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Dinuclear Cu(I) molecular electrocatalyst for 
CO2-to-C3 product conversion

Naonari Sakamoto     , Keita Sekizawa     , Soichi Shirai    , 
Takamasa Nonaka    , Takeo Arai    , Shunsuke Sato     & Takeshi Morikawa    

Molecular metal complex catalysts are highly tunable in terms of their 
CO2 reduction performance by means of their flexible molecular design. 
However, metal complex catalysts have challenges in their structural 
stability and it has not been possible to synthesize high-value-added 
C3 products due to their inability to perform C–C coupling. Here we 
show a CO2 reduction reaction catalysed by a Br-bridged dinuclear Cu(I) 
complex that produces C3H7OH with high robustness during the reaction. 
The C–C coupling reaction mechanism was analysed by experimental 
operando surface-enhanced Raman scattering analysis, and theoretical 
quantum-chemical calculations proposed the formation of a C–C 
coupling intermediate species with substrate incorporation between 
the two Cu centres. Molecular design guidelines based on this discovery 
offer an approach to developing next-generation catalysts that generate 
multicarbon CO2 reduction products.

The electrochemical carbon dioxide reduction reaction (CO2RR), 
which is used to produce valuable chemical feedstocks and fuels, is a 
promising technology for storing renewable energy in response to the 
increasing urgency to develop and implement a sustainable carbon-
neutral economy1. CO2RR technology can substantially reduce the use 
of fossil-fuel raw materials and contribute to controlling the anthropo-
genic carbon cycle2–5. Ideally, CO2 should be adsorbed and retained in 
the vicinity of the catalyst, then the catalytic reaction should proceed, 
and the reaction intermediates should be retained until the required 
reduction products are formed6,7. It is also necessary to efficiently 
transfer multiple electrons and protons to the CO2 (ref. 8). In general, 
reductants that require more electrons are preferred product targets 
because of their higher energy densities and larger markets2–4. Mul-
ticarbon (C2+) products such as ethylene and ethanol, which require 
C–C coupling reactions, are noteworthy among these2, but products 
with even higher energy density that require additional C–C coupling, 
such as C3H7OH, are even more valuable2,7. It is thus desirable for a CO2 
conversion catalyst with high efficiency to have various functions and 
to be strictly controllable and adjustable via, for example, structural 
features related to the C–C coupling reaction9.

Molecular catalysts can provide various added functions as a 
result of differences in their molecular structure, and they have the 

potential to solve the major challenge of the selective reduction of 
CO2 to a specific product10–13. Unimolecular metal complex catalysts 
can freely modulate reactivity and selectivity by changing the design 
of the ligand, unlike single-metal-atom nitrogen-doped carbon14 and 
coordination polymers15–17. Indeed, a molecular-catalysed CO2RR 
process has already been achieved to provide the selective generation 
of different C1 products (such as CO and HCOOH) by changing the 
central metal’s electronic state through the selection of appropriate 
organic ligands18–20. The difference in electronic states enables control 
of the adsorption structure of the reaction intermediates as well as 
the efficiency of proton addition13–20. Nevertheless, only a few cases 
of C2 product formation on molecular catalysts21–25, and no cases of 
C3 product formation, have been reported. The molecular catalysts 
used thus far have been almost exclusively mononuclear. Because 
CO2 itself exhibits very low reactivity, CO2 can only act on the active 
metal centre18–20, and it is unlikely that another CO2 will react directly 
with the CO2-reduced species on the metal centre of a mononuclear 
complex to induce coupling. The synthesis of C2+ products is assumed 
to require the reduction of at least two CO2 molecules nearby, fol-
lowed by coupling between the reductive species. For this reason, 
multinuclear molecular catalysts are promising CO2RR catalysts for 
C2+ formation21,22.
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CO2 as a result of the strong interaction of the phenyl group with CO2, 
which is not involved in the coordination.

Cyclic voltammetry experiments were conducted on monomeric 
molecules to investigate the electrochemical properties of the synthe-
sized molecular catalysts in homogeneous systems. In experiments 
under an Ar atmosphere, the first reduction wave was observed at −1.2 V 
versus Ag/AgNO3 for all the metal complexes (Fig. 1d–f and Supplemen-
tary Fig. 2). The first reduction wave was found to be a one-electron 
reduced species under an Ar atmosphere (Supplementary Fig. 3). 
The lowest unoccupied molecular orbitals (LUMOs) of CuBr–BisM 
and CuBr–12B are mainly distributed on the P atoms and the phenyl 
groups and are partially distributed over the central Cu2Br2 moiety. By 
contrast, the LUMO of CuBr–4PP is localized on the 4-phenylpyridine 
(4PP) ligand moieties (Supplementary Fig. 4). In situ UV–vis spectra 
also confirmed that it was a ligand reduction (Supplementary Fig. 5). 
The first reduction wave is attributed to electron injection into the 
LUMO moiety. CuBr–BisM exhibited similar current profiles under CO2 
and Ar atmospheres, with no current increase indicative of a catalytic 
current due to CO2 reduction (Fig. 1d). The voltammogram for CuBr–
12B shows a catalytic wave starting from the same potential as that 
for electron injection into the 12B ligands, with behaviour similar to 
that of a typical CO2-reducing molecular catalyst (Fig. 1e). However, 
in the voltammogram for CuBr–4PP, the reduction wave was observed 
in the region from −1.0 to −1.1 V, which is lower than the potential at 
which electrons enter the phenyl and pyridine sites of the 4PP ligand 
(Fig. 1f). A more negative sweep did not increase the current, and the 
catalytic current for CO2 reduction was observed at potentials more 
negative than −1.8 V versus Ag/AgNO3. The results also suggest that 
a molecule designed to retain CO2 would also affect the reduction 
potential. Operando X-ray absorption near-edge structure (XANES) 
analysis in MeCN solution confirmed that the Cu(I) state is maintained 
(Supplementary Fig. 6). Apparently, the association complex CuBr–4PP 
retains the CO2-reduced species as the active species without releasing 
them after accepting electrons, and functions as a catalyst to generate 
reduced products through further reduction of the active species when 
a potential more negative than −1.8 V is applied.

