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Electrochemical synthesis using carbon monoxide (CO) has the potential to
offer sustainable ethylene (C,H,) production. However, thereis a trade-off
between the energy efficiency and the single-pass carbon efficiency achieved
insuch systems, especially at the outlet of a high-single-pass-carbon-efficiency
reactionenvironment where the system becomes starved of CO. Here

we pursued catalysts that achieve efficient C-C coupling even at alow

CO concentration near the outlet of a high-single-pass-carbon-efficiency
reactor, by enhancing CO coverage on the catalyst surface to facilitate the
deoxygenation of the key intermediate *CHCOH, and thereby steer the
reaction towards ethylene. The use of a nitrogen- and phosphorous-co-doped
carbon layer obtained simultaneously 38% ethylene energy efficiency

and 73% single-pass carbon efficiency at 200 mA cm™. We estimate a total
energy cost of C,H, production of 141 GJ t ™. When the CO is derived from CO,
reduction and the CO, feedstock is obtained through direct air capture, and
wind electricity isemployed, the cradle-to-gate carbonintensity reaches
-2.5tCO,e t™" C,H,, muchlower thana+2.2t CO,e t™ carbon footprint of C,H,
synthesis based on naphtha cracking. This work provides a viable strategy to
enable electrified ethylene productionin a CO-starved environment.

The chemical sector accounts for 28% of total industrial energy
demand'. Today this is met largely through the utilization of fossil
fuels, and thus contributes substantially to CO, emissions?. Ethylene
(C,H,), with a present-day production rate of 150 million tonnes per
year globally, is the most-produced hydrocarbon chemical’. Scaled
approaches to C,H, production involve steam cracking of naphtha
derived from crude oil, and ethane cracking*’ (Fig. 1a). The utilization
of these feedstocks and associated emissions lead to an average of
2.2 tonnes of CO, equivalent per tonne of C,H, produced®. Methane
and other light hydrocarbons are produced as byproducts in these
processes, and this increases both separation energy demands and

CO, emissions when these are combusted’. This militates against full
decarbonization of present-day C,H, production routes and motivates
alternative pathways towards substantial reductions in the carbon
intensity of ethylene®.

Electrosynthesis of C,H, powered using low-carbon electricity
provides aroute to utilize CO, (such as that captured from the air) as
feedstock’™ (Fig. 1b-c, Supplementary Table 1 and Supplementary
Notes 1-5). The energy cost involved in the electrosynthesis of C,H,
is dominated by two factors: the electrolyser C,H, energy efficiency
(EE) and the energy required to separate C,H, from the tailgas mixture
that contains unreacted CO,/CO as well as carbon-containing and H,
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Fig.1|Synthesis of ethylene using low-carbon-intensity electricity. a, Existing
thermochemical route to ethylene production. b, Electrochemical system for
ethylene production. ¢, Life cycle assessment of the carbon intensity of ethylene
production using existing routes versus an electrochemical system. Data for life
cycle assessment calculation of the electrochemical system are from this work.
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d, The C,H, EE and C,H, SPCE performance assessment of the N,P-C/Cu electrode
inthis work and literature benchmark CO,R and COR systems, including alkaline
CO,R, neutral CO,R, acidic CO,R and alkaline COR. e, Energy cost consumption
for ethylene production associated with C,H, EE and C,H, SPCE.

side products?™. The separation energy cost is minimized when the
C,H, volume fraction in the tailgas is maximized: this is achieved by
maximizing the C,H, single-pass conversion efficiency (SPCE) and the
proportion of carbon-containing feedstock converted to the desired
C,H, product in a single traverse of the electrolyser®'®, and by simul-
taneously minimizing the competing H, evolution reaction (HER)
(Supplementary Note 6). A higher C,H, volume fraction in the tailgas
enables fewer separation stages, reduced compression duty, and equip-
ment for gas-handling and separation that is smaller in size; thisis the
result of lowered volumetric flow per unit of C,H, produced. It also
enables more convenient storage and transport, meeting blending
thresholds. These factors may enable decentralized deployments
with limited utilities™®. High C,H, SPCE requires steering reaction
selectivity towards C,H, rather than other carbon-containing prod-
ucts, particularly under reactant-starved conditions at the outlet of a
reactor operated at high SPCE. This demands that high selectivity be
maintained even when the CO,/CO reactant is substantially depleted
inthe final stages of the reaction chamber.

Recent advancements in C,H, electrosynthesis, specifically via
CO, electroreduction (CO,R) inalkaline and neutral electrolytes, have
achieveda C,H, EE of 30% (refs.19-24). However, the high EE comes at
the expense of C,H, SPCE, which typically remains below 25% due to the
loss of atleast 75% of CO, throughits reaction with hydroxide, leading to
carbonate- and bicarbonate-related losses of carbon atom efficiency">?*
(Fig. 1d). Using acidic electrolytes shows promise in enhancing CO,
utilization, asitenableslocal regeneration of CO, (refs.25-30). In these
systems, though, the challengeis to suppress the kinetically favourable
HER. The most efficient earlier study of acidic CO,R to C,H, has demon-
strated a C,H, EE of 20% (ref. 30) (Fig. 1d). Using CO electroreduction

(COR) overcomes theissue of CO, loss to (bi)carbonate®**, Minimizing
theall-in C,H, production energy requires simultaneous achievement
of high C,H, EE and high C,H, SPCE (Fig. 1e). Much progress has been
made in producing C,H, via COR'**** (Fig. 1d); we took the view that
jointoptimization of C,H, EE and C,H, SPCE would be of practicaliinter-
esttothefield and could simultaneously raise topics of researchinter-
estincatalystand systems design. These considerations motivated us
todevelop C,H, catalyst designs that would continue to work well even
ina CO-starved reaction environment—akey challenge for simultane-
ously achieving high C,H, EE and C,H, SPCE.

