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The conversion of CO, and CO using electricity offers a promising,

sustainable approach to achieve valuable products. Although CO
electroreductionto C;and C, products has seenrapid progress in efficiency
and productionrate, C, synthesis remains a major challenge. Here we

show that C; products lie along the ethylene pathway by using a probe
reactant and isotope-labelled CO. We find that glyoxal addition promotes
C,formation while suppressing acetate/ethanol production, while itself
scarcely being consumed. Spectroscopy reveals lower CO* coverage in the
presence of glyoxal. Reaction-order experiments show higher coverages

of CO* and of OH species linked to suppressing ethylene in favour of C,.

By combining both strategies to suppress ethylene formation with an
abundance of OH™ and blocking acetate/ethanol formation with glyoxal, we
report a high selectivity for C, products, including a 53% Faradaic efficiency.
These insights aid the design of future catalysts for C, production.

Theelectrochemical CO reductionreaction (CORR) providesarouteto
upgrade CO,to valuable C,and C, products while avoiding carbonate/
bicarbonate loss'”. To date, the production of C; oxygenates has only
achieved low selectivity and low production rates, with n-propanol hav-
ing recently reached a Faradaic efficiency (FE) of 45% at >100 mA cm™
(ref. 3). C; alcohols such as n-propanol possess a high energy density
asliquid fuels, while other C; products, such as allyl alcohol and lactic
acid, arelarge-scale commodity chemicals. Insights into C; formation
pathways and key intermediates are needed to guide therational search
for catalysts and descriptors.

C,productioninvolves complex reactionsinvolving >12 electron
and proton transfers. Pathways include an initial C,~C, coupling step,
followed by C,-C, coupling; after which the ensuing C; intermediate
undergoes proton-coupled electron transfers (PCETs) until a stable
C, product is desorbed. The C, pathway(s) share intermediates with
the C, pathway, and the resulting complex reaction landscape means
that catalyst design strategies that focus on increasing C-C coupling
or CO* coverage are not sufficient to provide strong selectivity to

C, production. Indeed, one key unanswered question for the field is
this: how does chain growth beyond two carbons proceed, especially
along branches of the pathway that are in direct competition with
C, products?

We focused here on identifying bifurcation points along the C,
pathway (Fig. 1) that lead to C, versus C; production, and how tun-
ing the reaction environment can block the competing C, products.
Our studies were informed by previous work (Table 1) that propose
intermediates for C,—C, coupling. These works identify CO* as the C,
intermediate; and they offer different C, intermediates, for example
OCCO* (refs. 4-6) versus CH,CO* (refs. 7,8), as the C, that is coupled
with C, to form C,. Tafel slope analysis and recent CO* coverage studies
have shown the rate-determining step (RDS) for C-C coupling products
to be the hydrogenation of CO* to C(H)O*, with the proton supplied
from vicinal H,O (ref. 9). Aldehydes are postulated to be intermedi-
atesin CO,RR, with acetaldehyde and formaldehyde having been the
objectof studyinrecentyears®'°. The role of acetaldehydeisless clear,
with certain supporting" (and some suggesting a partial contribution”)
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Fig.1|Multi-carbon CO,RR product intermediate landscape. Proposed C, and
C,intermediates for C, production based on Table 1.

and others tending to rule out' its participation in C, formation. We
set out to probe the role of CO* as the C, intermediate, find which C,
and C; products have overlapping pathways, and generate as a result
guidelines for selective increase in the production of C,.

Results

C,oxygenates and ethylene lie on a shared pathway after
branching from acetate and ethanol

Glyoxal, a dialdehyde, is a CORR reaction intermediate on copper, its
presence supported by both DFT and experimental results” ™, although
some studies suggest it may not lie on the major ethanol-producing
pathway'*'®. To probe along the CORR mechanistic pathway onstandard
copper nanoparticles (Supplementary Figs.1and 2), we introduce [*C]
glyoxalin the electrolyte and simultaneously perform CORR using *CO.
The isotopic labelling allows us to track carbon within the products
and constructa preliminary mechanistic landscape. A gas chromatog-
raphy-mass spectrometry (GC-MS) system was used to analyse the
gaseous products, while liquid products were probed using NMR. A
mass shift of 2 amu was observed for ethylene when labelled *CO was
used in conjunction with [2C]glyoxal (Supplementary Figs. 3 and 4),
indicating that both carbons are labelled. Hence, both carbon atoms
in ethylene stem solely from the reduction of CO and not glyoxal, and
thus, glyoxal and ethylene do not lie along the same pathway.

