
Nature Catalysis | Volume 5 | October 2022 | 878–887  878

nature catalysis

Article https://doi.org/10.1038/s41929-022-00844-w

Exploration of the bio-analogous 
asymmetric C–C coupling mechanism in 
tandem CO2 electroreduction

Chubai Chen    1,2,6, Sunmoon Yu    2,3,6, Yao Yang1,4, Sheena Louisia1,2, 
Inwhan Roh1, Jianbo Jin    1, Shouping Chen2,3, Peng-Cheng Chen1,5, Yu Shan2,3 
and Peidong Yang    1,2,3,5 

C–C coupling is a critical step of CO2 fixation in constructing the carbon 
skeleton of value-added multicarbon products. The Wood–Ljungdahl 
pathway is an efficient natural process through which microbes transform 
CO2 into methyl and carbonyl groups and subsequently couple them 
together. This asymmetric coupling mechanism remains largely unexplored 
in inorganic CO2 electroreduction. Here we experimentally validate the 
asymmetric coupling pathway through isotope-labelled co-reduction 
experiments on a Cu surface where 13CH3I and 12CO are co-fed externally 
as the methyl and the carbonyl source, respectively. Isotope-labelled 
multicarbon oxygenates were detected, which confirms an electrocatalytic 
asymmetric coupling on the Cu surface. We further employed tandem Cu–Ag 
nanoparticle systems in which *CHx and *CO intermediates can be generated 
to achieve asymmetric C–C coupling for a practical CO2 electroreduction. We 
found that the production of multicarbon oxygenates is correlated with the 
generation rate of two intermediate indicators, CH4 and CO. By aligning their 
rates, the oxygenates generation rate can be maximized.

The electrochemical carbon dioxide reduction reaction (CO2RR) was 
regarded as a promising technology to help achieve carbon neutrality 
before 20701. Therefore, a wide range of research was stimulated with 
the aim to convert CO2 into value-added multicarbon chemicals with 
more control over the catalytic selectivity2–5. However, as a principal 
step in constructing carbon skeletons, the C–C coupling mechanism 
in CO2 fixation chemistry still needs further investigation as it is not 
yet well understood.

Interestingly, some bacteria in nature can digest CO2 through the 
Wood–Ljungdahl (WL) metabolic pathway and efficiently transform it 
into acetate with complete selectivity. In the past decades, extensive 
research efforts were undertaken to reveal the underlying mechanisms 
of CO2 transformation and C–C coupling in the WL pathway, and a 

molecular-level understanding was established6,7. CO2 molecules are 
first converted into methyl groups and carbonyl groups in the west-
ern and eastern branches of this pathway, respectively. These two 
groups then go through asymmetric C–C coupling with the assistance 
of acetyl-coenzyme-A (acetyl-CoA) synthase, which results in acetate 
production (Fig. 1a).

For direct CO2 electroreduction, Cu has attracted substantial 
attention as a catalyst among the many other inorganic materials as it 
is the only metal that can activate C–C coupling and therefore generate 
products beyond C1 chemistry (C2H4, C2H5OH, CH3COOH, n-C3H7OH 
and so on). However, owing to the complexity of CO2 reduction on the 
Cu surface, understanding the coupling process on the Cu surface is 
still regarded as one of the central challenges in CO2RR after decades 
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possibility of the WL-pathway-like *CH3 and *CO coupling in inorganic 
aqueous CO2 electrolysis. One important reason why the study of asym-
metric coupling is hampered is the challenge in correlating the experi-
mentally detected *CHx (x = 1–3) signals in the operando spectrum to 
any particular intermediate or process26,27. Recently, some studies 
proposed that the *CHx–*CO asymmetric coupling may happen under 
a CO-concentrated environment (either generated by the tandem cata-
lyst architectures28,29 or the high-pressure CORR30) and contribute to 
the final product selectivity. The feasibility of asymmetric *CHx–*CO 
coupling was theoretically studied and found to be energetically and 
kinetically possible on some specific Cu sites28,29. Nevertheless, without 
firm experimental evidence, it is still uncertain whether Cu has the 
ability to achieve asymmetric coupling on its surface during aqueous 
CO2 electrolysis. The product spectrum of asymmetric coupling and 
the corresponding conversion mechanism is also unclear at this point.