We first identified a trade-off between C,H, EE and C,H, SPCE
thatlimits energy-efficient electrified ethylene production. Pursuing
a high C,H, SPCE creates a CO-depleted environment at the catalyst
surface due to reactant consumption resulting from high single-pass
conversion, which leads to a decline in C,H, EE. To overcome this
trade-off, we sought a strategy that goes beyond simply enhancing
local CO supply—forexample, as demonstratedinarecently reported
syngas-to-ethylene system®®, In that study, the primary obstacle was
CO dilution by H,, which caused CO scarcity through external dilu-
tion, restricting CO transport to the catalyst surface and posing a
transport-related barrier. The solution used COOH-functionalized
carbon materials withenhanced CO adsorption energy to capture CO
and increase its local concentration.

In this work, we tackle a distinct challenge: preserving high C,H,
selectivity when CO scarcity arises from internal consumption. Under
such CO-depleted conditions, the competing HER becomes favour-
able over C-C coupling and the subsequent ethylene pathway. We
therefore focus on modifying the catalyst’s inherent properties to
modulate the entire reaction process for improved C,H, production
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under a CO-starved environment. To this end, we designed nitrogen-
and phosphorous-co-doped carbon (N,P-C) overlayers on the active
Cu catalyst, which enhance CO adsorption and activation, facilitate
the deoxygenation of the key intermediate *CHCOH and steer the
reaction pathway towards ethylene. Weimplemented this conceptina
zero-gap membrane electrode assembly (MEA) electrolyser and evalu-
ated the performance under CO-starved conditions operated at high
single-pass conversion. As a result, we simultaneously achieved a high
C,H, EE 0f 38% combined with a high C,H, SPCE 0of 73% at 200 mA cm™?,
outperforming metrics seenin previous C,H, electroproduction stud-
ies. Life cycle assessment shows that when CO, is sourced from direct
air capture and energy is supplied using electricity having the car-
bon intensity of wind, the CO, emissions are reduced from today’s
+2.2tCO,et™ C,H,t0-2.5tCO,e t' C,H,, each cradle-to-gate. The over-
allenergy cost of C,H, productionis 141 GJ t, lower than that reported
previously for C,H, electroproduction.

Results

Catalyst design for C,H, electrosynthesis

We firstinvestigated the interplay between C,H, EE and C,H, SPCE in
zero-gap MEA electrolyser systems by using a previously reported
highly active and highly selective catalyst: Cu nanosheets®. In initial
studies, we too witnessed a trade-off between C,H, EE and C,H, SPCE.
Specifically, when we endeavoured to optimize C,H, SPCE by lowering
the CO flow rate at the inlet, we observed a decrease in C,H, Faradaic
efficiency (FE) alongside anincrease in H, FE, ultimately resultingina
declinein C,H, EE (Supplementary Figs.1-3). This trade-off restricts the
reductioninenergy cost for C,H, production (Supplementary Table 2).

We considered strategies to overcome this trade-off. At the outlet
ofareactor operated at high SPCE, the catalyst becomes starved of CO
because the reactant is substantially depleted at the catalyst surface.
Under such CO-starved conditions, the local CO coverage on the cata-
lyst surface diminishes, and the competing HER—which requires only
protons and electrons—becomes kinetically favoured over the C-C
couplingsteps thatlead to ethylene. Accordingly, we sought to orches-
trate the full reaction pathway—from CO adsorptionand activation to
ethylene formation—under a CO-starved environment, which requires
modifying the catalyst’sinherent properties rather than merely enhanc-
inglocal CO supply. This led us to seek catalysts that would enhance CO
adsorption and activation, with the goal of promoting C-C coupling
and steering reaction pathways towards C,H, relative to HER (Fig. 2a).

Organic molecule additives, specifically those based on heter-
oatom-containing compounds, such as N-aryl-tetrahydro-bipyridine,
cysteamine and N-heterocycle carbene, have been employed to modify
catalysts to enhance CO adsorption and C-C coupling*®*'. However,
these improvements have typically been demonstrated under condi-
tions with sufficient CO supply, not under the CO-starved environment
thatarises at high SPCE. Moreover, their long-term durability remains
aconcern®,

We considered whether incorporating inorganic materials as
modifiers onto the catalyst surface could unite enhanced catalytic
performance with durability. Specifically, we looked into inorganic
heteroatom-containing carbon materials that enable improvement
in CO utilization, prioritizing both C-C coupling and the formation of
intermediates to C,H, and destabilizing undesired ones (Fig. 2b). As
*CHCOH wasidentified tobe akeyintermediate inbranching the C,H,
and ethanol pathway****, we used density functional theory (DFT) cal-
culationstostudy the reaction energies of the competing pathways, our
purpose being to assess candidate inorganic heteroatom-containing
modulator overlayers based on nitrogen-doped carbon (N-C) and
phosphorous-doped carbon (P-C) (Supplementary Figs. 4-9). We found
that thermodynamic preference of graphitic N is favoured over pyri-
dinicand pyrrolic N (see details in DFT calculationsin Methods); there-
fore, our calculations of activity and selectivity focus on graphitic N.
Wethen calculated thereaction energies of *CHCOH to *CCH (ethylene

pathway) and *CHCOH to *CHCHOH (ethanol pathway) (Fig. 2c) and
found that P-C/Cu promotes C,H, production, whereas N-C/Cu favours
ethanol production compared with pristine Cu.

Wethen synthesized both P-C overlayer and N-C overlay catalysts
(measured structure and compositionin Supplementary Figs.10-11),
in each case atop Cu nanosheets, and evaluated COR performance
(Fig. 2d). The N-C/Cu shifted ~20% FE from C,H, to ethanol com-
pared with Cu nanosheets (Supplementary Fig. 12). P-C/Cu showed
a higher C,H, FE than seen on pristine Cu (Supplementary Fig. 13).
We calculated the ratios of C;H, FE to ethanol FE (FEyiene/FEethanol)
(Supplementary Fig. 14) and found that P-C/Cu showed the highest
ratio of 15, compared to 0.9 for the N-C case. We used operando Raman
on N-C/Cu and P-C/Cu (Supplementary Figs. 15-17). The peak (P1) at
~280 cmis associated with the restricted rotation of adsorbed CO on
Cu; and the peak (P2) in the range from 355 to 395 cm™ with a Cu-CO
stretch®™*. We observed that under the same potential, the bands
for the Cu-CO stretch on the N-C/Cu showed an obvious blueshift
compared with that on Cu, whereas the bands on P-C/Cu exhibited a
slight blueshift compared with that on the Cu. The blueshift suggests
stronger binding of CO with the N-C/Cu surface relative to Cu*. Thus,
N-Coverlap appears to facilitate preferential CO adsorption onthe Cu
surface, good for COR and suppressing competing HER.