NMR spectra (Fig. 2a—c) of liquid products from CORR using
BCO or >CO and [*Clglyoxal show peak splitting from *C-H interac-
tions with a characteristic 120-Hz phase shift when using *CO. The
n-propanol triplet at 0.7 ppm (belonging to its CH;- protons) fully
disappeared, replaced by the two double-triplet split peaks at 0.63
and 0.84 ppm, indicating that the terminal CH,-carbonin n-propanol

has been fully replaced with *C. The same is true for the other two
carbons in n-propanol (double triplet at 1.38 ppm and triplet at 3.4
ppm). All three carbons in n-propanol hence come from CO and none
come from glyoxal.

On the other hand, C, products (ethanol and acetate) show NMR
peak splitting from C-H, and their standard and non-split >C peaks.
The carbon contribution corresponding to CH;- of ethanol has an
~60-80% contribution from *CO, while the CH,- carbon of acetate
shows an ~50% contribution from CO (Fig. 2d). Our findings suggest
thatglyoxal may share areaction pathway with acetate and ethanol and
couldserveasanintermediate in their formation. While we acknowledge
the possibility that the glyoxal-to-ethanol (or acetate) mechanism may
differ from the conventional CORR pathway, the observed similar-
ity in product distribution, along with previous reports identifying
glyoxal as a potential CO»RR intermediate, support the assumption
that its conversion to ethanol and acetate proceeds via a comparable
mechanism. We therefore base our subsequent hypotheses on this
mechanistic alignment.

The higher proportion of glyoxal-carboninacetate thanin ethanol
may point to glyoxal being a closer intermediate to acetate; that is,
glyoxal formation precedes that of acetate, and acetate precedes that
of ethanol. The lack of glyoxal-carbonin C, productsindicates that all
C, products are along a pathway distinct from the glyoxal pathway,
and thusdistinct from the ethanol and acetate pathway. These results
confirm the validity of glyoxal as a CORR intermediate; however, they
do not translate to CO,RR because the local HCO,/CO,* equilibrium
can affectthelocal pH and by extension the pH-sensitive glyoxal reduc-
tion reaction (GRR). Therefore, the conclusions in this work do not
confirm or refute recent studies ruling out glyoxal as a major CO,RR
intermediate along the ethanol pathway™'.

Insum (Fig. 2e), the pathway on which glyoxal lies leads to acetate
and ethanol—and we note that it may either desorb (as does CO in
CO,RR), or, to the extent that it remains and can thus participate in
further PCET steps, transform into acetate or ethanol. The early C,
intermediate caninstead take a distinct route that takes it to ethylene
and C; oxygenates.

Effect of glyoxal addition on C; production and CO* coverage
We then studied how the addition of glyoxal to the electrolyteinfluences
the partial current density and FE of C, and C; products. The electro-
chemical CORR performance of copper nanoparticles (Methods) in
1M KOH solution was evaluated with (Cu-Gly) and without (copper)
glyoxal addition, using a three-compartment flow electrolyser. When
we analyse the electrolyte prior to application of reductive current,
NMR shows no CORR products, ruling out non-electrochemical reac-
tions assources of the products studied in the ensuing electrochemical
studies (Supplementary Fig. 5).

We first study the interconversion of species resulting from the
addition of glyoxalinto the electrolyte. In aqueous solutions (alkaline)
and under electroreductive conditions, glyoxal may exist as a mono-
or dihydrated geminal diol (or its mono- or dibasic counterpart), can
undergointernal Cannizzaro disproportionation to glycolate, or may
undergo external Cannizzaro disproportionation to glyoxylicacidand
glycoaldehyde. Limited glycolate formation (Supplementary Fig. 6)
is observed from the ®C NMR study of glyoxal in solutions of varying
pH (Supplementary Fig. 7). Drawing on this observation and previ-
ous literature”?, we constructed an interconversion map for glyoxal
in our reaction medium (Supplementary Fig. 8). In this framework,
glycolate, glyoxylic acid and glycoaldehyde are considered terminal
products—irreversibly formed from glyoxal—while geminal diols and
tetraols resulting from glyoxal hydration remain in dynamic equilib-
rium with the parent molecule. Consequently, mechanistic effects
arising from glyoxal addition to the catholyte may involve glyoxalitself
orany of itsequilibrium-bound hydrated forms. This interpretationis
further supported by literature reports indicating that, despite glyoxal
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Table 1] List of C, studies with proposed intermediates, C; pathways and products