Here we designed co-reduction experiments to verify the catalytic 
capability of Cu surfaces for asymmetric *CH3–*CO coupling by using 
an electropolished Cu foil. To circumvent the dilemma that it is difficult 
to specify intermediates from the spectrum, we assured the existence 
of the intermediates by externally feeding CO and CH3I as the two 
distinct intermediate sources. *CO comes from the adsorption of CO 
gas, while *CH3 is electrochemically generated from CH3I. By further 

of research2,8. Currently, it is widely accepted that carbon monoxide 
(CO) generated from CO2RR is the key intermediate for symmetric 
C–C coupling9,10. One compelling experimental evidence is that the 
potential window and product spectrum of both CO reduction and CO2 
reduction show a high degree of consistency11. Nevertheless, there is 
still a lack of a comprehensive and convincing molecular picture of such 
a C–C coupling. Although some density functional theory calculations 
and in situ spectroscopic evidence support the direct CO–CO dimeriza-
tion on the Cu surface (*CO–*CO)12–14, some other reports indicate that 
the protonation of *CO towards either hydroxymethylidyne (*COH) 
or formyl (*CHO) prior to C–C coupling is more thermodynamically 
favoured under an acidic to neutral pH15–17. Accordingly, *COH or *CHO 
could participate in the downstream C–C coupling. However, the exact 
role of these two intermediates is also debatable16,18–20. The lack of con-
sensus can be attributed to several factors: a substantial dependence 
of density functional theory results on modelling and algorithms, and 
the non-negligible impact of experimental conditions associated with 
the catalytic sensitivity, which include but are not limited to applied 
potentials, surface pH, Cu active sites, electrolyte species and surface 
modifiers within the double layer21–25.

Although the asymmetric coupling between *CO and *CHO (*COH) 
was explored for CO2RR, very few of the efforts go further to discuss the 
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Fig. 1 | Asymmetric C–C coupling pathways in biological carbon fixation 
and inorganic CO2 electroreduction. a, Schematic illustration of *CH3–*CO 
asymmetric coupling in the WL pathway as a natural CO2 biofixation process. 
In the WL pathway, corrinoid iron–sulfur protein (CFeSP) delivers a methyl 
group derived from CO2 to carbon monoxide dehydrogenase (CODH)/acetyl-
CoA synthase (ACS) whereby CO2 is converted into *CO and further combined 
with *CH3 and coenzyme-A (CoA), which leads to the synthesis of acetyl-CoA 
(CH3COS-CoA) and finally the generation of acetic acid. b, Schematic illustration 

of symmetric and underexplored asymmetric coupling process in inorganic 
CO2 electroreduction. c, In this study, isotope-labelled intermediates were 
externally fed to verify the existence of the asymmetric coupling process on a Cu 
surface. Afterward, a Cu–Ag nanoparticle (NP) assembly was used to generate 
asymmetric coupling intermediates internally in the CO2 electroreduction, which 
demonstrated the feasibility of the asymmetric C–C coupling mechanism in CO2 
reduction with inorganic catalysts.
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labelling CH3I with the 13C isotope, the verification of 13C–12C asym-
metric coupling became technically feasible via NMR spectroscopy. 
During the electrolysis of CH3I, we found that a portion of the gener-
ated methyl group can be stabilized on the Cu surface even in a highly 
polar aqueous electrolyte. These methyl groups can then participate 
in the C–C coupling reaction and be coupled with another *CH3 or *CO 
to generate several multicarbon products (C2H6, CH3CHO, C2H5OH, 
CH3COOH and (CH3)2CO) on the Cu surface. After the asymmetric 
coupling ability of Cu was confirmed, we moved to a more practical 
CO2 reduction electrocatalysis with a tandem Cu–Ag nanoparticle (NP) 
assembly. Analogous to the WL pathway, Cu is responsible for the *CHx 
intermediate generation and Ag is for most of the *CO in this tandem 
system. As it is a major challenge to quantify directly the concentration 
of the intermediates on the Cu surface under dynamic electrochemical 
conditions31, we utilized the production rates of CH4 and CO as a proxy 
for the availability of the *CHx and *CO intermediates in the catalytic 
microenvironment. The rate of CH4 and CO production can be tuned 
by changing the Cu–Ag ratio and the applied potential. The maximum 
multicarbon oxygenate generation rate was achieved when the CH4 and 
CO production rates were aligned.

Results
Dehalogenation of CH3I on an electrified Cu surface
To investigate asymmetric *CH3–*CO coupling on the Cu surface (Fig. 
1b,c), electrochemically polished Cu foil (EC-Cu) was chosen as a model 
Cu catalyst for the co-reduction experiments. The representative sur-
face morphology of the Cu foil before and after the electrochemical pol-
ish (Supplementary Fig. 1a,b) was characterized by scanning electron 
microscopy (SEM). It was found that most of the rough features on the 
pristine Cu foil disappeared after the polish, which gave a smoother sur-
face. Meanwhile, double-layer capacitance measurements showed that 
the specific capacitance of EC-Cu decreased from 187.8 to 54.3 μF cm–2 
(Supplementary Fig. 1c), which is a typical value for EC-Cu and is con-
sistent with that of the previous reports32. Elemental information of 
EC-Cu was also collected through X-ray photoelectron spectroscopy 
(XPS) to track the potential contamination after electrolysis (Supple-
mentary Fig. 2). The only increased signals can be attributed to the 
surface-absorbed iodine that stems from the electrolysis of CH3I.

