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Asindustrial demand for electricity grows, the high energy cost of

electrifying chemical productionis of further-increased concern: the most
efficient oxygen-evolution-coupled ethylene electrosynthesis system
requires >130 Glejecriciy PET ton of C,H, and is limited to <10-hour stability
when powered using intermittent electricity. Here we pursued ethylene
electroproduction employing a more energetic feedstock—syngas—
available from thermo-gasification, to reduce electricity consumption of
the whole ethylene production process, and we constructed an all-gas-fed
system to avoid caustic electrolyte. We identified a key challengeinsucha
system: when no alkali anolyte was present, known solid-state electrolytes
were ineffective in activating the CO-to-ethylene transformation. We
therefore explored a suite of candidate ionomers and evaluated codesign
for high ion-exchange capacity united with optimized cation binding. We
identify polyacrylate as an efficient host that enables C,H, production at
1.2Vand 100 mA cm™ (49 Glejecuriciry PET ton of C,H,) in the solid-state system
that operates stably for over 80 hours and after 30 on/off cycles when
powered using intermittent electricity.

Ethylene (C,H,) is a widely used industrial chemical, a building block
for plastics, resins, synthetic fibres and an enabler of applications in
the automotive and packaging sector™” In today’s industrial process,
C,H, is produced through the steam cracking of ethane or naphtha,
eachreliant onfossil feedstock and emitting ~1ton of CO, (ton.,) per
ton of C,H, (tonc,,,) cradle to gate®. Electrochemical systems that cou-
ple the reduction of CO,/CO (CO,/COR) to C,H, (CO,/COR:OER) with
water oxidation (OER) have been explored to provide prospectively
lowered-carbon-intensity pathways when these are powered using
renewable electricity (Fig. 1a).

Such processes reduce CO, from the atmosphere under mild
operating conditions, but they are bounded by a thermodynamic
energy floor of 50 GJ per tonc,y, from CO, and 30 GJ per tong,,, from
CO (Fig.1b). The actual electrical energy expended in experimentally
implemented electrochemical systems from CO, has to date demanded
> 130 G.Jelectricity per ton(22H4 (ref' 4)

In light of ethylene’s global production rate of 300 million tons
per year (refs. 5,6), the electrification of worldwide C,H, production
at the best-reported energy efficiencies would require 1.5 times the
total present-day worldwide supply of renewable electricity”®. Across
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Fig.1|Schematics of typical COR electrolysis systems and the solid-state
system. a, Ethylene production using CO,/CO and water as raw material in
CO,/COR:OER system. b, Comparison of thermodynamic minimum energy for
ethylene productionin different systems. ¢, Electrifying ethylene production
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by upgrading syngas derived from waste plastics in the COR:HOR system.
d, Schematic of asolid-state COR:HOR system and experimental data on its
hydrogen and ethylene FE in a system without liquid anolyte.

industrial sectors, electricity demand is increasing®, a trend that
motivated us to map more electricity-conserving electro-chemo-
synthetic routes.

Asonemeansto lower electricity consumption, we contemplated
C,H, synthesis from amore energy-rich feedstock, such as syngas that
can be generated from plastic waste, biomass and municipal waste
gasification”. Syngas to ethylene, 2CO + 4H, » C,H, + 2H,0 (Fig. 1c), is
in principle exothermic at —10.6 GJ per tonc,,, (Fig. 1b).

Today’s syngas-to-ethylene, such as accomplished via Fischer—
Tropsch synthesis (FT) and methanol-to-olefins (MTO), suffers from
awide product distribution'®". In the case of MTO, for example, the
products are evenly distributed between ethylene and propylene, a
ratio ill-matched to relative market demand for C2 vs C3 products™.

Theelectrochemical conversion of COto ethylene has proceeded
rapidly and is now producing C,H, with a Faradaic efficiency (FE)
exceeding 75% (refs. 4,13). We thus studied here whether we could
develop a syngas-fed system, replacing OER with HOR: a COR:HOR
coupled electrolysis system (Fig. 1c). As well as decreasing electricity
demand, the lower anodic applied potential might increase stability,
both of the anode catalyst and of membrane/ionomers™.

We noted also that COR typically relies on a high-molarity aque-
ous anolyte, such as NaOH, to provide a high cation concentration
and high local pH on the cathode to activate the conversion from CO
to C,, products; but that the liquid anolyte permeates the membrane,
flooding the cathode-side catalyst layer and gas diffusion electrode.
When electricity isintermittent, such asin the case of off-grid solar and
wind, the corrosive anolyte degrades the cathode catalyst when it is
transiently outside of the cathodic protection regime of high applied
reducing bias™™.

A fully gas-fed solid-state electrochemical system, such as a
COR:HOR system, could avoid aqueous alkaline electrolyte through
the use of humidified CO on the cathode and humidified H, on the
anode. HOR is well optimized in a gas-fed environment, whereas OER

suffers greater overpotentials thaninliquid anolyte due to the limited
reactant concentration'.