Study Catalyst CORR C, (FE, %) Intermediates Notes Ref.
(mAcm?)
DFT Cu - Acetone (-) H,CCO*, CO* CCO*, HCCO* and H,CCO* cannot form 37
Cs
H,CCO*-CO* coupling forms C,
DFT/Exp Cu CO,and CORR Propionaldehyde, n-propanol CH,CH*, C(H)O* CH,CH*-C(H)O* coupling on defects for 12
allC,
CH,CHCH,O unstable in
alkaline > produces propylene
CH,CHO* shared between C, and C,
DFT/Exp Cu CO,RR (5.5) Propylene, n-propanol, allyl alcohol CH,CHO*, COOH* CH,CHO* coupling with COOH* to make 38
(<10%) allyl alcohol;
allyl alcohol reduces to propylene
DFT CuS CO,RR (9.9) n-Propanol (15%) OCCO*, CO* OCCO*-CO* coupling 6
DFT Cu - - Acetaldehyde, HCCH*,  Acetaldehyde-CO* coupling forms C;; n
co* HCCH*-CO* coupling forms C,; more
than one C, pathway
DFT Cu - - CCH*, CCOH*, CO* CCH* or CCOH*-CO* coupling forms C, 39
DFT Cu-Ag CORR (4.5) n-Propanol (33%) OCCO*, CO* Screened OCCO*-CO* coupling 4,5
Exp Cu CORR (5) n-Propanol (<10%) Acetaldehyde, CH,CO*,  Acetaldehyde not on C, pathway; high 8
CcoO* CO* coverage lowers C,
Exp Cu CORR (9) n-Propanol (<10%) Acetaldehyde, CH,CO*,  Acetaldehyde in one-third of produced 7
co* C;; CH,CO*-CO* coupling forms C,
a 2co “CO 1200 3C0O c 2c0 13c0
CH,CH(OH)COOH
3 CH,CH,OH CH,CH,0H
CH,4CH,CH,OH
C":B/CHQCHZOH T CH,CH(OH)COQH CH,CH,CH,OH
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Fig. 2| Carbon tracingin ethanol, acetate and n-propanol using NMR analysis
of3C0, C0 and [**C]glyoxal. a-c, NMR spectrum of liquid products produced
by BCO reductionin1M KOH and 50 mM glyoxal where each panel shows a

while showing the presence of only C in propanol (a,c); NMR peak splitting
showing the presence of both 2C and ®*C atomsin acetate (b). d, Schematic
showing the product distribution from CO and glyoxal as determined from

different chemical shift range: 2.4-4.0 ppm (a), 1.25-2.0 ppm (b) and 0.5-1.3 ppm
(c). NMR peak splitting showing the presence of both '>C and C atoms in ethanol

isotope-labelling experiments. e, Preliminary mechanistic pathways based on an
isotope-labelling study using glyoxal and *CO.

predominantly existing in its hydrated state in aqueous media, its
aldehyde form remains chemically accessible and reactive?.

The pH under which the GRR was examined (1M KOH) is much
higher than that used in other reports**?*, in which no GRR products
were observed and thereactions were fully dominated by the hydrogen
evolutionreaction (HER). Itis possible that this difference in pHis key

innot allowing GRR to proceed, especially since the interconversions
of glyoxal-derived species are very pH sensitive.

We studied the effect of glycolate (the most abundant form of
glyoxal side product, and one found in our studies) and its coverage
onthereaction pathways of common products (ethylene and ethanol)
using density functional theory (DFT) (Supplementary Note 1 and
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Fig. 3| Effect of glyoxal addition on C, and C; product formation and operando
Raman spectra. a, Production rate of CORR products with (hashed columns)
and without (solid columns) glyoxal addition to the electrolyte (50 mM).b,
Calculation of total FE considering various percentages of CO and glyoxal
reduction. ¢, Partial current densities of products for Cu-Gly and copper
samples under different potentials. Error bars represent the s.d. of potentials
(>60 data points collected in one experiment) during the constant-current
electrolysis. d, Ethylene FEs and partial current densities on different electrodes

Wavenumber (cm™)

atvarious current densities. Error bars represent the s.d. of three independent
samples. e, C; FEs and partial current densities on different electrodes at various
current densities. Error bars represent the s.d. of three independent samples.

f, Comparison of FE;/ FE, ratios on different electrodes at various current
densities. g,h, Raman spectra of copper nanoparticlesin 1M KOH with (g) and
without (h) 50 mM glyoxal addition in the electrolyte. Inset: peak intensity ratio
of the peaks centred at 280 cm™and 360 cm™across all current densities.