We compared the HER performance and CO SPCE of N-C/Cu and
P-C/Cu under the same flow rates of CO. N-C/Cu exhibits markedly
greater resilience under CO-starved conditions compared to P-C/Cu:
When the CO flow rate decreases, P-C/Cu shows a dramatic increase
in H, FE and an appreciable decrease in C,H, FE and C,H, EE (Fig. 2e
and Supplementary Fig. 18), whereas N-C/Cu maintains much lower
HER activity and has a more consistent C,H, FE and C,H, EE, and
simultaneously achieves substantially higher CO SPCE (Fig. 2f and
Supplementary Figs.19 and 20). However, under CO-starved conditions,
both P-C/Cuand N-C/Cu suffer: P-C/Cushows a notable declinein both
C,H,FEand C,H,EEand anincrease in H, FE, whereas N-C/Cu lacks suf-
ficientselectivity to C,H,. Neither electrode offers therefore to reduce
the energy cost of C,H, production (Supplementary Tables 3 and 4).

We contemplated whether the benefits of P-doping (promoting
the ethylene pathway) and N-doping (insensitivity to CO-starved condi-
tions) could be combined. Thisled us to return to DFT. We found that
acombined N,P-C/Cu catalyst may facilitate C-O cleavage of *CHCOH
to favour ethylene production (Fig. 2c) and favour CO dimerization
compared with pristine Cu (Fig. 2g).

Experimentally we fabricated N,P-C/Cu catalyst by incorporating
anN,P-C overlayer on Cunanosheet catalyst. We utilized a MOF@poly-
mer pyrolysis approach (Fig. 3a). Electron microscopy of N,P-C shows
aporous morphology (Fig. 3b,c), whereas the underlying Cu catalyst
maintains its nanosheet structure (Fig. 3d). Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping displays a uniform disper-
sionof N, Pand C (Fig. 3e). The coexistence of N, Pand Cis also seenin
X-ray photoelectron spectroscopy (Supplementary Figs. 21 and 22).
Cross-sectional scanning electron microscopy shows the N,P-C/Cu
catalyst consists of two catalyst layers: the upper N,P-C layer and the
lower Cu nanosheet layer (Fig. 3b). We acquired operando Cu K-edge
X-ray absorption near-edge structure and extended X-ray absorption
fine structure, whose spectra show that the Cu species of the N,P-C/
Cuand Cu nanosheet are in the metallic state (Fig. 3f,g), as in Cu foil.

We used operando Raman under COR (Supplementary Figs. 23
and 24) asafunction of applied potentials to study those intermediates
thatcanbe observed in thisway. The D-band at 1,340 cm™and G-band
at1,590 cm™are seenin Raman spectra of N,P-C/Cu, whichwe index to
theN, P co-doped C layer*®, The Cu-CO peak at ~280 cm™and CO peak
at-2,100 cm™onN,P-C/Cu diminish atlower potentials compared with
the case of pristine Cu; this suggests faster CO consumption onN,P-C/
Cu. The blueshift of the Cu-CO peak observed on N,P-C/Cu suggests
astronger Cu-CO bond". The N,P-C/Cu exhibited a higher ratio of
P2 to P1, indicating enhanced C-C coupling on N,P-C/Cu*. The C-O
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Fig.2|Ethylene electrocatalyst design. a, Schematicillustration of catalyst
design strategy of modified Cu catalysts to simultaneously achieve both high
C,H, EE and high C,H, SPCE in COR. This strategy seeks to enhance CO reactant
coverage on the catalyst surface in CO-starved environments through facilitating
CO adsorption and activation, prioritize C-C coupling over HER and steer the
reaction pathways towards ethylene. b, Catalysts using inorganic heteroatom-
containing carbon materials to replace organic molecular additives as modifiers;
their purpose is to promote CO adsorption and activation, enhance C-C coupling
and facilitate *CHCOH deoxygenation for enhanced C,H, production. ¢, Reaction
energies of the ethylene pathway (*CHCOH to *CCH) and the ethanol pathway
(*CHCOH to *CHCHOH) on Cu(111), N-C/Cu(111), P-C/Cu(111) and N,P-C/Cu(111).
d, C,H, FE on different modified Cu electrodes (Cu nanosheet, N-C/Cu, and

AGCO dimerization

Flow rate (sccm)

P-C/Cu) under different current densities. Values are means and error bars
represent the standard deviation from three independent measurements.

The corresponding data distribution is presented as hollow points.e,f, The
performance of the P-C/Cu electrode (e) and the N-C/Cu electrode (f) under CO
flow rates of 10, 5,2 and 1 sccm in al-cm?* MEA electrolyser and 4 and 3.7 sccm
(equivalent to 0.8 and 0.74 sccm per cm? of normalized electrode area) ina 5-cm?
MEA electrolyser at a constant current density of 200 mA cm?, respectively.
Values are means and error bars represent the standard deviation from three
independent measurements. The corresponding FE data distributionis
presented as hollow points. g, Reaction energies of *CO dimerization on Cu(111),
N-C/Cu(111), P-C/Cu(111) and N,P-C/Cu(111).
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onto ZIF-8. b, Cross-sectional scanning electron microscope (SEM) image of the
N,P-C/Cu catalyst. ¢, Transmission electron microscope (TEM) image of upper
N,P-Clayer.d, Transmission electron microscope image of lower Cu nanosheet
layer. e, Scanning transmission electron microscopy (STEM) image and the
corresponding energy-dispersive X-ray spectroscopy (EDS) mapping images
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2.0
I I !
N/ !
i |
Lo i Cufoil
1.6 Lo |
i | !
| i
7 !
— i 1 i Cu nanosheet
S | | ! &
X 12+ ! ! i <
o i i ! =
Q | ; =
N N 1 =
- I I ><
£ Lo N,P-C/Cu <
c 08+ o = Cu nanosheet
z v
0.4 4
0 T T T T
8,960 8,980 9,000 9,020 9,040 9,060