Alkyl halides are widely used as alkylating reagents in organic33 
and electroorganic34 synthesis. Specifically, CH3I was selected as the 
methyl-providing reagent in this study, given the solubility of CH3I 
in aqueous electrolyte, the convenience of reaction product analy-
sis and the fact that the electrochemical dehalogenation process of 
CH3I on metal foils was also preliminarily reported35. By monitoring 
the composition of the gas effluent, we confirmed that no gas-phase 
product was generated through thermochemical processes, such 
as radical reactions, when CH3I and EC-Cu coexisted in an aqueous 
electrolyte under an open-circuit potential (Supplementary Fig. 3).  

The polarization response curve of the CH3I reduction reaction 
(CH3IRR) on EC-Cu was first explored to examine the potential win-
dow of in situ methyl generation in our system (Fig. 2a). Unlike the 
background curve representative of the hydrogen evolution reac-
tion (HER) under an Ar atmosphere, the addition of CH3I generated 
a distinctively strong electroreduction peak. The onset potential 
was around −0.1 V versus the reversible hydrogen electrode (RHE). 
It is worth noting that Cu does not behave as an inert electrode, but 
exhibits its catalytic behaviour towards CH3IRR. The onset potential 
of the same reaction on a glassy carbon electrode is more than 200 mV 
negative along with a much smaller cathodic peak relative to that on 
Cu. The higher dissociation kinetics of CH3I on the Cu surface may be 
attributed to the affinity between Cu and I (ref. 36).

To further explore the influence of electrolysis-induced surface 
pH variation, a pH-dependent CH3IRR was also conducted (Fig. 2b). 
No noticeable peak shift was observed against the scale of a standard 
hydrogen electrode (SHE) when the electrolyte was changed from 0.1 M 
KHCO3 to 0.1 M K2CO3 and 0.1 M KOH, which indicates that any proton 
concentration effect on CH3I dissociation, if existent, is negligible. 
Chronoamperometry experiments were then used to further study 
the potential dependency of CH3IRR. The reduction products were col-
lected and identified by gas chromatography (GC) and NMR spectros-
copy. We found that CH4 and C2H6 were the only two products generated 
from CH3IRR (Fig. 2c), whereas H2 and CH3OH were by-products derived 
from the HER and CH3I hydrolysis, respectively. It was also found that 
the production ratio between C2H6 and CH4 was potential dependent. 
At −0.2 V versus RHE, a 67.7% Faraday efficiency (FE) towards CH4 and 
a 27.5% FE towards C2H6 were achieved. The C2H6 FE decreased down to 
0% when −1.0 V versus RHE was applied and HER became a dominant 
reaction. This observation suggests that the methyl generation and 
C–C coupling were likely to be mediated by the Cu surface—although 
the C–C coupling step may be a non-electrochemical process—while 
competing with the H2 evolution. It is worth noting that CH3I is not the 
only reagent that can be electrochemically reduced to a methyl group 
on a Cu surface. Generally, we believe that *CHx can be generated by 
electrochemical dehalogenation reactions of various halomethanes 
and polyhalomethanes under similar conditions37.

Asymmetric coupling in 13CH3I and 12CO co-reduction
CO was then introduced into the electrolysis system as another impor-
tant building block in C–C asymmetric coupling on a Cu surface. As a 
reference, the CO self-coupling ability on EC-Cu within the potential 
window from −0.2 to −1.0 V versus RHE is also shown in Fig. 3a. Owing to 
the low solubility and inert property of CO in a 0.1 M KHCO3 electrolyte11, 
multicarbons generated from the CO reduction reaction (CORR) can 
only be detected under potentials more negative than −0.8 V versus RHE 
and the total FE towards CORR is less than 10%. Despite being minor 
products, the liquid product signals from CO self-coupling (Fig. 3b) 

a b c

–1.0 –0.8 –0.6 –0.4 –0.2 0 0.2
–2.5

–2.0

–1.5

–1.0

–0.5

0

–0.8 –0.6 –0.4

–0.03
–0.02
–0.01

j (
m

A
 c

m
–2

)

E (versus RHE)

and

Cathodic scan without CH3I
and

Cathodic scan with CH3I

CuGlassy
carbon

–1.0 –0.8 –0.6 –0.4

j (
m

A
 c

m
–2

)

E (V versus SHE)

pH 8.4 (0.1 M KHCO3)

pH 11.6 (0.1 M K2CO3)

pH 13 (0.1 M KOH)

0.2 mA cm–2

–1.0 –0.8 –0.6 –0.4 –0.2
0

20

40

60

80

100

120

F
E

 (
%

)

E (V versus RHE)

CH4 C2H6 H2

0

10

20

30

40

j (m
A

 cm
–2)

Fig. 2 | Electrocatalytic dehalogenation of CH3I under negative biases. a, The 
polarization response curve on the EC-Cu and glassy carbon electrodes with and 
without CH3I in 0.1 M KHCO3. b, The pH independence of the characteristic CH3I 

reduction peak position on EC-Cu against the SHE scale. c, Potential-dependent 
FE of different CH3IRR products and their corresponding current densities during 
CH3I electroreduction on EC-Cu.
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can still introduce uncertainty if they are not appropriately differenti-
ated from the signals of the CH3–CO asymmetric coupling products.