Here we turned our attention to strategies that would provide, in
the solid state, the needed cation effects for a fully gas-fed solid-state
COR:HOR system. We found that previously reported solid-state elec-
trolyte strategies that have been effective in activating CO,R—includ-
ing both organic cation*2° and alkali cation-exchanged ionomer
approaches”*—failed to activate CO to ethylene. We studied the chem-
istry underpinnings of this failure, and these led us to solid-state func-
tionalized ionomers that activate CO to C,, products, such as ethylene,
inafully gas-fed electrochemical system.

Exploration of cation-functionalized layers to
activate COR

We first explored and constructed a humidified-gas-fed solid-state
system (Fig. 1d); however, we found that without the alkali cations,
the major product is H, (FE > 99%). Alkali cations are absent in such
pure-water humidified system, and these are known to play a central
roleonthe surface of the cathode catalyst to activate CORto C,H, and
to create locally alkaline conditions to suppress H, evolution® %,

We then implemented cation-functionalized layers in an estab-
lished COR:OER system (Fig. 2a) and used previously reported
ammonium cation groups that had proven effective in CO,R in
pure-water electrolysis: we explored piperidinium®,imidazolium™and
benzimidazolium'**, We spray-coated amixture of carbon nanoparti-
cles and ammonium cation ionomer to form a cation-functionalized
layer on the side of the membrane facing the cathode catalyst layer.

Unfortunately, in COR, this approach was not effective, consist-
ently providing FE,,, < 5% (Fig. 2b).

We studied the effect of different cation species with the aid of
in situ Raman spectroscopy (Supplementary Fig. 1), looking both at
COR adsorbates and reaction intermediates (Fig. 2c,d). We focused
on Raman features at 1,900-2,200 cm™, which correspond to C-O
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Fig.2| A cation-functionalized layer for pure-water-fed conditions.

a, A cation-functionalized layer applied to a Cu catalyst ina COR:OER system
operating with pure water as anolyte. b, Comparison of C,H, FE with the
system using commercial Cu catalyst under pure water, with and without the
introduction of various ammonium cations across different current densities.
¢, Insitu Raman spectroscopy at -1.3 V vs Ag/AgClillustrating the impact of
different cation groups on the adsorbed CO species. d, In situ Raman spectra
of CO characteristic peak at the varying potential (vs Ag/AgCl) in the different

Raman shift (cm™) Current density (mA cm™)

electrolytes (1 MNaOH,1MPip"Cl",1 M PANa). Noted that the surface-adsorbed
CO showed only low-frequency band (LFB) in the case of the large cation group
(N,N-dimethyl-piperidinium: Pip*), while showing similar behaviour under
PANa and NaOH. e, C,H, FE comparison between commercial Cu catalysts in
pure water at varying current density when alkali cations were introduced by
cation-grabbing polymers. Data are presented as mean values and the error
barsrepresent standard deviation from at least three independent tests (the
individual data points are shown as hollow dots).

stretching of two *CO configurations: low-frequency linear band CO
(LFB) at 2,040 cm™ on terraced Cu sites and the high-frequency lin-
ear band CO (HFB) at 2,080 cm™ on defective Cu sites’**”. The HFB
has previously been correlated closely with atop *CO configuration
at relatively high CO coverage?. We reconfirmed that in systems
employing high-molarity NaOH—systems that achieve high FE.,,,—
the HFB predominated (Fig. 2c, grey). The HFB-to-total-band-area
fraction further increases with more negative potential
(Fig. 2d and Supplementary Fig. 2). In contradistinction, in the case
of N,N-dimethylpiperidinium chloride (PiP*CI"), while LFB dominates
CO stretching (Fig. 2c, orange) and no HFB peak was observed even
withmore negative potential while the *CO peak showed notably lower
intensity (Fig. 2d and Supplementary Fig. 2). We also reconfirmed that
FE,., remained below 10% in a flow cell test with 1M PiP*CI" as catho-
lyte, and we studied (and ruled out experimentally) amajor role for the
Cl"ion (Supplementary Fig. 3).

Fromthese observations, we concluded that the ammonium cati-
ons—effective in CO,R (refs. 15,18,19)—were not effective in produc-
ing the signatures of COR activation: instead, they led to a lower CO
population on the surface compared to the case of alkali metal cati-
ons. We offer that this could be because the large size and low charge
density of bulky organic cations fail to create the strong interfacial
electric field needed to stabilize CO* intermediates for ensuing C-C
coupling®, consistent with the observation of a smaller double layer
capacitance for the case of bulky organic cations compared to the
case of alkali cations (Supplementary Fig. 4); possible site blocking
by the interfacial organic layers, suggested by the emergence of the

second semi-circle in the electrochemical impedance spectroscopy
(EIS) (Supplementary Fig. 4c), or weakened electrosorption of *CO
dueto lower surface charge density”.