Energy (eV)

(HAADF)-STEM image and the corresponding EDS mapping as well as high-
resolution transmission electron microscopy (HRTEM) image of Cu nanosheet.
Each experiment was independently repeated at least three times with similar
results for SEM (b), STEM and the corresponding EDS mapping (e) and HAADF-
STEM and the corresponding EDS mapping (f). g, Cu K-edge X-ray absorption
near-edge structure (XANES) spectra of the N,P-C/Cu, Cu nanosheet and Cu foil.
h, Fourier-transformed (FT) magnitudes of Cu K-edge extended X-ray absorption
fine structure (EXAFS) spectra of the N,P-C/Cu, Cu nanosheet and Cu foil. FT,
Fourier transform; x, EXAFS oscillation function; k, photoelectron wave number;
1, absorption coefficient; £, photon energy; R, radial distance.

stretching regionat1,900-2,100 cm™ canbe further deconvolvedinto
three peaks ascribed to different adsorption configurations: bridge CO,
the low-frequency band and the high-frequency band linear CO, which
are located at approximately 2,030 cm™, 2,060 cm™ and 2,090 cm?,
respectively®. Low-frequency band CO is typically associated with
adsorbed COintermediates that favours C-C coupling®’. Raman spectra
of N,P-C/Cu exhibited a dominance of low-frequency band CO, which
is higher than those of the pristine Cu (Supplementary Figs. 25-27).
These operando Raman results suggest that the N,P-C layer increases

CO adsorption and facilitates the C-C coupling of the adsorbed CO,
asalsoseenin DFT.

Electrocatalytic performance in zero-gap MEA electrolyser
systems

We investigated electrocatalytic performance of N,P-C/Cu, com-
paring to controls of N-C/Cu, P-C/Cu and Cu electrodes, evaluating
C,H, FE and C,H, partial current density versus applied potential
(Supplementary Figs. 28-31 and Supplementary Note 7). N,P-C/Cu
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Fig. 4 | Ethylene electrosynthesis performance. a, FEs of COR products on
N,P-C/Cu electrode and the pristine Cu electrode (the hatched bars) under
different current densities. Values are means and error bars represent the
standard deviation from three independent measurements. b, Comparison of
C,H, FE on different modified Cu electrodes at 200 mA cm ™. Values are means,
and error bars represent the standard deviation from three independent
measurements. The corresponding data distribution is presented as hollow
points. ¢, C,H, energy efficiency of the N,P-C/Cu and the pristine Cu electrodes.
d, H, FE, C,H, FE, SPCE of CO on N,P-C/Cu electrode under CO flow rates of 10,
5,2and1sccminal-cm?MEA electrolyser and 4 and 3.7 sccm (equivalent to 0.8
and 0.74 sccm per cm? of normalized electrode area) in a 5-cm? MEA electrolyser
ata constant current density of 200 mA cm?, respectively. Values are means,
and error bars represent the standard deviation from three independent
measurements. The corresponding FE data distribution is presented as hollow
points. e, C,H,EE and C,H, SPCE on the pristine Cu nanosheet electrode under
CO flowrates of 10, 5,2 and 1sccm in a1-cm?> MEA electrolyser and 4 and 3.7 sccm

(equivalent to 0.8 and 0.74 sccm per cm? of normalized electrode area) ina 5-cm?
MEA electrolyser at a constant current density of 200 mA cm?, respectively.
Values are means, and error bars represent the standard deviation from three
independent measurements. The corresponding C,H, EE data distribution s
shown as hollow points: hollow squares for N, P/C-Cu, and hollow triangles for Cu.
f, C,H, volume fraction in the gas outlet on the N,P-C/Cu, P-C/Cu, N-C/Cuand Cu
electrodes under CO flow rates of 10, 5,2 and 1 sccm in a1-cm? MEA electrolyser
and 4 and 3.7 sccm (equivalent to 0.8 and 0.74 sccm per cm? of normalized
electrode area) ina 5-cm”> MEA electrolyser at a constant current density of

200 mA cm, respectively. Values are means, and error bars represent the
standard deviation from three independent measurements. g, The stability test
ofthe N,P-C/Cu electrode during 100 h operation of COR at a constant current
density of200 mA cm ™ h, Comparison of the C,H, SPCE, FEand EE of C,H,,

SPCE of reactant, and energy consumption for C,H, production of the N,P-C/Cu
electrode in this work with those of state-of-the-art electrodes'>***¢,
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exhibited the highest C,H, FE of 75% at -1.3 V versus RHE witha C,H, par-
tial current density of 190 mA cm™. We then deployed the N,P-C/Cuina
zero-gap MEA electrolyser (Fig.4a-c). Itachieved C,H, FE of 75% + 2% at
200 mA cm™witha36% C,H, EE (Fig. 4b,c, Supplementary Figs. 32-37
and Supplementary Note 8). This C,H, EE value surpasses that seen
in earlier reports (Fig. 1d and Supplementary Table 5). The ratios of
C,H, FEto ethanol FE (FE yiene/ FEctano) Were calculated to estimate the
selectivity towards C,H, versus ethanolin COR (Supplementary Fig. 38).
In comparison to the pristine Cu, the N,P-C/Cu and the P-C/Cu show
higher FEcnyiene/ FEethano» Whereas the N-C/Cu exhibits lower FEyyiene/
FE.hanoi» in agreement with the DFT calculations, indicating that the
N,P-C layer covering on Cu favours the C,H, pathway.