Supplementary Figs. 9-15) and found adsorbed glycolate to have little
effect on the energetic pathways of ethylene and ethanol formation,
even under higher coverages. Experimentally, the addition of glyco-
late (and other potential candidate compounds) did not result in any
CORR-product formation enhancement and only contributed to the
increasein the HER (Supplementary Fig. 16).

Cu-Gly showed an increase in total FE (the FE calculated on the
premise of the eight-electron reaction from CO to ethanol) com-
pared with copper, in some cases above 100%, and hence, the pro-
duction rate of each component is compared instead (Fig. 3a-f and
Supplementary Fig.17). Contributions fromboth the CORR and the GRR
can transform glyoxal to ethanol and acetate as indicated by isotope
labelling (Fig. 2e), and a concomitant effect on ethylene production

and its suppression (Fig. 3a). Because glyoxal has a lower oxidation
state than CO, fewer electrons are required for its conversion than CO.
The GRR-to-CORR ratio is estimated as the ratio resulting inJegg +/corr
equallingthe current density, and the results show that the GRR is more
dominant at higher currents (Fig. 3b). We account for this by noting
the CO shortage at large current densities (50-200 mA cm™), enabling
GRR to take over. The overall current density increases (Fig. 3¢c) with
the addition of glyoxal, with additional C; products such as allyl alco-
hol and lactic acid emerging (Fig. 2a (allyl alcohol and lactic acid are
grouped under ‘Allyl’) and Supplementary Fig. 18). It is notable that no
direct glyoxal reductionis observed when the COisreplaced withinert
N, (Supplementary Figs. 19 and 20): CO is thus a co-reactant—one that
suppresses the HER and allows glyoxal to participate in the reduction
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reaction. Itis notable that the consumption of glyoxal through the GRR
poses animportant economic challenge.

Addition of glyoxal resultedinadecreasein the ethylene FE across
all current densities, accompanied by an increase in C; FE (Fig. 3d,e).
The ratio of C; FE to total C,, FE (FE¢;/c,.) increased by a factor of ~2x
(Fig. 3f); that is, C; product formation is promoted by the addition of
glyoxal. This agrees with the picture of Fig. 3e in which ethylene and
C,oxygenate shareacommon pathway.

Toinvestigate further the role of glyoxal, we performed operando
surface-enhanced Raman spectroscopy on copper nanoparticles with
1M KOH electrolytes with and without glyoxal addition (Fig. 3g,h).
Spectraobtained at lower current densities show higher peakintensi-
ties throughout; at higher current densities, CO* and surface species
are consumed, lowering their prominence in the spectra. The CO*
vibrational frequencies in the 2,000- to 2,100-cm™ range correspond
to C=0 stretching, the features in the 275- to 280-cm™ range are due
to the frustrated rotation of the C-O bond in CO*, and the 360-cm™
peak is attributed to the stretching vibrational frequency of Cu-C
(Fig. 3h)*%, The CO* surface coverage (6,-) and the intensity ratios
of the 360- and 280-nm peaks have been shown to be correlated”
(Fig. 3h). The intensity ratios of the 360- to 280-cm™ peaks (/340//>50)
decrease withincreasing current densities (Fig. 3h, inset), aresult of CO
depletion at those higher rates. Addition of glyoxal to the electrolyte
lowers the intensity ratio across all current densities, indicating lower
CO*coverage. Hence, glyoxal can adsorb on the surface and compete
with CO*for adsorptionssites.