We searched therefore for solid-state means to provide alkali
cations proximate to the cathode catalyst surface. We turned our
attention toionomers containing negatively charged groups capable
of hosting cations, including perfluorinated sulfonic acid (PFSA),
which contains sulfonicacid group (-SO,H) terminated side chains®*°.
We soaked the PFSAin NaOH (Methods) to exchange the protonsites
in PFSA with alkali cations (PFSA-SO;Na). When we fed pure water
as anolyte, the FE,,, rose to over 20% (Fig. 2e, blue), whereas the
MEA with non-exchanged PFSA-SO;H produced solely H, (Fig. 2b,e,
light blue).

Unfortunately, when we operated the system for less than an
hour, the FE,,, declined (Supplementary Fig. 5), a trend also seen
withincreased current densities (Fig. 2e), suggesting the limited effec-
tiveness of alkali cation-exchanged PFSA ionomers in elevated cur-
rent density region and prolonged testing. We note that typical PFSA
ionomers have only amodestion-exchange capacity (IEC) and thus are
expectedtoleadtoalimited cation concentration at theinterface: this
canexplaintheir failure to activate COR and to suppress the unwanted
hydrogenevolutionreaction (HER). The strong acidic nature of the sul-
fonate group may produce only limited binding of the cations, leading
to cation leaching (Supplementary Table1).

We considered the attributes of ionomers for a solid-state
cation-functionalized layer. In addition to possessing high IEC, the
ionomer functional group would need to produce optimal cation
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Fig.3|Integration of a cation-functionalized layer into a solid-state
COR:HORsystem. a,b, Cell voltage and ethylene FE vs current density for
pure-water-fed solid-state COR:HOR MEA (a) and conventional COR:OER MEA
fed with1 M NaOH (b). The error bars represent the standard deviation from two
independent tests. ¢, Cell voltage reduction and C,H, FE comparison between
two systems. d, Full product analysis, including liquid and gas products. The
liquid product crossover (%) was calculated from the ratio of liquid product

(humidified gas) (1 M NaOH)

C,H, production net energy cost (GJ per ton)

collected from the anode over total liquid products. e, Comparison of carbon
footprint and ethylene production net energy cost (only consider the process
energy costs: electricity for electrolysers, thermal energies for carbon capture
and steam cracking, the heating value of feedstocks and products is not
considered) among the eCOR:HOR pure-water-fed system (light blue shade),
other state-of-the-art CO,/COR:OER electrolysers (dark blue shade) and
commercial thermal C,H, production routes (red shade).

binding: too weakly bound cations would be leached from the sys-
tem, whereas overly strongly bound cations may fail to activate COR
(Supplementary Fig. 6a). To test this chemical picture, we studied a
group ofionomers having aspectrum of cation binding affinities (pK,
values in Supplementary Table 1 and from density functional theory
(DFT) in Supplementary Fig. 7).

The results show a trend linking cation binding strength, FE.,,,,,
stability and alkali cation retention/loss rate (Supplementary Fig. 6).
When cation binding is too strong, such as in the case of Na*-crown
ether showing <20% FE,,,,, thereis afailure to produce CO activation;
when it is too weak, progressive loss of the cation (for example, PFSA
case) is observed, such as with an initially impressive ~40% FE,,, at
beginning of life but a rapid ensuing decline of FE,,,; this linked to
a high rate of Na* leaching. Sodium polyacrylate (PANa), which has
an IEC of 14 milliequivalent per gram and a carboxylic anion host, we
selected for further study, for we observed it to exhibit the best binding
and overall performance® (Supplementary Figs. 6-8). We then moved
to employ PANa on support (for example, carbon black; Methods),
because PANaonsupportisknownto provide astable solid-state elec-
trolyte in the allied field of Zn-air batteries®>*.

Insitu Raman spectroscopy in1.0 M PANa (Fig. 2c,d) showed that
the CO adsorptionbehaviour during COR inthe case of PANais similar
tothe case of 1.0 M NaOH with similar HFB-dominated CO peak (Fig. 2c,
green) and similar potential dependent trend of HFB-to-total-band-area
fraction and similar ratio among the various water structures (Fig. 2d
and Supplementary Fig. 2). Toensure areliable correlation between the
Ramanresult and the MEA performance, we further checked the COR
performancein flow cell using 1.0 M PANa as catholyte. We obtained a
FEc,., 0f44% and H, FE suppressed to 10%, comparable to results seen
inthe MEA system (Supplementary Fig. 9).

When we used PANa as cation-functionalized layer (Methods pro-
vide fabrication details) and explored it in COR:OER MEA with pure
water asanolyte (Fig. 2a), we achieved FE,,,, of 46 + 2% (Fig. 2e, green),
similar to the 45 + 3% at 300 mA cmvalue obtained when1.0 MNaOH
isused asanolyte (Fig. 2e, grey). The PANa cation-functionalized layer
retained FE,,;, duringa2-hour study, whereas FE,,,, decreased in the
case of PFSA-SO;Na (Supplementary Fig. 7).