We then pursued high CO SPCE; the N,P-C/Cu achieved a value of
92% + 3%: This corresponds to 72% of carbon atoms going to C,H,, and
it was achieved simultaneously with 34% ethylene EE (Fig. 4d,e), an
advanceinthe EE:SPCE combination over earlier reportsinboth CO,R
and COR systems (Fig. 1d and Supplementary Table 5). N,P-C/Cu also
exhibited higher C,H, EEand C,H, SPCE than did either P-C/Cu or N-C/
Cu (Supplementary Figs. 39 and 40 and Supplementary Note 9). We
alsoassessed the C,H, volume fractionin the gas outlet of our system.
We achieve a C,H, volume fraction of 54% + 8%, the highest reported
among COR systems (Fig. 4f and Supplementary Fig. 41). To assess sta-
bility, we studied 100-hour operationin the MEA electrolyser (Fig. 4g):
bothvoltage and FE changed no more than 7% (relative) over this dura-
tion of operation. Our energy analysis suggests that the performance
achieved in the N,P-C/Cu electrode system provides an estimated
energy intensity of C,H, production of 145 GJ t*, whichis lower than that
of the highest-efficiency prior C,H, electrosynthesis®**; comparing both
with the cascade CO,-to-CO followed by CO-to-C,H, approach®*?**and
withdirect CO,R, including alkaline CO,R", neutral CO,R**** and acidic
CO,R systems>? (Figs. 4h and Fig. 5a, Supplementary Notes 1-4 and
Supplementary Table 6). We estimate that, when the CO, feedstock is
obtained through direct air capture and wind electricity is employed,
the cradle-to-gate carbon intensity reaches -2.6 t CO,e t™ C,H,, in con-
trast to today’s value of +2.2 t CO,e t ' C,H, (Supplementary Fig. 42).

Mechanisticinsights and catalyst optimization

We conducted electrochemical analysis to investigate further the
function of the inorganic heteroatom-doped carbon overlay (Sup-
plementary Note 10). We measured Tafel slopes of four catalysts,
including Cu, N-C/Cu, P-C/Cu and N,P-C/Cu (Supplementary Fig. 43).
These exhibit Tafel slope values of <120 mV dec™, indicating that water
isinvolved in the rate-determining step of the CO-to-C,H, pathway.
We carried out D,0 experiments and kinetic isotope effect analysis
(Supplementary Figs. 44 and 45). The kinetic isotope effect values
(1.8-2.1for Cuand N-C/Cu and 1.3-1.7 for P-C/Cu and N,P-C/Cu) also
indicate theinvolvement of waterinthe rate-determining step of C,H,
formation (Supplementary Fig. 46). The results agree with a picture
inwhich increasing interfacial water concentration and accelerating
water dissociation favour ethylene production.

We then evaluated the catalytic performance of the N,P-C/Cu
electrode in different electrolytes consisting of different alkali ions,
including 1M LiOH, 1M NaOH and 1 M KOH (Supplementary Figs. 47
and 48). The C,, FE follows the order 1M LiOH <1 M NaOH <1 M KOH
(Supplementary Fig. 48a). This finding is consistent with previous
reportsthatlarger alkali cations (K">Na*>Li*) enhance C-C coupling
and suppress HER in both CO,R and COR systems, a finding linked to
their strong electric field effects, which enable higher C,, selectivity.
However,inour work, we observed adistinct ethylene selectivity trend:
1MLiOH >1M NaOH >1M KOH (Supplementary Fig. 48b). Among
hydrated cations (K*,Na“, Li*), Li" possesses the largest hydration shell
size, consistent with enhanced interfacial water availability contribut-
ing to superior C,H, selectivity.

We also noted that P dopingin the carbon-based overlayers (that
is P-C and N,P-C) leads to lower kinetic isotope effect (KIE) values,

indicating that the P doping accelerates the water dissociation process
(Supplementary Fig.46). These observations, together with the above
DFT calculations and operando Raman spectra, suggest that N species
enhance CO adsorption and that P species support C-C coupling to
form C,intermediates and facilitate water dissociation that enhances
the hydrogenation of the C, intermediate to generate C,H,.

We sought asynthetic strategy to enable independent control over
the doping of N versus P species. To do this, we prepared N,P-C over-
layers via two distinct synthetic routes (Supplementary Figs. 49-51,
Supplementary Table 7 and Supplementary Note 11). Compared to the
synthetic approach employed up to this point, we find that when the
N/P ratio is similar, the ethylene FE and C,H,-to-ethanol FE ratios are
substantially similar (Supplementary Figs. 52-54).

Whenwe employed anN,P-C overlayer withan optimized N/P ratio
of3.1to construct the optimal N,P-C/Cu electrode (Opti-N,P-C/Cu), we
reachedaC,H,FE of 77% and a C,H, EE of 38% (Supplementary Figs. 55
and 56). When optimized for single-pass carbon utilization, this led
to a CO SPCE of 92% + 2% (Supplementary Fig. 55), resultingina C,H,
volume fractioninthe gas outlet of 56% + 4% (Supplementary Fig.57),
which surpasses that of earlier reports (Supplementary Fig. 58). We
estimate that our catalyst system achieves an overall energy cost of
141GJ t C,H, (Supplementary Table 8).

