the CuO-100TCNQ under the CORR conditions. The
preparation ofthe copper, Cu-50TCNQ Cu-500TCNQand Cu-1000TCNQ
electrodes followed asimilar process, except that O pl, 50 pl, 500 pland
1000 pl TCNQ/CH;CN solution were added to the ink, respectively.

Preparation of NiFe-B anode electrodes

The NiFe-B catalysts were synthesized using a reported method with
slight modification®?. Specifically, NiCl,-6H,0 (332.8 mg) and anhy-
drous FeCl; (227.1 mg) were dissolved in 2 ml of deionized water. In a
separate vial, asolution of NaBH, (2 ml, 5 M) in water was prepared. To
preventuncontrolled hydrolysis that may lead to the formation of pre-
cipitates, all solutions were cooled in anice bath for 10 min. The nickel
andiron precursors were thenadded dropwise toa2 mINaBH, aqueous
solution. Theresulting black solution was washed and centrifuged with
water and ethanol three times before vacuum drying.

To prepare the ink for the NiFe-B anode electrodes, 80 mg of the
NiFe-B powder, 200 pl of Pention-D18-5 wt% dispersion and 640 pl
of PTFE aqueous solution (PTFE DISP 30 fluoropolymer dispersion
diluted to 10 mg ml™) were dispersed in 6 m of methanol under ultra-
sonicationfor1h. Theresulting suspension was then spray coated onto
2.5cmx5cmlrO,with aloadingamount of 3 mg cm™

Electrochemical experiments

The CORR experiments were carried out using a three-electrode flow
cellelectrolyser or MEA, asillustrated in the detailed sketches (Supple-
mentary Figs. 2 and 13). In the flow cell, the cathode consisted of a gas
diffusion electrode, and the anode was made of platinum mesh. Arefer-
enceelectrode filled with saturated KCl solution and made of Ag/AgCl
was used. To prevent product crossover, an anion-exchange membrane
(Fumasep FAB-PK-130) was utilized to separate the catholyte and anolyte
compartments. The Autolab PGSTA204 module from Metrohm Autolab,
along with a BOOSTER10A module, was used as the power supply for
the experiments. Alkaline solution with 1M LiOH electrolyte was used
astheelectrolyte at both the cathode and anode side, and the cathode
and anode compartments were supplied with the electrolyte separately
using two variable-speed peristaltic tubing pumps. A flow of 20 sccm
CO gas was directed towards the catholyte interface through the gas

diffusion layer. LSV data were collected by sweeping the electrode in
the flow cell at ascanrate of 100 mV s under aN,and CO atmosphere.

Alltheapplied cathode potentialsin the flow cell were converted to
thereversible hydrogenelectrode (RHE) reference scale with astandard
compensation by:

E(VvsRHE) = E(Vvs Ag/AgCl) + 0.197 + 0.059 x pH — 90% x i x R

wherethe pHis 14 for 1 M LiOH electrolyte and Ris the solution resist-
ance, which was determined to be 5.2 Qin 1M LiOH electrolyte from
Nyquist plots (Supplementary Fig. 39). A factor of 90% was applied
for iR compensation during flow cell operation. The CORR in D,0,
50%D,0 +50% H,0 (volumeratio, 1:1) electrolyte was performed with
similar procedures except for replacing H,0 with D,O, where the pHin
50% D,0 + 50% H,0/1 M LiOH and D,0/1 M LiOH electrolyte was 14.35
and 14.95, respectively. Rwas determined tobe 5.7 Q, and 6.4 Qin 50%
D,0 +50%H,0/1 MLiOH and D,0/1 M LiOH electrolyte, respectively.

The MEA was composed of acathode electrode, anIrO, (or NiFe-B)
anode electrode and an anion-exchange membrane (Sustainion X37-
50-grade 60). The electrochemical testing cell was assembled by plac-
ing the membrane betweenthe cathode and anode electrode, in which
the catalyst layers of both electrodes were facing the membrane. The
anode catalyst was protected and surrounded by a 0.02-inch-thick
gasket for electrical insulation. The reaction area was regulated by
the pore area in the gasket, which was set at 1 cm?. This assembly was
theninserted into a fuel cell device from Dioxide Material, which had
serpentine flow channels that were equally compressed with torque
applied to the bolts. A constant rate of 15 ml min™ of 1 M LiOH anolyte
flowed through the anodic channel, and adigital mass flow meter sup-
plied the humidified CO feed gas to the cathodic channel at a constant
rate of 20 sccm. After the electrolyser assembly, agalvanostatic method
was used to apply the electrolysis, and the current density was gradu-
allyincreased fromaninitial 50 mA cm2inincrements of 50 mA cm™.
The currentincrements were made upon complete stabilization of the
corresponding voltage. For the stability test, the MEAwas operated ata
constant full-cell current density of 500 mA cm™,and 1litre of 1MLiOH
electrolyte was prepared to ensure that the electrolyte composition
remained constant during the long electrolysis process.