Development of asolid-state COR:HOR MEA

We incorporated the cation-functionalized layer into a solid-state
COR:HOR MEA electrolyser fed with humidified gases. In this
pure-water-fed system with commercial Cu catalyst, we observed a
FEc,u, 0f 50% with a full cell voltage of 1.2 V at 100 mA cm2 (Fig. 3a;
full product analysis in Supplementary Fig. 10a). This compared
favourably to the 2.2 V seen in COR:OER with similar FE,,,, espe-
cially since this latter was fed with 1.0 M NaOH (Fig. 3b; full product
analysis in Supplementary Fig. 10b). Remarkably, whereas a drastic
FE drop was reported when moving from the alkaline anolyte system
to pure water®, we observed no loss in FE¢,,, in the pure-water-fed
system employing a cation-functionalized layer (Fig. 3c). Asanadded
benefit, we collected alcohol products at a concentration of ~-1.8 M
(Supplementary Fig.11a,b) from COR:HOR MEA, for these in the pre-
sent dry system had not suffered dilution in an aqueous electrolyte.
This molarity is orders of magnitude higher than what we achieve in
the COR:OER configuration, and the system also suffered three times
less liquid product crossover, something we assign to the forward-bias
AEM:CEM design (Supplementary Fig.11c and Fig. 3d). In prior related
studies, liquid product crossover has led to product oxidation and
dilution in concentrated anolyte, militating against energy-efficient
product separation®,
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Fig. 4| Stability under intermittent electricity supply. a,b, Comparison of
cellvoltage and ethylene FE during continuous operation with conventional
COR:OER MEA fed with1 M NaOH (top) and pure-water-fed solid-state COR:HOR
MEA (bottom) (a), photographs of contact angle measurements on the cathode
gas diffusion electrode of COR:OER MEA (top) and COR:HOR MEA (bottom) after
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stability test (b). ¢, FEc,,, of COR:OER and COR:HOR system during multiple on/
off cycling with required resting times of (2 hours or 12 hours). The products
during operation were analysed when the cell was stabilized. d, In situ Raman
spectroscopy at -1.4 V vs Ag/AgCl showing the change in adsorbed CO and OH
before and after withdrawing reductive potential forlThand 2 h.

We assessed the prospective economic feasibility and environmen-
talimpact of ethylene production (details in Methods) via pure water
COR:HOR syngas upgrade (Fig. 3e, green star) and compared these
estimates with industrial thermochemical ethylene production pro-
cesses (Fig. 3e, red circle) and eCO,/COR:OER systems fed with alkaline
electrolyte or pure water (Fig. 3e, blue). Weinclude previously reported
CO,Rto C,H,and CORto C,H, electrolysers (the system boundaries are
depicted in Supplementary Fig. 12, in which the syngas is produced
from plastic gasification process and the CO, is from direct air capture
process; the heat value of feedstocks and products are not considered)
andincluded reports with advanced cathode catalysts such as bimetal-
lic, defect-rich and molecular functionalized Cu nanostructures*>,
The lowest previously reported electrical energy cost (not including
the thermal energy used for direct air capture) to produce C,H, has
been 134 GJyecyicity PET tONGyy (refs. 4,13), this in systems that employ
alkaline electrolytes; the lowest reported in pure water has been 330
Gletectricicy PET tONcyy, (ref. 15) (Fig. 3e, the detailed values for electrical
and thermal energy used are included in Supplementary Table 2).
The present COR:HOR system requires electrical energy 49 Glejectricity
per tong,,, when combined with self-sustainable plastic gasification
(no extra electricity input required)*, and paths remain to lower fur-
ther the electricity consumption, such as by introducing advanced
catalysts. Techno-economic analysis (detail in Supplementary Note 1)
highlights that this electricity consumption suggests a lowered elec-
trified ethylene production cost (-US$1,900 per tonc,,,,) compared to
OER coupled systems (>US$2,800 per tong,y,; Supplementary Fig.13).
Steam cracking processes have low energy cost (-12to 54 GJ per tonc,y,)
(ref. 11), but the electrified system brings benefits such as a lowered
projected carbonintensity (Methods provide carbon footprint analy-
sis) of ~0.45 Kg.qco2 Per Kgcons compared to 1-3 kgeqcoz Per kKgeaus for
steam cracking” (Fig. 3e).

Studies of system stability under intermittent
operation

The durability of the solid-state COR:HOR MEA was evaluated and
compared with COR:OER MEA. The two systems were operated at the
same temperature of 55 °C to lower the cell voltage™. First, the system’s
durability was evaluated under continuous operation at 100 mA cm™2.
The COR:OER MEA, fed with 1.0 M NaOH as anolyte, was limited to
20 hours of stable operation, and it lost 60% of its initial FE,,,, (from
~50% to ~20%) following 50 hours of operation at 55 °C (Fig. 4a, top).
We observe salt deposition in the flow channel (this result not of car-
bonate formation, but of failure of anolyte/water management in
liquid—anode systems at the more realistic operating temperature®
(Supplementary Fig.14)). By analysing the contact angle at the cathode
GDL after the continuous operation, we found that the hydrophobicity
ofthe GDLin COR:OER system has been compromised (Fig. 4b, middle).