C, production dependence on metal cations, CO coverage and
glyoxal concentration

Glyoxal has exhibited two effects on the CORR mechanism: (1) an
increasein C;FE, and (2) adecrease in CO* coverage. We now delve into
understanding the dependency of C, formation rate onreaction condi-
tionsincluding metal cations, CO* coverage and glyoxal concentration.
Metal cationidentity substantially influenced both the HER and the C,/
C,ratio (Supplementary Figs. 21 and 22) with K" exhibiting the lowest
HER and the highest C, FE. Concentration-dependence experiments
with K" showed that higher concentrationsin the outer Helmholtz plane
resulted in C,H, suppression (Supplementary Fig. 23). Anion identity
also played a crucial role, with OH™ enhancing the CORR and liquid
oxygenate production (Supplementary Fig. 24)****, Hence, higher con-
centrations of K* suppress C,H, formation, and when paired with OH™ as
the anion, maximize the CORR and liquid oxygenate formation rates.

Toelucidate how CO*influences C,and C, pathways, we conducted
reaction-order experiments, varying the CO partial pressure in the
presence of glyoxal (Fig. 4a-c). The total current density is dominated
by the sumof HER and C,, production (C, FE <1%), resultinginthe HER
and C,, reaction orders following opposite trends. C,, production
increases as the CO pressure is lowered from 1 bar, passing through a
CO poison region. Even lower pressures (P, < 0.4 barin1M KOH and
P, < 0.2 bar in 3 M KCI) cause C,, production to cease abruptly. The
RDS of C-C coupled products involves hydrogenation of CO* viaa
physiosorbed H,0 molecule (H,0*), with each CO*displacing n adjacent
water molecules such that nfcy. + 6,,0- =1, resulting in maximumrates
beingachieved when the two terms are equal (7', = knBo.0y50-, Where
NBco- = 0,150+)>*°. Under1bar, nB. > 6,50, and lowering 6, (by lower-
ing the pressure) causes an increase in knf.,.0,,,,-and the CORR rate.
Belowa certain pressure, CO*coverage is lowered drastically, stopping
the CORR and causing a sharpincrease in the HER.

Production of ethylene follows a different reaction order depend-
ing on the electrolyte used, with KCI causing a rise in overall ethyl-
ene production compared with KOH (Fig. 4b). Ethylene production
increases with decreasing pressure in KCl electrolyte, while in KOH,
itinitially decreases before increasing simultaneously with HER. The
selectivity-determining step (SDS) for ethylene has been suggested to
involve a3-copper (copper) anchored intermediate, where at lower CO

pressures competition for active sites with CO*is reduced resultingina
negative order relation, whilein the presence of OH-, this competition is
dampened anda positive reaction orderis observed (<0.4 bar, Fig. 4b)*".

The liquid oxygenate (and C;) production is maximized in the
ethylene-suppressing KOH electrolyte, with a positive-order depend-
ence of C; oxygenates on CO pressure (Fig. 4c). Whereas glyoxal can
actontheacetate/ethanol pathway, partially blocking it and directing
the reaction towards the ethylene/C, path, KOH can act directly on
the ethylene/C; pathway, preferentially switching selectivity away
from ethylene, while C; products that lie along the ethylene path are
notsuppressed. The positive order dependence of C; productson CO
pressure also suggests that high coverages of CO* are needed for C,
production, suggesting CO*is the critical C, intermediateinthe C,-C,
coupling reaction.

We move to KOH electrolytes to suppress ethylene and study the
effect of glyoxal concentration (Fig. 4d-f). A zero-order dependence
on C,, products is observed in 6 M KOH, whereas a negative-order
dependence (positive with respect to HER) in1 M KOH is linked to the
increased alkalinity influencing the glyoxal-to-glycolate transforma-
tion and lowering glyoxal concentrationinthe 6 M case (Fig. 4d). Higher
KOH concentrations suppress ethylene more as the reaction pathways
of both ethylene and C, become glyoxal independent (zero-order
dependence) (Fig. 4e). The influence of glyoxal influence on block-
ing the acetate/ethanol pathway requires a small amount of glyoxal
and higher concentrations are redundant. The dependence of C,
and C, product formation on water concentration is summarized in
Supplementary Figs. 25 and 26. Water concentration is modulated
using dimethylsulfoxide (DMSO) and a positive dependence for C,, and
C,productionis observed, consistent with the H,0 beinginvolvedinthe
RDS of the C,, pathway, but not affecting selectivity beyond the RDS’.

The distinct [KOH]-P, regimes (Fig. 4g-i) and current density-
[KOH] regimes (Supplementary Fig. 27) for the HER, ethylene and C,
oxygenate can be visualized ona contour plot. These plots offer visual
guidance on which operating conditions to pursue depending on the
product of choice.