The gas products were collected in 1 ml volumes using gas-tight
syringes (Hamilton chromatography syringe) and then injected into
an offline gas chromatograph (GC2014, Shimadzu) for analysis. The
gas chromatograph used for gas product analysis had two detectors:
aflame ionization detector was used to detect C,H,, and a thermal
conductivity detector was used to detect H,. The spectraobtained from
the gas chromatograph for each gas injection were used to calculate
the FE towards the gas product of the CORR.

Liquid products were analysed by 'H NMR spectroscopy (600 MHz,
Aligent DD2 spectrometer) with water suppression, in which 0.1 ml of
the electrolyte was mixed with 0.1 mI DMSO (internal standard, diluted
to100 ppm (m/m) by D,0) and 0.4 ml D,0. For aspecificliquid product,
denoted as p (n-propanol, ethanol, acetate), the FE of the liquid product
was calculated as follows.

The number of moles of liquid product, n,, in the NMR tube is
determined by the following formula:

_ Sp X Hpwmso _ cpmso X Mpmso

781

n, =
P H
Spmso X Hp

where S, and Spyso are the integrated areas of the product and DMSO
peaks in the 'H NMR spectrum, respectively; Hpyso and H, are the
numbers of hydrogen with the chemical shift for a specific functional
group (HDMSO =6fortwo _CH3 inDMSO, Hn-propanolf Hethanolr Haceta(e =3for
one -CH; in one molecule); cpyso is the concentration of DMSO in the
internal standard; and mpy, is the mass of the internal standard. The
molar mass of DMSQis 78.1g mol™.
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The FE of theliquid product, FE,, is calculated as follows:

Np XMejectrolyte

x e, X F
m p

FE, =

p = x 100%

Ctma]

where Meecoyce is the total mass of electrolyte in the cathode side of flow
cell; m, is the mass of electrolyte in the NMR tube; e, is the number of
electrons transferred per molecule (€,.propanot = 12; €cthanol = 8; acetare = 4);
Fis the Faraday constant (96,485 C mol™); C,, is the corresponding
total chargeincoulombsinonetest.Inthe MEA test, the liquid products
fromthe cathode side were separated and collected by a cold trap. The
FE for liquid products was calculated by collecting the products from
boththe anode and cathode sides during the same period.

The full-cell EE of C,H, in the MEA was calculated by the following
equation:

(123-F;, ) x FE,n,

EEfuii-cell,coH, = Froeen
where £, = 017V is the equilibrium potential for CO to the C,H,
product*?; and Egy... is the full-cell voltage without ohmic loss correc-
tioninthe MEA system.

The SPCE was calculated based on the following equation under
latmand25°C:

FEc

€c

Ueo intec (SCCM)/24.5 (Imol™)/1,000

i(A)x x 0.01 x 60 (s)/F

SPCE =3

where i is the total current; FE. is the FE for a specific multicarbon
product; vis the flow rate of inlet CO feed gas; and e is the number
of electrons transferred per carbon atom in a specific multicarbon
pl"OdUCt (eC2H4r eethanolf en-propanol = 4; eacetate = 2)

Characterization

The morphologies of samples were recorded by scanning electron
microscopy (Hitachi FE-SEM SU5000) and transmission electron
microscopy (Hitachi H-7650). High-resolution transmission elec-
tron microscopy images and energy-dispersive X-ray spectroscopy
elemental mapping were carried out on a Themis Z field-emission
transmission electron microscope with an accelerating voltage of
200 kV. X-ray diffraction patterns were recorded with a MiniFlex600
with Cu Ka radiation (A =1.54178 A). XPS measurements were carried
out on PerkinElmer model 5600 with a monochromatic aluminium
X-ray source. The binding energies were corrected for specimen charg-
ing by referencing C 1sto 284.6 eV. Electron paramagnetic resonance
spectra were collected on a JES-FA200 (JEOL). Static contact angles
were measured with Attension Theta tensiometers (Biolin Scientific).
Diffuse reflectance infrared Fourier transform measurements were
obtained using a Nicolet iS50 (Thermo Scientific).