The introduction of a reactant labelled with the 13C isotope into the 
experiment is an effective method to remove this uncertainty. Specifi-
cally, the presence of a 13C atom induces the characteristic coupling to 
the surrounding protons and makes them distinguishable in the 1H NMR 
spectrum. The co-reduction experiments were executed with 12CO gas 
and liquid-phase 13CH3I as the starting chemicals. No new gas product 
was observed with GC. With similar product species and potential 
dependency, the gas product spectrum appears to result from the 
combination of 13CH3IRR and 12CORR (Fig. 3c). Nevertheless, several sets 
of the new proton peaks previously absent in the CORR-only spectrum 
were identified in the NMR spectrum, which were rigorously assigned 
to the four multicarbon oxygenates generated through 13CH3–12CO 
asymmetric coupling (Fig. 3e). Importantly, these asymmetric coupling 
products do not show up under the open circuit potential with all other 
conditions kept the same. These results indicate that this co-reduction 
reaction is an electrocatalytic process and the corresponding equations 
are proposed in equations (1)–(4):

∗CH3 + ∗CO +H2O + e−
electrolysis onCu

⟶ CH3CHO +OH− (1)

∗CH3 + ∗CO + 3H2O + 3e−
electrolysis onCu

⟶ CH3CH2OH + 3OH− (2)

2∗CH3 + ∗CO
electrolysis on Cu

⟶ (CH3)2 CO

or

∗CH3 + ∗CO + CH3I + e−
electrolysis on Cu

⟶ (CH3)2 CO + I−

(3)

∗CH3 + ∗CO +H2O
electrolysis onCu

⟶ CH3COOH + ∗H (4)

The potential-dependent generation amounts of isotope-labelled 
multicarbon oxygenates were also quantified to further understand 
the asymmetric coupling process (Fig. 3d). We found that the mul-
ticarbon oxygenate production amounts that resulted from asym-
metric coupling after 6 hours of electrolysis first increase from 310 to 
1,972 nmol cm–2 Cu when the applied potential was switched from −0.2 
to −0.8 V versus RHE, as the CH3IRR partial current density increases 
and the absorption of CO on Cu also becomes stronger38,39. A further 
increase in the applied potential to −1.0 V versus RHE inhibited the 
asymmetric coupling. This can be attributed to the overwhelming HER 
and competitive CORR pathways. Acetaldehyde (CH3CHO) was a major 
product in the co-reduction experiments under the wide potential 
range, generated by either the hydrogenation of *CH3–*CO asymmetric 
coupling intermediate or the coupling between *CH3 and *CHO. Based 
on the observations from CH3IRR and CORR (Figs. 2c and 3a) and the 
spectroscopical evidence in the literature14,18, the hydrogenation of CO 
requires a large overpotential. Therefore, the coupling between *CH3 
and *CO is more likely to be the first step. Ethanol (CH3CH2OH) was 
found to be another asymmetric coupling product that existed from 
−0.6 to −1.0 V versus RHE, which can come from the further electrore-
duction of CH3CHO (ref 40). It is worth noting that although H2O is illus-
trated as one of the proton sources in equations (1) and (2), the proton 
can be actually more broadly derived from bicarbonate and *H in HER.

Acetic acid (CH3COOH) and acetone ((CH3)2CO) were also found 
as two minor products from the isotope-labelled co-reduction experi-
ments. Instead of being hydrogenated, acetic acid and acetone were 
produced through further coupling processes between the *CH3–
*CO intermediate with H2O or *CH3 and/or CH3I. Although the gen-
eration amounts of CH3COOH and (CH3)2CO were influenced by the 
applied potential, they were not as potential sensitive as CH3CHO 
and CH3CH2OH. Nevertheless, it is worth noting that the CO (or CO2) 

insertion-type reaction mechanism with *CHx was previously pro-
posed for acetic acid and acetone formation in thermal catalysis41–43. 
To verify whether CO2 can also directly participate in the asymmetric 
coupling process with *CH3 as an alternative pathway to generate 
acetate, potential-dependent 12CO2 and 13CH3I co-reduction experi-
ments were also conducted (Supplementary Fig. 4). Interestingly, 
no 13C-labelled acetate can be observed in these experiments, which 
indicates the coupling between *CH3 and CO2 or *CO2

∙– was prohibited. 
We propose that free CO2 molecules have a linear configuration, which 
has a large steric hindrance, and so need to go through an Eley–Rideal 
insertion mechanism, which still requires a large activation energy. 
Meanwhile, the activated *CO2

∙− on the electrified catalyst surface 
can be transformed into downstream intermediates quickly44. More 
mechanistic work is desired in the future to solidify these reaction 
mechanisms.