Maximizing C; oxygenate production
Having established that: (1) glyoxal suppresses the acetate/ethanol
pathway and enhances the ethylene/C; path, (2) KOH suppresses ethyl-
ene formation while not affecting C; production, (3) high CO pressures
arerequired to increase C, production and (4) aminimum of 100 mM
glyoxalis needed to enhance C; FE under high KOH concentration, we
move to optimize C; FE. We increase the KOH concentration from1M
to 10 M, while maintaining a glyoxal concentration of 150 mM and a
CO partial pressure of 1 bar (Fig. 5a and Supplementary Fig. 28). An
increase in C, FE is observed with n-propanol, allyl alcohol and lactic
acid as the dominant C; oxygenate products (Fig. 5a,b), at all current
densities (75-200 mA cm ™). Lower currents (75 mA cm2) show a near
first-orderincreasein C;from1Mto 6 MKOH, and aclose to zero-order
increase above 6 MKOH. The near first-order reaction dependence on
KOH is maintained at 100 and 150 mA cm™, whereas higher currents
of 200 mA cm™ cause an initial decrease in C, formation rates, until a
first-order dependence is once again observed at >3 M KOH. Locally,
more OH™ species are produced at higher current densities, causing a
moreimmediate ethylene suppression effect noticeable at lower KOH
concentrations, while at 200 mA cm, CO transport limitation starts to
decrease CO* coverage. Using this approach, C; oxygenate FEs of 63%
at75 mA cm~and 58%at100 mA cm™are obtained. These correspond
to ~53% and ~50% n-propanol FE at the respective current densities.
Building upon previous observations, we move to construct a
C, formation mechanism (Fig. 5¢). The RDS for C-C coupling prod-
ucts starts from the hydrogenation of CO*, forming the C, interme-
diate CHO* (ref. 9). The cross-coupling of CO* and CHO* produces
the OCCHO* intermediate. This intermediate is associated with C,
products on copper, and from theory is a stable C, intermediate® .
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Fig. 4 |Dependence of C, production on CO and glyoxal concentration. a-c,
Hydrogen (a), ethylene (b) and liquid oxygenate and C; oxygenate FEs (c) at
varying CO partial pressuresin electrolytes containing 50 mM glyoxal. The
legend ina corresponds to data from a-c. d-f, Hydrogen (d), ethylene (e) and
liquid oxygenate and C; oxygenate FEs (f) at varying glyoxal concentrationsin

1Mand 6 MKOH electrolytes. The legend ind corresponds to data from d-f.
g-i, Hydrogen (g), ethylene (h) and C, oxygenate FEs (i) at varying CO partial
pressures and KOH concentrations at 100 mA cm2in electrolytes containing
50 mM glyoxal.

Glyoxalisadesorbingintermediate along the ethanol and acetate path-
way. Isotope-labelling experiments show that the ethylene pathway
bifurcates from that of ethanol and acetate prior to the formation of
glyoxal. This presents the first bifurcation point along the C, product
pathways. OCCHO* undergoes one or multiple PCET steps to produce
the selectivity-determining intermediate I*. The ethylene and acetate/
ethanol pathways can be accessed via two distinct intermediates (Y*
and X*, respectively) originating from I*, making this the SDS in C,
products. The equilibrated adsorption of glyoxal is present along the
acetate/ethanol pathway, while the ethylene-specific intermediate

performs further cross-coupling witha C, intermediate to produce C,.
Reaction-order experiments show a positive order relation between
CO* coverage and C, production, where a sufficiently high 6.,. maxi-
mized C, production. Weidentify CO*to be the C,intermediate required
for C,-C, coupling. Glyoxal can change the reaction pathway towards
more C, products by shifting the quasi-equilibrated Y* > glyoxal*
equilibrium towards Y* per the Le Chatelier’s principle, causing the
quasi-equilibrated I* > Y*step to also be pushed backwards and lower
Y* coverage. The C, SDS is essentially shifted away from the acetate/
ethanol path (Y*) back into the ethylene/C; pathway (X*). Carrying
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Fig. 5| C; product maximization and C; production mechanism. a, C; FE
(n-propanol, allyl alcohol and lactic acid) on copper nanoparticles and 150 mM
glyoxal (except1 M KOH where 50 mM glyoxal was used). b, FE of C, (n-propanol,

allylalcohol and lactic acid), hydrogen and ethylene in10 M KOH and 150 mM
glyoxal. ¢, Proposed reaction mechanism for C; oxygenate formation on copper
nanoparticles.

out the reaction under conditions that suppress ethylene formation,
for example, high KOH concentrations, when glyoxal is used to sup-
pressthe acetate/ethanol path, substantially enhances C, production
(Fig.5b,c).