Energy cost analysis and sensitivity analysis

We conducted energy cost analysis to study therole of integrated opti-
mization of both catalyst and system. On the pristine Cu electrode,
the trade-off between C,H, EE and SPCE leads to a constraint on the
overall energy cost of ethylene production. Specifically, attempts to
reduce downstream separation costs by improving C,H,SPCEleadtoa
declinein C,H, EE, and thisincreases the energy demand of electrolysis.
The total energy cost of C,H, production then increases from 229 to
232 GJ t' (Fig. 5a). This trade-off limits the C,H, volume fractionin the
gas outlet to less than ~30% (Fig. 5b). In contrast, using the catalyst
studied herein, we increase the C,H, EE in a way that reduces both the
electrolysis energy and the required CO input (Supplementary Fig.59).
When we then optimize the system towards higher SPCE, the N,P-C/
Cu electrode maintains its high EE. This concurrentimprovement in
EE and SPCEreduces the separation energy, yielding an overall energy
cost of 145 GJ t ™ C,H, (Fig. 5a). Further optimization of the N,P-C over-
layer composition to construct the Opti-N,P-C/Cu electrode further
lowers this value to 141 GJ t . The C,H, outlet volume fraction reaches
56% + 4% (Fig.5b).

We put these results in context by comparing the energy costs of
leading ethylene electrosynthesis routes (Fig. 5c). Alkaline and neutral
CO,R systems achieve high C,H, EE (-30%) but suffer carbon losses to
(bi)carbonate, limiting SPCE to <25%. The energy penalties associ-
ated with CO, regeneration from carbonate in alkaline media or from
anode-stream recyclingin neutral configurations add substantial costs.
Acidic CO,R systemsimprove SPCE but at the expense of EE (<20%) due
to severe hydrogen evolution, leading to increased electrolysis costs.
By breaking the EE-SPCE trade-off, we reduce electrolysis energy,
product separation energy and the required CO input cost, where the
latter embeds the energy cost from upstream CO, capture via direct
air capture and CO generation via solid oxide electrolysis cell. Taken
together these benefits lead to better total energy compared to both
direct CO,R pathways and alkaline COR benchmarks. The system also
delivers a higher C,H, outlet volume fraction in these benchmarks
(Fig.5d).

A sensitivity analysis was performed to show the pathway for
future improvement. Given the measured high-CO single-pass con-
version herein, further reductions in the overall energy cost for C,H,
electrosynthesis can be realized by optimizing C,H, FE, solid oxide
electrolysis cell capital and operating costs, full-cell voltage and
CO,-capture expenses (Fig. 5e). The system exhibits greater resilience

to the carbon intensity of the electricity supply*®: The cradle-to-gate
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Electricity carbon intensity (kg CO, per KWh)

measurements. ¢,d, Estimated energy consumption for ethylene electrosynthesis
(c) and ethylene outlet volume fraction (d) based on this work and state-of-the-art
CO,R and COR systems, including alkaline CO,R, neutral CO,R, acidic CO,R and
alkaline COR. Values are means and error bars represent the standard deviation
from three independent measurements. e, Sensitivity analysis for the energy
consumption for ethylene electrosynthesis. Data for these calculations are from

experimental results of Opti

-N,P-C/Cuelectrode presented in this work.

f, Estimated cradle-to-gate carbon intensity of ethylene electrosynthesis based
on the pristine Cu and Opti-N,P-C/Cu electrode systems with electricity carbon

intensity.
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carbonintensity remainslower thanthat of theincumbent C,H, produc-
tion route when the grid carbon intensity is below 0.13 kg CO,kWh,
whereas the pristine Cu electrode requires a carbon intensity below
0.1kg CO, kWh'to match the same benefit (Fig. 5f).

Discussion

This work reports inorganic heteroatom-doped carbon overlayers as
modifiers to overcome the trade-off between C,H, EE and C,H,SPCEin
ethylene electrosynthesis. Breaking this trade-offisimportant because
itaddresses the conflict between electrolysis energy cost and down-
stream separation energy—two factors that together dominate the
overall energy cost of electrochemical ethylene production. By design-
ing and then optimizing inorganic N,P-C overlayers on Cu nanosheet
catalystsin zero-gap MEA electrolysers, we simultaneously achieved a
high C,H, EE of 38% along with a high C,H, SPCE 0f 73% at 200 mA cm?,
resulting in a total energy cost of C,H, production of 141 GJ t™, lower
thanprevious ethylene electrosynthesis benchmarks. Life cycle assess-
mentindicates the potential to contribute to decarbonizing ethylene
production when coupled with low-carbon electricity and CO, from
directair capture.

The source of CO feedstock critically shapes the requirements
for catalyst and system design in CO-to-ethylene electrosynthe-
sis. When CO is derived from industrial syngas, catalyst and system
designs that address H, dilution become essential, as exemplified by
recently reported syngas-to-ethylene work*®. By contrast, when CO
isproduced viaelectrochemical CO,-to-CO conversion technologies
such as solid oxide electrolysis cells, the resulting CO stream is pure
and well-suited for a fully electrified cascade process: CO, is first
electrochemically converted to CO, followed by CO-to-C,H, elec-
trosynthesis. For this scenario, the present study offers an optimized
solutionthat enables energy-efficient electrified ethylene synthesis
with reduced overall energy cost by simultaneously achieving high
C,H, EE and C,H, SPCE.

A fundamental insight into the differences is that whereas both
systems face conditions of low CO availability, the root cause of CO
scarcity is different, dictating distinct solution strategies. In the syngas
work, CO scarcity arises from external dilution: The coexistence of H,
and CO limits CO transport to the catalyst surface, creating a mass
transport problem. The solution employs a COOH-functionalized
carbonmaterial that selectively captures CO from syngas and enhances
COadsorptionon Cu, thereby transporting CO preferentially over H,to
the catalyticsites. That strategy focuses onthe adsorption and enrich-
ment of CO reactant to overcome transport limitations. In the present
work, CO scarcity arises from internal depletion: High single-pass
conversion consumes CO along the flow channel, leaving the catalyst
surface CO-starved. Thisisanintrinsic kinetic problem, as the compet-
ing HER becomes favoured when local CO coverageis low. Rather than
enhancinglocal CO supply, we target the intrinsic catalytic properties
of the catalyst itself. Our N,P-C overlayer design performs multiple
synergistic functions: Nitrogen species enhance CO adsorption and
impart resilience under CO-starved conditions; phosphorus species
accelerate water dissociation and promote C-C coupling; together,
they facilitate the deoxygenation of the key intermediate *CHCOH,
steering the reaction pathway towards C,H,. This holistic modulation
oftheentire reaction process enables the simultaneous achievement
of high C,H, EE and high C,H, SPCE.