Operando Raman measurements

Operando Raman measurements were conducted using a modified
flow cellin1 M LiOH electrolyte*’, which used a Renishaw inViaRaman
microscope equipped with a water immersion objective (x63) lens
with a 785 nm laser at 0.1% intensity. Each spectrum was recorded
using the Renishaw WiRE (v.4.4) software by integrating twice, with
eachintegrationlasting10 s. CO was continuously supplied to the gas
chamber during the measurement. The potentials from the Raman
measurements were converted to values versus RHE.

Operando X-ray absorption spectroscopy measurements

Operando X-ray absorption spectroscopy (XAS) measurements on
the Cu-100TCNQ catalyst were carried out in fluorescence mode at
the Australian Synchrotron (Clayton, Victoria, Australia), using a

multipole wiggler XAS beamline (12-ID) with a home-made flow cell.
The only difference compared to the flow cell used to evaluate the
CORR performanceis that we used Kapton tape to seal the gas chamber
to admit X-ray irradiation and allow the fluorescent signal out. The
XAS spectrawere obtained for different galvanostatic conditions and
were processed using ATHENA and ARTEMIE software included in the
standard IFEFFIT package**.

Computational methods

DFT was applied toinvestigate the ethylene production mechanism on
copper and on TCNQ-modified copper surfaces. All the DFT calcula-
tionswere carried outin the Vienna Ab initio Simulation Package with
aplane-wave pseudopotential implementation**¢,

The exchange-correlation functional was described by the
spin-polarized generalized gradient approximation of Perdew-
Burker-Ernzerhof and the electron-ion interactions were described
by projector-augmented wave potentials**S, A kinetic cut-off energy
of 450 eV was used for the plane-wave expansion.3 x2x1land 6 x4 x 1
Monkhorst-Pack k-point meshes were used for geometry optimization
and electronic structure calculation*’. The long-range van de Waals
interactions were described by the zero-damping DFT-D3 method of
Grimme et al®. The Cu(111) surface was specifically selected because the
(111) surface was found to be the dominant surface in the copper-based
electrocatalyst material utilized in this work, which was confirmed
by the X-ray diffraction measurements. A 6 x 4 x 4 periodic cell of
face-centred cubic Cu(111)-TCNQsurface was initially constructed for
the TCNQ-modified copper surface. The Cu(111)-TCNQsurface with the
lowest energy was used for the further investigation of the reactions.
To decouple the interaction between them, a 15 A vacuum space was
created among the periodic surfaces in the zdirection. To reduce the
computational cost, only the metal atomsin the two uppermost layers
and adsorbates were allowed to relax during the structural optimiza-
tion calculations, whereas the atoms in the two bottom-most layers
were fixed.

A computational hydrogen electrode model was used to calculate
the Gibbs free energy by correcting the electronic energies directly
determined fromthe DFT calculations with zero-point energies, entro-
pies and heat capacities, which are calculated from the harmonic oscil-
lator approximation at 298.15 K (ref. 51). The climbing-image nudged
elastic band method was applied to search the transition state of H,0
dissociation on Cu(111) and Cu(111)-TCNQ surfaces, which were then
verified by calculating the imaginary frequency®’. A constant electrode
potential model was utilized to consider the applied potential effects
onthereaction mechanisms (Supplementary Fig.40 and Supplemen-
tary Note 4).

Thevariationin charge-density was used to investigate the charge
transfer between the *CHCOH intermediate and surface****. To study
the effect of the TCNQ molecule ontheinterfacial water layer, 12 water
molecules were introduced to Cu(111)-TCNQ surfaces. To optimize
the interfacial water structure, ab initio molecular dynamics simula-
tionswere conducted inacanonicalensemble (NVT) for 15 ps with the
Nosé-Hoover thermostat and a 1.0 fs time step at 300 K (refs. 55,56).
DFT calculations were again performed to optimize the geometry
fromabinitio molecular dynamics to obtain the final interfacial water
layer structure.

Multiphysics simulation methods

A modified Poisson-Boltzmann method, implemented in COMSOL
(COMSOL Multiphysicsv.6.2), was applied to calculate the distribution
of'the cations at the electrode-electrolyte interface. See Supplemen-
tary Note 3 for more details.

Data availability
All necessary data supporting the findings of this study are available
inthe Article and its Supplementary Information.
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