Leveraging the Le Chatelier’s principle to steer selectivity
relies on the ability of an added species to perturb elementary-step
equilibria that influence upstream branching points in the reac-
tion network. Glyoxal occupies a mechanistically central position—
intermediate between early C-C coupling steps and the formation of
more reduced products—and remains in dynamic equilibrium with
several surface-accessible intermediates. As such, changes in its con-
centration can shift upstream equilibria and alter the distribution of
surface-bound speciesinaway that blocks ethanol and acetate forma-
tion and favours pathways leading to C; products.

In contrast, acetaldehyde—another proposed intermediate in the
CO»RR—is more hydrogenated and lies further downstream in the
reduction sequence. It is not known to appreciably readsorb or par-
ticipateinreversible surface equilibriaon copper, and instead behaves
morelike aterminal product. As aresult, perturbing its concentration
has limited feedback on upstream steps and minimal influence on
productselectivity. This is consistent with our experimental findings,

which show that the addition of acetaldehyde does not enhance C,
product formation (Supplementary Fig.16). Thus, while the conceptual
framework we propose—modulating intermediate concentrations
to influence selectivity—is general, its applicability depends on the
mechanistic position and the surface accessibility of the species in
question. Glyoxal is effective in this regard because it is sufficiently
upstream and equilibrated to shift the reaction landscape, whereas
acetaldehydeisnot.

Discussions

This study investigates C;formationin CORR on copper nanoparticles
using probe reactants, isotopic labelling, reaction-order experiments
and operando Raman spectroscopy. Isotope labelling reveals glyoxal to
be a desorbing intermediate strictly on the ethanol/acetate pathway,
indicating a pathway separation from ethylene. Glyoxal addition blocks
the acetate/ethanol pathway, enhances selectivity for n-propanol
and generates new C; products such as allyl alcohol and lactic acid.
Surface-enhanced Raman spectroscopy shows glyoxal reducing CO*
coverage, competing with CO* for adsorption, while OH™ anions sup-
press ethylene formation. Reaction-order analysis on CO exhibits a
positive dependence in KOH electrolytes but a negative dependence
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in KCI. The coadsorption effect of glyoxal enhances C; production
moderately, with a negative order dependence at higher concentra-
tions. Screening various KOH concentrationsidentifies kinetic regimes
favouring C; FE (~65%). The mechanistic landscape reveals CO* to be
the critical C,intermediate for C,-C, coupling, with the C, intermediate
being found exclusively along the ethylene pathway. These insights aid
indesigning catalysts favouring C, production, with potential applica-
tionsinother CORR products and mechanistic pathway investigations.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41557-025-01985-8.
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Methods

Chemicals

Glyoxal (40 wt%in H,0), methanol (ACS reagent grade, >99.8%), DMSO
(ACS reagent grade >99.9%), lithium hydroxide (ACS reagent grade
98%), sodium hydroxide (ACS reagent grade 98%) and potassium
hydroxide (semiconductor grade 99.99%) were purchased from Sigma
Aldrich. Copper nanoparticles (99.8%, 25 nm) were purchased from US
Research Nanomaterials. Nafion solution (D520, 5 wt%), carbon paper
(Freudenberg H23C8), nickel foam and bipolar membrane (Fumasep
FBM) were purchased from Fuel Cell Store. All chemicals were used as
received. The aqueous solutions were prepared using deionized water
with aresistivity of18.2 MQ-cm.

Preparation of gas diffusion electrodes

Copper nanoparticles were dispersed in a mixture of methanol and
Nafion solution and left under ultrasonication for atleast 30 min. The
catalystink compositionwas 3.6 mg, miieand 5 pyanon 5 Wt% mg_.. The
ink was spray coated on a carbon paper gas diffusion layer (Freuden-
berg H2C38) witha copper nanoparticle loading of 2 mg cm™to prepare
the copperelectrode. Theelectrodes were left under room conditions
overnight before the electrochemical measurements were conducted.