Together, these two studies provide acomplementary toolkit for
sustainable ethylene electrosynthesis across the two primary CO feed-
stock scenarios: One enables direct utilization of abundant but dilute
industrial syngas, whereas the other maximizes performanceinafully
electrified cascade from CO,. Collectively, they advance the broader
goal of decarbonizing chemical production through electrification by
addressing the challenges posed by different CO sources.

Despite these advances, several limitations remain on the path to
practical deployment. Looking ahead, further work s required to study

extended operation over industrially relevant timescales and scales,
along with assessment under realistic process conditions thatinclude
impurity loads, membrane and electrode behaviour, and integrated
water and heat management.

Methods

Chemicals

Zinc nitrate hexahydrate (98%), cupric chloride, lithium hydroxide,
2-methylimidazole (98%), methanol, ethanol, N, N-dimethylformamide,
triethylamine, Nafion perfluorinated resin solution (5 wt%in a mixture
of lower aliphatic alcohols and water), sodium hydroxide, potassium
hydroxide, deuterium oxide, dimethyl sulfoxide, glucose, sodium
hypophosphite, nickel(ll) nitrate hexahydrate, iron(lll) nitrate nonahy-
drate, NH,F, urea and hydrochloric acid were purchased from Sigma
Aldrich. Phosphonitrilic chloride trimer (98%) and bis(4-aminophenyl)
ether (98%) were purchased from Alfa Aesar. Sustainionanion-exchange
membrane was purchased from Dioxide Materials. Nickel foam
and gas-diffusion layer (Freudenberg H23C3) and carbon powder
(Vulcan XC-72R) were obtained from the Fuel Cell Store. The distilled
water with aresistivity of 18.2 MQ cm obtained from a Milli-Q refer-
ence water-purification system was used to prepare the aqueous
solutionsin all the experiments. All chemicals were used without any
further purification.

Synthesis of N,P-C, N-C and P-Clayers

N,P-C material was synthesized via MOF@ploymer pyrolysis approach
through the pyrolysis of ZIF-8@ploymer composition. For the synthe-
sis of ZIF-8, 24 mmol of 2-methylimidazole was dissolved in 100 ml of
methanol and then added to 100 ml of methanol solution containing
6 mmol of Zn(NO,),:6H,0. The mixture was vigorously stirred for 3 min
and then kept at 35 °C for 6 h. The ZIF-8 precipitate was washed with
methanol and dried inavacuum. For the synthesis of ZIF-8@PZM, the
400 mg of as-obtained ZIF-8 powder was sonicated and dispersed in
40 mlof methanol, thenadded to 100 ml of methanol solution contain-
ing 320 mg of bis(4-aminophenyl) ether and 152 mg of phosphonitrilic
chloride trimer. Then,1 mlof triethylamine was added dropwise to the
above-formed mixture solution, which was vigorously stirred for15 h
to induce the polymerization. Subsequently, the sample was washed
with methanol, dried overnightin the vacuumand collected as ZIF-8@
PZM. The as-fabricated ZIF-8@PZM was pyrolyzed in Ar at a heating
flow rate of 5°C min™ to 950 °C, with the target temperature held for
3 h, to obtain N,P-C material. The optimal N,P-C material was synthe-
sized using a procedure similar to that of the aforementioned N,P-C
material, but with 640 mg of bis(4-aminophenyl) ether and 304 mg
of phosphonitrilic chloride trimer. N-C material was synthesized by
the pyrolysis of ZIF-8 in Ar at a heating flow rate of 5 °C min™t0 950 °C,
with the target temperature held for 3 h. In a typical synthesis of P-C
material, 1.2 g of glucose was dissolved in 80 ml of deionized water,
then transferred to 100-ml Teflon-lined stainless-steel autoclave and
maintained at180 °Cfor 12 h. Then, the precipitate was washed, dried
and pyrolyzed in an Ar atmosphere at 700 °C for 2 h at a heating flow
rate of 5°C min™ to obtain the carbon sphere. Subsequently, 0.75 g
of NaH,PO,-H,0 in a porcelain boat was placed at the front part of
the tube furnace, and 0.05 g of carbon sphere in a porcelain boat was
placed at the centre of the tube furnace, followed by the pyrolysis at
400 °C for 1 h at a heating flow rate of 2°C min™ under an Ar atmos-
phere to obtain P-C material. The detailed synthesis procedures of
N,P-C materials with different contents of N and P via MOF@polymer
pyrolysisapproachand pyrolysis-phosphorizationapproach are shown
inSupplementary Fig. 49 and Supplementary Note 11.

Synthesis of Cunanosheet

First, 3 mmol of anhydrous CuCl, was dissolved in 50 ml of deion-
ized water and sonicated for 15 min. Then, 10 ml of deionized water
containing 7.2 g of NaOH was added dropwise. The mixture solution
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was vigorously stirred for 15 min and then transferred to a 100-ml
Teflon-lined stainless-steel autoclave and maintained at 100 °Cfor 12 h.
The precipitate was washed with deionized water and driedinavacuum
to obtain CuO nanosheet. The Cunanosheet catalyst was prepared by
insitu CO electroreduction of CuO nanosheetloaded on gas-diffusion
electrode under 50 mA cmfor 30 min.

Electrode preparation

TheN,P-C/Cuelectrode was prepared through airbrushing the catalyst
ink consisting of 20 mg of CuO nanosheet, 4 ml methanol and 60 pl
Nafion perfluorinated resin solution onto a conductive gas-diffusion
layer (carbon paper, Freudenberg H23C3) with a CuO nanosheet load-
ing of 1 mg cm™ Then, the catalyst ink containing 2 mg of N,P-C, 2 ml
methanol and 6 pl Nafion perfluorinated resin solution was sprayed
on the CuO nanosheet with a N,P-C loading of 0.1 mg cm™. The N-C/
CuandP-C/Cuelectrode were prepared following the same procedure
fortheN,P-C/Cuelectrode, except that N,P-Cwas replaced by N-Cand
P-C, respectively.