Meanwhile, free I− was generated during the CH3I reduction pro-
cess, which may interfere with the Cu surface property and play a role 
in the co-reduction reaction18. To verify the potential influence of I− in 
the system, a control CORR experiment was conducted in which KI was 
added to the electrolyte (0.1 M KHCO3) to match up the theoretical 
I− concentration with that in co-reduction reactions. As exhibited in 
Supplementary Fig. 5, no notable improvement in the multicarbon gen-
eration amount was found in this KI-added CORR experiment. Although 
the current result cannot completely preclude all the possible positive 
effects of the trace amount of surface-adsorbed iodine, it confirmed 
that this trace amount of the I− in the system does not influence the 
isotope-labelled co-reduction experiment results.

Optimizing tandem CO2 electrolysis via asymmetric coupling
The co-reduction experiments using two individual intermediates 
sources combined with isotope labelling provided us with strong evi-
dence on the *CH3–*CO asymmetric coupling in a model EC-Cu system. 
We then further extended the research objectives from the exploration 
of a model-system-based mechanism to practical CO2 electrolysis with 
nanocatalysts to advance our understanding of asymmetric coupling. 
To this end, a Cu–Ag bimetallic NP assembly was employed as the cata-
lytic platform to explore the asymmetric coupling in CO2RR. The col-
loidal synthesis of both 7 nm Cu and 7 nm Ag NPs followed our group’s 
previously developed methods44–46. As an electrochemical tandem 
design principle, Ag can serve as a CO generator and Cu as a *CHx gen-
erator28,29 (equivalent to carbonyl and methyl branches, respectively, in 
the WL pathway) for such asymmetric coupling. According to previous 
research, the Cu NPs on glassy carbon exhibit a high selectivity towards 
methane47, whereas Ag NPs were found to be a good CO-producing 
catalyst with nearly unity FE44. Although it is hard to directly probe the 
intermediates on the Cu during electrolysis, CO- and CH4-generation 
rates can be easily measured and serve as an alternative way to indirectly 
monitor the corresponding surface chemistry. Therefore, we chose a 
potential range over which Ag NPs selectively produced CO and Cu 
NP-generated CH4 as the main product.

The prepared monodisperse 7 nm Cu NPs (Fig. 4a) and Ag NPs  
(Fig. 4b) were spin coated onto a glassy carbon electrode to form a dense 
monolayer, which was then used for CO2RR (Fig. 4c). Post-electrolysis 
characterization of the Cu–Ag NPs was also conducted to explore 
any other possible factors besides the tandem effect that may influ-
ence the catalytic performance. SEM imaging, scanning transmission 
electron microscopy (STEM) imaging, together with energy disper-
sive and electron energy loss spectroscopy (EDX and EELS) elemental 
mapping, showed that Cu NPs migrated and agglomerated to form a 
network during the CO2 electrolysis due to the dynamic nature of Cu 
NPs (Supplementary Figs. 6 and 7). Ag particles were found to grow 
larger but remain isolated on the Cu–Ag network. The nanodomains 
and the interfaces between Ag and Cu were further characterized by 
high-resolution transmission electron microscopy (Supplementary  
Fig. 8). These results suggested that the Cu and Ag domains were in 
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close contact with each other during CO2RR rather than spatially sepa-
rated on the as-prepared glassy carbon electrode. The XPS spectra of 
Cu and Ag indicated that no appreciable electronic interaction between 
Cu and Ag existed (Supplementary Fig. 9)48.

Although *CH3 generation in the co-reduction experiments can 
happen at potentials as positive as −0.1 V versus RHE due to external 
feeding of the CH3I reagent, the hydrodeoxygenation of *CO intermedi-
ates to give *CHx intermediates on Cu during the CO2RR usually hap-
pens under relatively negative potentials. The pure Cu NP assembly, 
which is denoted as Cu100, was found to produce a large amount of 

CH4 within the potential window from −1.05 to −1.35 V versus RHE (Fig. 
4d). A maximum CH4 production rate of 4.66 nmol s–1 was achieved 
at −1.2 V versus RHE. When a more negative potential was applied, 
the overwhelming HER suppressed the CO2 chemistry on Cu. Taking 
advantage of the tandem strategy, a certain fraction of the Cu NPs was 
replaced with Ag NPs to tune the catalytic CO2 transformation rates 
towards both CO and CH4. By increasing the Ag NP ratio from 0 to 50%, 
the CO generation rate at −1.2 V versus RHE was enhanced from 0.22 to 
2.95 nmol s–1. Meanwhile, as CO is a key intermediate in the production 
of CH4 and functions as a competing adsorbate that suppresses HER, 
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Fig. 3 | Potential dependent CO reduction experiments and 13CH3I and 12CO 
co-reduction experiments on EC-Cu. a,b, Potential-dependent product FEs 
and corresponding current density (a) and multicarbon oxygenate production 
amounts and distribution after 6 h of electrolysis (b) for CO electroreduction 
on EC-Cu. c,d, Potential-dependent product FEs and corresponding current 
density (c) and multicarbon oxygenate production amounts and distribution 
after 6 h of electrolysis (d) for 12CO and 13CH3I co-reduction on EC-Cu. Asymmetric 
products are quantified by isotope experiments. Error bars represent standard 
deviations based on three separate experiments, with the centre being the mean. 
The loss of FE under −0.2 and −0.4 V versus RHE in the CORR is due to the low 