Incontrast, the HOR-coupled MEA retained 90% of its initial FE,,,,
following 80 hours of operation at 100 mA cm™at 55 °C (Fig. 4a, bot-
tom)?¥. It maintains good hydrophobicity and water management
(Fig. 4b, bottom) as required for efficient gas transport to reactive
sites®. Nevertheless, we note thatit willbeimportant to develop strate-
gies to provide heat removal and to retain the hydrophobicity of the
GDL over extended operation.

We tested for Na*and PANa polymer loss, conducting inductively
coupled plasma mass spectrometry and nuclear magnetic resonance
(NMR) tests on both the anode and the cathode by cooling down and
condensing the outlet gas streams. We found that Na* leaching was
less than 5% Naafter 70 hours at 100 mA cm™ (Supplementary Fig.15);
and we detected no PANa polymer (Supplementary Fig. 16). We also
obtained post-operando X-ray photoelectron spectroscopy and infra-
red (IR) spectroscopy and found that Na* remains, exclusively in the
-COO™Na*form (no-COOH—-the product of Na*leaching—is observed
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intheIR studies), following the stability test (Supplementary Fig.17b).
Theseresultssuggest that the Na*is substantially retained in the PANa
cation-functionalized layer (details in Supplementary Fig. 6). We note
that long-term reliability could be further strengthened by cation
re-supply’. While we cannot exclude the possibility of PANa polymer
loss beyond the studied operation timeframe, we note that the solu-
bility/dispersion of PANa in water depends on its molecular weight
and polymer architecture; thus one could move to higher molecular
weight to increase interfacial interaction, and one could crosslink or
functionalize the polymer to reduce water solubility***.

When we probed performance under intermittent biasing, we
foundthat Cu-based catalysts were prone to degradation when exposed
to alkaline electrolytes before electrolyser start-up in the absence of
protective reductive potential, resulting in over 60% reduction in
FE,, and ten times increase in FE,;, compared to the normal baseline
(Supplementary Fig. 18). Although the liquid anolyte system initially
delivered normal FE,,, with a careful start-up procedure with protec-
tivereductive potential, it lost >80% of its beginning-of-test FE,,,, after
a2-hourrestatopen circuitand showed almost no ethylene production
(H,asmain products) after an additional 12-hour rest, especially at higher
operating temperature (Fig. 4c, grey; Supplementary Figs. 19 and 20).
Notably, the COR:HOR system maintained its FE,,,, without noticeable
loss after 30 on/off intermittent cycles with 12-hour rests (Fig. 4c, blue).

To study the origins of degradation under intermittent opera-
tion, we used in situ Raman (table of peak assignments and discussion
providedin Supplementary Table 3) complemented by post-operando
X-ray diffraction (XRD).In the case of COR:OER (whichincludes a caustic
anolyte), features associated with Cu oxidation are prominent after
the reducing potential is removed, as indicated by the catalyst colour
change and the observation of Cu (hydro)oxide peaks at 500-600 cm™
(Supplementary Fig. 21, relatively weak signal due to the loss of enhance-
ment effect from metallic Cu). This is consistent with post-operando
XRD results, which show the formation of Cu(OH), only in the case
of COR:OER after the off cycles (Supplementary Fig. 22). After we
re-applied the reduction potential in the COR:OER case, the C-O stretch-
ing feature at~2,100 cm™did not recover toitsinitial state (Fig. 4d, grey
line, where Cu-CO, Cu-OH coexist), and only the Cu-OH interaction
at -540 cm™ remained (Fig. 4d, after rest; Cu-OH peak assignments
and discussion provided in Supplementary Table 3). We propose that
when Cu-OH coverage is high, this leads to competition for binding
and militates against CO conversion to C,H,. These findings suggest
that Cuis more vulnerable to oxidation and degradation, leading tothe
loss of the desired surface attributes needed for CO adsorption, when
the catalyst is in contact with strong alkaline electrolyte, consistent
with the Pourbaix diagram and with previous reports”. Nevertheless,
theseinitial studies leave opportunities to develop operando Ramanto
exploreintermittency-tolerant COR:HOR MEA systemsin further depth.

Conclusions

We explored a suite of ionomers as solid-state cation-functionalized
layer for the construction of COR:HOR solid-state system. We iden-
tified an efficient alkali cation-host, polyacrylate, which united the
high ion-exchange capacity with optimized cation binding. With
polyacrylate sodium as cation-functionalized layer, we documented
an electricity-efficient C,H, production at 1.2 Vand 100 mA cm2in
the COR:HOR solid-state system. These mechanistic studies and the
performance of the pure-water-fed solid-state COR:HOR electrolyser
suggest routes to managing electricity demand in chemicals produc-
tion and compatibilizing such technologies to function with growing
reliance on intermittent renewable electricity.