Flow-cell assembly

The flow-cell set-up consists of three compartments: the anolyte,
catholyte and gas-flow chambers. The geometric area of the electrode
windowwas1 x 1 cm?. The cathode was clamped between the catholyte
and gas-flow chambers, with the catalyst side facing the catholyte. A
nickel foam was used as the anode, and an Ag/AgClelectrode (3 MKCI,
CHIInstruments) was used as the reference electrode in the catholyte
chamber. The catholyte and anolyte chambers were separated by a
Fumasep bipolar membrane. The catholyte and anolyte were circulated
by peristaltic pumps at a constant rate of ~20 ml min™.

Electrochemical CO reduction measurement

The electrochemical CORR was performedin aflow cell. Carbon mon-
oxide (Linde, 99.95%) was purged in the flow cell gas chamber using a
mass flow controller (SierraSmartTrack 100). The CO flow rate was set
to025-40 standard cubic centimetre per minute (sccm). Electrochemi-
cal reactions were performed using an electrochemical workstation
(Autolab PGSTAT302N) connected to a current booster (Metrohm
Autolab, 10 A). Electrode potentials were rescaled to the reversible
hydrogen electrode (RHE) reference by:

Eysrite = Eag/agal + 0220V + 0.059 x pH

Electrochemical impedance spectroscopy measurements using
an Autolab PGSTAT302N electrochemical workstation measured the
cell resistance to be 4.08 Q. iR corrections to the potential were then
performed using the equation:

Eigfree = EAg/AgCI — 0.85Rcepicelr

where Ejxy.. is the corrected potential at the cathode, Exgagc is the
applied potential and i is the total current (a negative value at the
cathode). A correction factor of 0.85 was used due to the 1M KOH
electrolyte’s high conductance and low voltage drop across
the electrolyte.

The copper nanoparticle-modified carbon-based gas diffusion
layer was used as the cathode. Glyoxal (50 mM) was added to the catho-
lyte for the CORR on Cu-Gly. The volumes of catholyte and anolyte used
for circulation were 25 ml. The current densities reported are based on
geometric surface area.

Electrochemical reduction product measurement

The gas products were collected from the gas outlet of the flow cell
and injected into a gas chromatograph (Shimadzu GC-2014) for gas
quantification. The gas chromatograph was equipped with athermal

conductivity detector (TCD) for the detection of H, and CO signals,
and aflameionization detector (FID) for the detection of CH,and C,H,
signals. The gas chromatograph was equipped with amolecular sieve
(5 A) and Carboxen-1000 column upstream from the TCD and FID,
respectively. Argon (Linde, 99.999%) was used as the carrier gas. The
FE of the gas products was calculated using the following equation:

Py .
FE; = yiV2iF peonl

where FE;isthe Faradaic efficiency of product i, y;is the volumetric frac-
tion of the gas product, Visthe outlet gas flow ratein sccm, z;is the num-
ber of electrons associated with producing one molecule of product from
CO, Fisthe Faraday constant, P,is the atmospheric pressure, Ris the ideal
gas constant, Tis the temperature and ., is the total current density.

The liquid products were analysed using 'H NMR spectroscopy
(600 MHz Agilent DD2 NMR spectrometer) with water suppression.
DMSO was used as the reference standard and deuterium oxide as
the lock solvent. The FE of liquid products were calculated using
the equation:

FE,’ = n,»z,»F

total

where n;is the number of moles of liquid productiand Q. is the total
charge passed through the cell prior to liquid sampling.

Electrochemical ®>CO isotope-labelling experiment
The isotope-labelling experiments were conducting using *CO
(>99 at.% *C, Sigma Aldrich) and [**C]glyoxal. Carbon monoxide was
introduced to the gas chamber of the flow cell. Glyoxal was added to the
electrolyte solution to reachaconcentration of 50 mM. The gas prod-
uctswere theninjected intoa GC-MS (Perkin EImer 680) equipped with
aFID and a TCD. The mass fragments of ethylene were compared when
2COand®*COwere used as reactants. Theliquid products were analysed
using 'HNMR (‘Electrochemical reduction product measurement’).
The extent of °C labelling of each carbon was calculated by
integrating the *C-induced split peaks. For example, in acetate, the
peaks associated with the proton attached to the a carbon (the only
NMR-visible proton) are the 1.8-ppm singlet corresponding to H-*C
and the 1.9- to 1.7-ppm doublet corresponding to H-C. The extent of
BClabelling is obtained from:

f’1.9ppm + fll.7ppm

labelling extent (%) = Py —— T —
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