current densities on EC-Cu. e, NMR spectra of the liquid products from 13CH3I 
and 12CO co-reduction experiments. The identified peaks are labelled with the 
corresponding products. Blue highlights the products and/or protons that 
are related to 12C and red those related to 13C. The unidentified minor peaks are 
labelled with diamond marks, which may come from trace impurities in the CH3I 
reagent and CH3I-induced leaching of the rubber sealing components. It is clear 
that no coupling reaction happens at the open circuit potential, which shows a 
flat baseline. 13CH3OH mainly comes from the hydrolysis of 13CH3I, which is not the 
target product in this study.
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the generation of CH4 on Cu sites may also benefit from the addition 
of Ag, especially under relatively negative potentials.

An aligned production rate of CO and CH4 was achieved with 
Cu50Ag50 at −1.2 V versus RHE. Under such conditions, a 0.73 nmol s–1 
production rate towards multicarbon oxygenates was observed on 
Cu50Ag50, 9.6 times higher than that on Cu100. To corroborate the 
early observation in the isotope co-reduction experiments, the correla-
tion between multicarbon oxygenate production rates in tandem CO2RR 
and the production rate of CO and CH4 were also analysed (Fig. 4e).  

Considering the asymmetric coupling needs both *CO and *CHx inter-
mediates on the Cu surface, we defined the lower value between the 
CO and CH4 production rates under a particular reaction condition as 
a rate-determining dimensionless indicator to describe the coexist-
ence of CH4 and CO. Taking CO2RR on Cu50Ag50 as an example, the 
production rates of CO and CH4 under −1.2 V versus RHE were 2.75 and 
2.95 nmol s–1, respectively. Therefore, the value that represents the 
coexistence of CH4 and CO is then defined as 2.75. It was found that 
the production rates of oxygenates obey well the same trend as the 
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Fig. 4 | Cu–Ag tandem CO2 electrolysis optimization via asymmetric 
coupling. a,b, TEM images of 7 nm Cu NPs (a) and 7 nm Ag NPs (b). c, SEM image 
of the as-prepared Cu–Ag NP assembly on glassy carbon as the working electrode. 
d, Potential-dependent production rates of CO and CH4 as two intermediate 
indicators of CO2 reduction on the Cu–Ag NP assembly electrodes with varied 
Cu–Ag ratios. e, Potential-dependent multicarbon oxygenate production rates 

in CO2 reduction on Cu–Ag NP assembly electrodes with varied Cu–Ag ratios. The 
coexistence of CH4 and CO is a dimensionless indicator defined as the minimum 
value between the CO and CH4 production rates, which indicates the limiting 
factor for asymmetric coupling. All potentials here are described against the RHE 
scale. a.u., arbitrary units.
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coexistence of the CH4 and CO value change. Even though the appar-
ent production rates alone are not sufficient to further discuss the 
causality, a strong correlation between the two can be confirmed. As 
a similar phenomenon and trend can be observed in both the electro-
chemical tandem CO2RR and the isotope co-reduction experiments, 
our study suggests possible asymmetric coupling pathways for mul-
ticarbon products, which leads to a catalytic selectivity shift towards 
oxygenates.

Discussion
From this study, we envision that various tandem systems can be devised 
for a more efficient and selective electrocatalytic CO2-to-multicarbon 
oxygenate conversion, benefiting from asymmetric coupling inspired 
by the WL pathway. Thus far, there have been remarkable advances in 
the development of efficient CO-producing (that is, carbonyl branch) 
catalysts49. However, conventional Cu-based catalysts typically require 
large overpotentials for *CHx generation. Therefore, it is important 
to develop improved catalysts (that is, methyl branch catalysts) with 
reaction sites that not only can achieve an efficient production of *CHx 
intermediates with a high surface coverage at low overpotentials, but 
also can facilitate asymmetric coupling for a selective multicarbon oxy-
genate product generation. In addition, systematic optimizations are 
needed for the spatial distribution of two distinct catalysts in a tandem 
system and for the production rates of the two intermediates to attain 
improved catalytic results. Furthermore, microkinetic modelling stud-
ies are desired to scrutinize the impact of a microenvironment created 
by such tandem systems on the catalytic selectivity.