Methods

Materials

Methanol (99.8%), sodium hydroxide (puriss, 98-100.5%), sodium poly-
acrylate (PANa, average Mw ~2,100), polyacrylic acid solution (50 wt%),

isopropanol (>99.5%), dimethyl sulfoxide (DMSO), deuterium oxide
(D,0, >99.9 atom%) were all purchased from Sigma-Aldrich without
further treatment.1,1-dimethylpiperidinium chloride (Pip*Cl™>98.0%)
was purchased from TCI America. Copper nanoparticle catalyst (25 nm,
Cu NPs) was purchased from US Research Nanomaterials Inc. Ethanol
(USP/NF grade) was purchased from Commercial Alcohols. PiperlON
membrane (40 um), PtRu/C catalyst (50 wt% on carbonblack), Freuden-
berg H23C3, nickel foam, platinized titanium felt, iridium oxide, carbon
black (Vulcan XC-72), Sustainion XA-9 ionomer solution (5 wt%), Pipe-
rlON ionomer solution (5 wt%) were purchased from Fuel Cell Store.
Aemion ionomer (AP-2) power was purchased from lonomr Innova-
tions. Nafion D520 perfluorinated sulfonic acids resin solution (5 wt%
PFSA in a mixture of lower aliphatic alcohols and water), Nafion 211
membrane were purchased from lon Power Inc. The Ag/AgClreference
electrodes usedin flow cell were purchased from CHI Instruments Inc.
Semiconductor grade CO (99.997%) and ultrahigh-purity hydrogen (H,)
were purchased from Airgas. Ultrapure water (18.2 MQ from MiliQ) was
usedto prepareallthe solutions and electrolytes. The electrolyser cell
and humidified system were purchased from Fuel Cell Technologies.

Electrode preparation

To prepare the cathodes that were used in flow cell and
membrane-electrode assembly (MEA), 20 mg Cu-based catalysts,
2 mlmethanol and 60 pl Nafion solution were added into a20 ml vial.
The mixture was sealed and sonicated inawater bath for1-3 hours (the
temperature of the water bath was kept below 30 °C. The solution was
thensprayed ontoa3 cm x 3 cmgas diffusion electrode (Freudenberg
H23C3). Thefinal catalyst loading was controlledtobe 1.5~ 2 mg cm™.
After drying in an ambient environment overnight, the gas diffusion
electrode was cutinto1cm x1cm for further use.

To prepare the catalyst-coated membrane for anode hydrogen
oxidation reaction in MEA, 50 mg 50% PtRu/C, 360 mg Nafion D520
solution and 25 ml mixture of water and isopropanol (ratio of 1:4)
were addedintoa35 mlvial. The mixture was sealed and sonicated for
2 hours. It wasthensprayed onto a6 cm x 10 cm Nafion 211 membrane.
The final catalyst loading was controlled around 0.2 mg;,, cm™ The
electrode was cutinto 1.5 cm x 1.5 cm pieces for further use.

The anode for oxygen-evolution reaction in MEA was Ni foam or
IrO,-coated platinized titanium felt purchased from Fuel Cell Store.

Preparation of cation-functionalized layer on membrane

To prepare the carbon solution, 10 mg carbon black, 10 mI methanol,
and 100 mg of 5 wt% Nafion D520 solution were added into a20 ml vial.
The vial was then sealed and sonicated in a water bath for 1-3 hours,
while the temperature of the water bath was kept below 30 °C. Next, the
cation-containingionomer solutions were prepared by mixing the cho-
senionomer (for example, Nafion, polyacrylic acid) with the alkaline
solution (for example, NaOH) to incorporate alkali cations or by adding
the commercial ionomer solution (for example, PiperlON, Aemion,
Sustainion XA-9). Then1 mlof the carbon solution wasadded into1 ml
of the cation-containing ionomer solution, and the resulting mixture
was uniformly sprayed ontoal.5 cm x 1.5 cm PiperlON membrane.

Flow cell

The flow cell tests were conducted in a three-chamber PTFE flow cell.
Theactive areahadasize of1cmx1cm. Ag/AgClinsaturated KCI (CHI
instrument Inc.) was used as the reference electrode. A piece of Pt
meshwithasize of 0.6 cm x1 cmwas used as the counter electrode. The
catholyte and anolyte were separated by an anion-exchange membrane.
During operation, the CO flow rate was set to 20 sccm, catholyte and
anolyte were supplied separately by peristaltic pumps.