Material characterization

X-ray powder diffractometer data were collected in a MiniFlex600
with Cu-Ka radiation. Scanning electrode microscopy measure-
ments were performed in a Hitachi FE-SEM SU 5000 microscope.
Transmission electron microscopy and energy-dispersive X-ray
spectroscopy measurements were carried out on aJEOL JEM-2100F
with anelectron acceleration energy of 200 kV. HAADF-STEM images
were obtained on a high-resolution transmission electron micros-
copy (JEM-ARM200F working at 300 kV). X-ray photoelectron spec-
troscopy data were collected in an ECSA device (PHI 5700) with Al
Ka X-ray energy source (1,486.6 eV) for excitation. X-ray absorption
spectroscopy measurements were performed with a modified flow
cell in Soft X-ray Micro-Characterization Beamline (SXRMB) at the
Canadian Light Source (Saskatoon, Canada), which is equipped with
a water-cooled Si (111) and InSn (111) double-crystal monochroma-
tor covering a photo energy range from 1.7 to 10.0 keV. Analyses of
the XAS data was carried out using ATHENA and ARTEMIS software
incorporated into a standard IFEFFIT package. Operando Raman
data were collected in a Renishaw inVia Raman Microscope with a
water immersion objective (x63) and a 785-nm laser in a modified
flow cell.

DFT calculations
All ab initio DFT calculations were conducted using the projector-
augmented-wave method as implemented in the Vienna Ab initio
Simulation Package®-*>, employing the Perdew-Burke-Ernzerhof
parametrization® for the exchange-correlation function within the
generalized gradient approximation. All calculations consistently
used a plane-wave cutoff of 450 eV and 3 x 3 x 1gamma-centred k-point
grids generated by the Monkhorst-Pack scheme**. To account for
field and solvation effects and long-range van der Waals interac-
tions, a charged water overlayer> together with the zero-damping
DFT-D3 method of Grimme®® was incorporated. The water structure
was optimized using ab initio molecular dynamics simulations in a
constant-volume, constant-temperature ensemble for 10 ps with a
time step of 0.5 fs at 300 K using the Nosé-Hoover thermostat. Cop-
per was modelled using the (111) facet with a hexagonally charged
water overlayer, comprising five water molecules and a hydronium
(H,0%) ion. A vacuum region exceeding 15 A in thickness was included
perpendicular to the surfaces to prevent artificial interactions. During
structural optimization, atoms in the bottommost two layers were
fixed, whereas the remaining atoms and adsorbates were allowed
torelax.

We performed DFT calculations to evaluate the formation ener-
gies of the three major nitrogen species observed experimentally—
graphitic, pyrrolicand pyridinicN—whendopedinto a4 x 4 graphene.

Our results indicate that graphitic N exhibits the lowest formation
energy amongthe three (1.24, 6.21and 9.22 eV for graphitic, pyridinic
and pyrrolic N, respectively), suggesting it is the most thermodynami-
cally favourable configuration under the synthesis conditions and,
therefore, the most likely to dominatein the N,P-Clayer.

Electrochemical measurement
The COR measurements were performed in an MEA electrolyser. The
cathode catalyst was attached to the cathode side. The activated Sus-
tainion membrane and ahomemade NiFeP foam*® were placed on the
top of the cathode successively and then assembled in MEA. On the
anode side, 1 M LiOH aqueous solution was used as the anolyte and
was circulated using apump. Onthe cathode side, CO gas flowed to the
humidifier with deionized water and was then supplied to the cathode
chamber of the MEA. The performance of the catalystsin the MEA sys-
tem was assessed in the two-electrode system at the electrochemical
station (Autolab PGSTA204) equipped with a current boost (Metrohm
Autolab, 10 A). In all the electrochemical tests, the gas products were
analysed using a gas chromatograph (Shimadzu GC-2014, PerkinElmer
Clarus 580). Theliquid products were measured by 1H nucleo-magnetic
resonance spectroscopy (600 MHz Agilent DD2 NMR Spectrometer)
with dimethyl sulfoxide (DMSO) as the reference standard and deute-
rium oxide (D,0) as the lock solvent.

The full-cell EEbased on the production of ethylene was calculated
using the following equation:

(1.23 + (~Egipyiene)) X FEethylene

Etuliceln

EEfullcell,ethylene =

where E‘e’thylene(f‘e’thylene = 0.17 V versus RHB is the thermodynamic poten-
tial of CO to ethylene, FE.yene is the FE value of ethylene and Eg ey is
the full-cell voltage without ohmic loss correction measured in
MEA system.

At the conditions 0f 298.15 K and 101.3 kPa, the CO SPCE is calcu-

lated as follows:
co
product;

Current (A) x FE; x Molar ratio(
N,' x F

SPCE, = GO(ﬁ)xZ

83140 mol'K™) x 298.15 (K)

101300 (Pa)

m3
+Vco feed rate <ﬁ>
Where current is the total current; FE; is the measured FE (%) of the
product i; N, is electrons transferred for product i; F is Faraday’s con-
stant. Veoeedrate IS the flow rate of CO at the inlet.
C,H, SPCEis calculated as follows:

. Cco
Current (A) X FE¢hylene X Molar ratio (ethy[ene)

SPCEetherne = 60(#) X N ol <E
ethylene

8314 (J mol_lK_l) x 298.15 (K)

101300 (Pa)

- V m3
= Y COfeedrate min

The volume fraction of agas in the outlet is calculated as follows:

Vi

|/total

@i

Where V;is the partial volume of gas product iin the outlet and V,,, is
the total volume of the gas mixture in the outlet.
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The calculation details of C,H, volume fractionin the gas outletis

showninSupplementary Note 6.

Reporting summary
Further information on the research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting this study are available within the paper and the
Supplementary Information. Source data are provided with this paper.
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