In summary, inspired by the WL metabolic pathway, we explored 
asymmetric C–C coupling in CO2RR by both isotope-labelled 
co-reduction experiments and Cu–Ag electrochemical tandem catalysis 
in more practical CO2 electroreduction conditions. We initially validated 
the characteristic catalysis process of *CH3–*CO asymmetric coupling 
on a Cu surface. As it is challenging to directly probe the C–C coupling 
intermediate species, we developed an isotope-labelled co-reduction 
process to explore the *CH3–*CO coupling on Cu. Within a wide potential 
window, asymmetric *CH3–*CO coupling can happen on Cu and yield 
up to four detectable isotope-labelled oxygenate products, which 
include acetaldehyde, ethanol, acetic acid and acetone. Hydrogenation 
is necessary for the production of acetaldehyde and ethanol from the 
asymmetric coupling intermediate, whereas acetic acid and acetone are 
generated through an additional coupling process. After confirming the 
Cu-catalysed asymmetric C–C coupling in the model system, a Cu–Ag 
NP assembly was used as a tandem catalyst for CO2 electroreduction 
to further explore the asymmetric coupling in more practical condi-
tions. The production rate of the *CHx and *CO intermediates during 
CO2RR can be successfully tuned by varying the NP number (and thus 
mass) ratio between Cu and Ag in the tandem system. The final genera-
tion rates of oxygenates were found to be strongly correlated with the 
coexistence of both intermediates. A maximized oxygenate generation 
rate can be achieved when those of the two intermediates are broadly 
aligned. These new insights of the C–C coupling pathway in CO2 fixation 
not only confirmed the existence of asymmetric coupling as another 
pathway in addition to the well explored *CO–*CO symmetric coupling 
pathway, but also shed light on the new design paradigm of tandem 
catalytic systems in future CO2 electrolysis.

Methods
Materials
Commercial Cu foil (thickness 0.25 mm, 99.98% trace metals basis), D2O 
(99.9 atom% D), methyl iodide (contains Cu wire as the stabilizer, 99.5%), 
o-phosphoric acid (85%, Supelco), carbon rod (length 150 mm, diam-
eter 6 mm, 99.995% trace metals basis), KHCO3 (ACS reagent, 99.7%), 
K2CO3 (99.995% trace metals basis), KOH (99.99% trace metals basis), 
dimethyl sulfoxide (DMSO, ACS reagent, ≥99.9%), KI (ACS reagent, 
≥99.0%) and airbags (Supel inert multilayer foil) were purchased from 

Sigma-Aldrich. Commercial Ag foil (thickness 0.28 mm, 99.9% trace 
metals basis) and Pt gauze (99.9% metal basis) were ordered from Alfa 
Aesar. Glassy carbon electrodes (CHI104) and Ag/AgCl (3 M KCl) refer-
ence electrodes were purchased from CH Instruments and World Preci-
sion Instruments, respectively. Glassy carbon plates (25 mm × 25 mm) 
were purchased from SPI supplies, and a glassy carbon planchet (diam-
eter 25 mm) was purchased from Ted Pella. CO (4.0 research), CO2 
(4.5LS) and Ar gas were purchased from Praxair. Deionized (DI) water 
(with 18.2 MΩ cm, <5 ppb total organic carbon) was obtained from a 
Millipore water system. Isotope-labelled 13CH3I (99%) was purchased 
from Cambridge Isotope Laboratories, Inc. Fumasep and Selemion 
AMV anion exchange membrane were ordered from Fuel Cell Store 
and AGC Engineering, respectively.

Electrode preparation
The electrochemical polish parameter in the previous report50 was used 
here. Specifically, the as-received Cu foil was first cut to the desired 
size, then sonicated in an ethanol bath and a DI water bath sequentially 
to remove the organic contamination on the Cu surface. Then, the Cu 
foil was dipped into the 85% o-phosphoric acid and electrochemically 
polished with a carbon rod as the counter electrode. The electrochemi-
cal polish process lasted for 10 min under an applied potential of 2.1 V 
versus the carbon rod. After the electrochemical polish, Cu foil was 
rinsed with DI water to remove acid on the surface and then blow-dried 
with Ar flow. The prepared EC-Cu was then immediately used for the 
characterization of electrochemical tests.

For Cu and Ag NP synthesis, previously reported recipes were 
followed44–46. NPs were spin coated on the glassy carbon planchet, and 
this process was optimized to load NPs close to a monolayer. To form a 
tandem NP system, Cu and Ag NP solutions were mixed and spin coated 
on the support by using a spin coater (Laurell WS-400A-6NPP/LITE). 
For instance, to make Cu50Ag50 where 50% of the total number of NPs 
was Cu NPs, the concentration of each Cu and Ag NP solution was taken 
into account when a mixed solution was prepared. The active area of 
the electrode exposed to the electrolyte was 1.13 cm2.