MEA
Toassemblethe MEA, the Cu electrode was cutinto1cm x1cm pieces.
The cathode electrode was placed on the cathode plate (stainless
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steel) with the catalyst side facing upward. A piece of 2cm x 2cm
anion-exchange membrane or cation-functionalized membrane was
put on top of the cathode with the cation-functionalized layer facing
the cathode. Then a catalyst-coated membrane was put on top of the
anion-exchange membrane with the catalyst side facing another gas
diffusion electrode placed on the anode plate (Titanium). To prevent
leakage, two PTFE gaskets with a thickness of 0.01 inch were placed
between the cathodic plate and membrane, membrane and anodic
plate, respectively. During operation, humidified CO and H, were sup-
plied to the cathode and anode, respectively, and the flow rates were
controlled by digital mass flow controllers (Alicat Scientific). In the case
of COR:OER, liquid electrolyte (1 M NaOH or pure water) was pumped
through the anode with a peristaltic pump, and the pure water was
flown in a single-path mode to avoid the impact from dissolved alkali
cationsin the electrolyte.

Electrochemical measurement

Allthe electrochemical measurements were conducted using an elec-
trochemical station (BioLogic) connected to a current booster (20 V,
20 A). The COR performance was evaluated in galvanostatic mode
at a cell temperature of -55 °C and feed gases humidity of around
100%. The intermittent stability test was conducted by repeatedly
start and stop the cell with required period (2 or 12 hours, depicted in
Supplementary Fig. 19). The data collection was conducted after the
cell has been stabilized at each current density.

Impedance measurements

The impedance spectra were measured using frequencies from 10°
to 1Hz with an amplitude of 0.1 mA at different current density in
aflow cell, in which the Cu catalysts were reduced and activated at
-50mA cm™ for 10 min to get a stable EIS measurement. The CO flow
rate (20 sccm) and electrolyte flow rate (20 rpm) were kept the same
as the COR performance test in the flow cell during the impedance
measurement. Equivalent circuits were fitted to the data using EC-lab
software version 11.52.

COR product analysis

The gas phase products were collected by gas-tight calibrated syringe
and analysed by a calibrated gas chromatography (PerkinElmer)
equipped with a thermal-conductivity detector for the detection of
H,, CO and a flame-ionization detector for the detection of ethylene
and methane. The Faradaic efficiency (FE) of a gas product can be
calculated via equation (1):

nFuvc
FE= —
iV

()
where nis the number of electrons transferred during the reaction (8
for ethylene, 6 for methane, 2 for hydrogen), Fis the Faraday constant
(96,485 C mol™), vis the flow rate of CO, c is the concentration of the
product in the outlet in parts per million (ppm), i is the total current
and V,, is the unit molar volume of gas.

Liquid products were analysed by 'H NMR spectroscopy (400 MHz
Bruker Avance IIl HD Nanobay 400 system) with water suppression.
Dimethyl sulfoxide (DMSO) was used as an internal standard and D,O
was used as lock solvent.

Materials characterization

The transmission electron microscopy and atomic resolution
high-angle annular dark-field scanning transmission electron micros-
copy images were taken from aberration-corrected JEOL GrandArm
200 microscope operated at an acceleration voltage of 200 kV. A probe
convergence angle of 20 mrad was used. The XRD measurements were
conducted on STOE STADI-P using Cu K-« radiation (1= 0.15406 nm).
Contactangles were automatically measured and averaged from VCA
Optima XE.

Insitu Raman spectroscopy

The in situ Raman spectroscopy was conducted in a customized flow
cell with an epi-illumination configuration. Cu catalysts were directly
used due to their known surface enhancement effect in Raman spec-
troscopy. To study the cation effect on COR, electrolytes with different
cationicgroupswere used (1M PANa,1MPip*Cl",1 MNaOH). Lasers at
785 nmand 633 nm were used as the excitation sources for COR inter-
mediate and interfacial water detection with alaser power of 0.1%. The
scattered Raman light was collected by a water immersion objective
(Leica, HCAPOL 63x/0,90 W U-V-I). Each time before the measurement,
the spectrometer was calibrated by astandard silicon sample. During
operation, CO gas flowed through the gas chamber that was located
onthe back of GDL. The Raman spectrum was collected after the cur-
rent response was stabilized at each potential. To study the impact of
intermittent operation, a series of Raman spectra was collected after
the electrochemical cell was turned off and after re-started the cell at
reductive potentials.

Density functional theory calculations

Alldensity functional theory (DFT) calculations were performed using
the ORCA v5.0 software package*’. Structural optimizations employed
the Perdew-Burke-Ernzerhof* functional together with the Grimme-
Becke-Johnson D3 empirical correction* for London dispersion forces.
The def2-TZVPD basis set****, which includes polarization functions
and diffuse functions for charged species, was applied to all atoms.
Anultra-fine integration grid was used throughout. Implicit solvation
was implemented viathe conductor-like polarizable continuum model
(CPCM)*, parameterized to represent water.

Frequencies were computed to predict thermochemical proper-
tiesincluding zero-point energies, enthalpies (H) and entropies (S). By
default, entropies are evaluated within the quasi-harmonic approxi-
mation, treating all modes asideal-gas-like oscillators. Thisapproach
does not capture the restricted vibrational and rotational motions
imposed by surrounding solvent molecules. To address this limitation,
translational and rotational entropies of small species (H,0, Na, OH)
were reduced by 54% (ref. 46). Accordingly, Gibbs free energies (G) at
298.15 K were computed as:

G =H—-Tx(0.46 X (Strans + Srot) + Svib) 2)

whereS,..., 5. and S,;, denote translational, rotational and vibrational
entropy contributions, respectively.

The Na* dissociation free energies (AG;,) were computed accord-
ingto equation (3):

AGdiSS = G)(— + GNa+—6 H,0 ~ GNa—X -6 GHZO (3)

Gna_x isthe free energy of the cation-anion coupled system. Gy- is the
free energy of this systemwithaNa* removed, rendering the remaining
motif negatively charged. Gy,+_4 0 is the free energy of the Na” sur-
rounded by a solvation shell of six water molecules. For the case of
NaOH, the Gy- is the OH™ anion surrounded by four strongly
hydrogen-bonded water molecules. AGg is summarized in
Supplementary Fig. 6.

Energy cost, techno-economic and carbon footprint analyses

Energy cost analysis and carbon footprint analysis were conducted
to evaluate the economic feasibility and prospective environmen-
tal impacts of the syngas upgrading system. For the electricity input,
an efficiency factor of 95.2% was used to account for the fuel cycle
energy used for electricity based on the GREET database. In electrolysis
approaches, the greenhouse gas (GHG) emissions are dominated by the
carbonfootprint of electric energy. We use a carbon footprint value of
0.0078Kg.co. MJ. ' to represent an average of solar (photovoltaic) and
wind renewable electricity according to the National Renewable Energy
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Laboratory report”. The energy analysis and carbon footprint for indus-

trial processes, including MTO and steam cracking, was obtained from
a published work™. The syngas was assumed to be produced from a
reported self-sustainable integrated plastic gasification process®** and
separatedinto CO and H, for further use in the COR-HOR coupled elec-
trolyser. For CO,R-C,H, and the cascade CO,-CO-C,H, process, the
upstream CO, air capture energy cost is assumed to be 8 GJ per tongg,
(ref.48), powered by the high-grade heat from natural gas-fired calciner.
The carbon footprint for using high-grade heat from natural gas com-
bustion is 56.1Kg.co, G (ref. 49). The CO,~CO processisassumed to be
through a solid-oxide electrolyser cell with 90% FE and an energy cost
0f19.3 GJ per tonc,, (TOPSOE). A pressure swing adsorption process is
used for all the required gas separation processes at an energy cost of
0.25kWh m™ (ref. 50). The syngas was assumed to be produced froma
reported self-sustainable integrated plastic gasification process® (in
which no extra electricity input was required) and separated into CO
and H, for further useinthe COR-HOR coupled electrolyser. The result
showsthat when using atypical flue gas capture ratio of 90%, the carbon
footprint associated with the waste plastic treatment—gasification—
syngas clean-up is 0.035kgcq, per kgqnqs Which eventually translates to
0.14 Kgcoz Per KEethyiene> and is similar to the reported value of 0.10 kg,
per kgethylene (0027 kgCOZ per kgsyngas) (ref- 51)

Thetechno-economic analysis was developed and modified based
on previously reported models***. The analysis was based on an eth-
ylene production rate of 100,000 kg d*. The cost of electrolyser was
projected based on Department of Energy Hydrogen Analysis (DOE
H2A) model for central grid electrolysis; the electrolyser capital cost is
projected tobe US$250.25kW™at 0.175 A cm2and 1.75V (ref. 50), similar
to the operation condition of our syngas upgrading electrolyser. The
installation factor was assumed to be1.2,and the balance of plant capi-
tal costis 35% of the total cost while the electrolyser stack is 65% of total
cost. The capital cost of the pressure swing adsorption (PSA) system
is based on previous reference (1.99 M for1,000 m~ h™) (ref. 50), with
a PSA capacity scaling factor of 0.7. The capital expenditure (CapEx)
for a 5-MW solid oxide electrolyzer cell (SOEC) system was about
€2,000 kWin 2020. Projections suggest that this cost will decrease
to€1,000 kW™ by 2030%. Here we use a CapEx of US$1,250 kW™, a cell
voltage of 1.5 Vat1 A cm™for SOEC electrochemical system.

Here the capital recovery factor is based on a discount rate
(i,assumed to be 5%), the equipment lifetime (here we use a conserva-
tive estimation of 20 years).

We adopted a conservative renewable electricity cost of
US$0.05 kWh™ (ref. 54); a syngas feedstock cost of US$0.26 kg™
from waste gasification®; an air captured CO, cost of US$0.23 kg™
(an average from US$0.125-0.335 kg™) based on an International
Energy Agency report*s,

Detailed discussion and calculation process of the techno-
economic analysis is provided in Supplementary Note 1.

Data availability
Alldata are available in the main text or the supplementary materials.
Source data are provided with this paper.
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