Characterization
The images of Cu surface morphology were acquired by using an FEI 
Quanta 3D FEG/FIB SEM with the operation conditions of 5 kV and 
3.4 nA. XPS (Thermo Scientific K-Alpha) characterization was con-
ducted using an Al Kα source. To measure the post-electrolysis sample, 
EC-Cu foil was sampled after CH3I and CO co-reduction under −0.8 V 
versus RHE for 6 h. The foil was then rinsed with DI water to remove 
as much electrolyte residue as possible and blow-dried with Ar flow. 
Post-electrolysis SEM images of the Cu–Ag NPs were directly collected 
on the glassy carbon substrate after the CO2RR finished. For TEM-based 
characterizations, particles were redispersed in ethanol by ultrasonica-
tion, then deposited on the TEM grids. Atomic-scale high-angle annu-
lar dark-field detector STEM images and elemental EELS maps were 
acquired on a fifth-order aberration-corrected STEM (Cornell Nion 
UltraSTEM) operated at 100 keV with a beam convergence semi-angle 
of 30 mrad. Sub-ångström spatial resolution was achievable under 
such operating conditions. EELS spectral images were acquired with 
a 0.25 eV per channel energy dispersion (energy resolution, 1.0 eV) in a 
Gatan spectrometer with a size of 100 pixels and an acquisition time of 
10 ms per pixel. EELS spectrum images were processed using principal 
component analysis (three components) and the linear combination of 
power law to subtract the background in ImageJ software. In addition, 
EDX mapping was acquired in a STEM mode using the Titan Themis 
microscope at the National Center for Electron Microscopy at LBNL. 
STEM–EDX maps were acquired for 30–40 min with drift correction 
using the Velox software and an estimated spatial resolution of 1–2 nm 
at 300 keV and about a 0.6 nA beam current using a quadruple Bruker 
EDX detector with a large solid angle of 0.7 steradian. High-resolution 
bright-field TEM images were also acquired on a Themis at 300 keV.
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Electrochemical tests
Electrochemical tests were conducted in conventional H-cells. For all 
the CH3I- and CO-related experiments, the cathode and anode of the 
H-cell were separated by an anion exchange membrane. The volume of 
electrolyte in both chambers was 50 ml. Before electrolysis, the electro-
lyte was first bubbled with carrier gases for at least 20 min to remove 
dissolved oxygen. KHCO3 (0.1 M) was used as the default electrolyte 
unless specific conditions are stated. The gas flow rate during elec-
trolysis was controlled at 10 ml min–1 by a mass flow controller at room 
temperature. Ag/AgCl (3 M KCl) was used as the reference electrode. 
For NP-based CO2RR experiments, the volume of the electrolyte in both 
chambers was 17 ml and the gas flow rate was 20 ml min–1. Besides that, 
other operating conditions and procedures were identical.

In double-layer capacitance measurements, the gas flow and stir 
bar were stopped after the system was fully deoxygenated. Meanwhile, 
the gas outlet was also sealed. The potential range of cyclic voltam-
metry scans was set from −0.1 to 0.25 V versus RHE. Through linear 
regression, the slope of the charging and discharging currents with 
respect to the scan rates was obtained, which corresponds to the sur-
face’s double-layer capacitance.

The polarization response curves were also collected with a cyclic 
voltammetry technique. After the cyclic voltammetry curve was stable 
(usually after five loops), the cathodic scan sections between 0.1 and 
−0.9 V versus RHE were then collected and plotted for comparison. CH3I 
(10 μl) was added to the electrolyte to investigate the characteristic 
reduction peak and operation window of CH3IRR.

Catalytic performances were tested with 85% iR compensated 
chronoamperometry. The remaining 15% iR drop was manually com-
pensated during the data analysis. The deviation of actual potential 
from expected potential is normally smaller than 25 mV, which is not 
supposed to influence any of the comparison or conclusions in this 
study relative to the 200 or 150 mV intervals applied in the electro-
chemical tests. For both the 12CO and 13CH3I co-reduction and 12CO2 and 
13CH3I co-reduction experiments, while the gas flow was kept constant 
during the 6 h electrolysis, two doses of 50 μl of CH3I were added to the 
cathodic chamber at 0 and 3 h, respectively. The hazards associated 
with handling CH3I (that is, volatile and highly toxic) require that all 
the CH3I-relevant operations need to be performed in a fume hood 
accordingly. During each 3 h electrolysis period, the current gradu-
ally decreased due to the consumption of the CH3I reduction as well 
as CH3I evaporation with gas flow. All the gases that eluted from the 
outlet were cumulated in a gas bag during the electrolysis to obtain an 
averaged result. Liquid products were sampled after 6 h of electrolysis. 
For the CORR without CH3I, gas was directly sampled from headspace 
with a syringe, so a gas bag is not necessary. In the KI-involved control 
experiment, 267 mg of fresh KI was dissolved in the catholyte to match 
up with the fed-in iodine in the co-reduction experiments. Other than 
the addition of KI, the set-up and operations of the control experiment 
were all the same as those for routine CORRs.

Product analysis
After electrolysis, gas products, which included CO, CH4, C2H4, C2H6 and 
H2 were detected and quantified using GC (Agilent 7890B GC system). 
An additional 10 min baking at 200 °C was added into the GC program 
to remove the CH3I vapour trapped in the column. For NP-based CO2 
electrolysis gas products were measured by GC (SRI MG3) equipped 
with a thermal conductivity detector and a flame ionization detector. 
Liquid products were analysed by 1H NMR spectroscopy (Bruker AV600 
with a 5 mm Z-gradient triple resonance 1H/BB Prodigy cryoprobe) with 
water suppression by excitation sculpting. 900 μl aliquot of the liquid 
and 100 μl of DMSO–D2O solution were mixed for locking purposes, 
in which DMSO was used as the internal standard for quantification.

Data availability
All data is available from the authors upon reasonable request.
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