Investigation of CO2 electroreduction for CuBr molecular 
catalysts
We investigated the activity of the CuBr molecular catalyst electrodes 
by performing heterogeneous electrochemical CO2RRs in a 0.5 M 
KHCO3 electrolyte (Supplementary Figs. 7 and 8) using an H-type cell. 
Powdered crystals of each CuBr molecular metal complex were applied 
to one side of carbon paper (CP) to fabricate electrodes. Figure 2a shows 
the Faradaic efficiencies for all the products obtained during the CO2RR 
using the CuBr–4PP electrode. At −1.4 V versus Ag/AgCl, the Faradaic 
efficiency of H2 production was ~60% and that of HCOOH, which was 
the main product of CO2 reduction, was ~20%. The efficiency of CO 
production was only 4%, whereas that of C2H5OH production was ~10%. 
C2H5OH was the product formed at the lowest potential among the 
CO2 reduction products requiring C–C coupling. At −1.6 V versus Ag/
AgCl, the formation of C3H7OH, C2H4 and CH4 was confirmed. At −2.2 V 
versus Ag/AgCl, the production efficiency of the C2+ products in total 
was 60% and that of C3H7OH was ~10%. The formation of C3H7OH has 
therefore been successfully demonstrated on a molecular catalyst 
(Supplementary Table 1). The efficiency of CO formation6,8, which is 
considered an intermediate of C2+ products, was less than 10% at all 
potentials within the investigated range. The current flowed stably 
for 6 h (Supplementary Fig. 9), and the reduction products were also 
produced stably. The carbon source for the C2+ products generated 
over CuBr–4PP was identified as the introduced gaseous CO2 by isotope 
tracer experiments using 13CO2 (Supplementary Fig. 10).

Supplementary Fig. 11 presents the Faradaic efficiencies at each 
potential for CuBr–BisM and CuBr–12B. Figure 2b–d compares the Far-
adaic efficiencies at −2.2 V versus Ag/AgCl for CuBr–4PP, CuBr–BisM 

Promoting a CO2 feed in the vicinity of the catalyst is also important 
in the formation of C2 products, which require C–C coupling reac-
tions7,26. Recent studies have suggested that the efficiency of the CO2 
supply can be increased by using a gas diffusion cell4,6,7. The catalyst 
itself must be capable of adsorbing and then retaining CO2 in the vicin-
ity of the catalyst to maintain the feed. CO2 retention is accomplished 
with materials that exhibit hysteresis properties in the adsorption–des-
orption process based on physical and chemical interactions between 
the CO2 and the adsorbent material27. Reversible CO2 adsorption is 
surface-area-dependent27 and has been demonstrated for many mate-
rials22,24. In the case of molecular catalysts, the reversible adsorption 
capacity, which is pressure-dependent, is insufficient to retain CO2 in 
the vicinity of the catalyst. A molecular design is thus needed to form 
a complex of CO2 that can retain CO2 with an interaction stronger 
than the physical adsorption interaction, without applying electrical 
energy. The improved efficiency of the primary process (that is, con-
tact between CO2 and the catalyst) of such molecules is expected to 
lead to a lower activation energy and improved selectivity. The ability 
of molecular catalysts to adsorb and retain CO2 can be enhanced by 
introducing amine groups28,29 or π-conjugated substituents to the 
catalyst ligand30,31. It has been suggested that this CO2 retention ability 
alone is not sufficient for the formation of C3 products, and the reaction 
intermediates must also demonstrate retention ability7. Unfortunately, 
the molecular catalysts that have been reported to induce C2 formation 
have also been observed to decompose too rapidly under operating 
conditions23–25. Accordingly, robustness is also necessary to maintain 
the superior features of precisely designed molecular catalysts.

In this Article, to develop a catalyst capable of C3 product forma-
tion, we report the design a molecular catalyst with a ligand that has 
a large number of π electrons and robust active sites. Specifically, 
we use Cu multinuclear metal complexes with a Br bridging ligand. 
Adsorption–desorption hysteresis due to CO2 adsorption and reten-
tion was observed in the metal complexes with close Cu active centres. 
Operando X-ray absorption fine structure (XAFS) analysis confirmed 
that the precisely designed structure does not decompose during 
CO2 electrolysis in an aqueous solution, and C3 production from CO2 
was achieved using this engineered molecular catalyst. In addition, 
important intermediates resulting from C–C coupling were observed 
via operando spectroscopic analysis, and density functional theory 
(DFT) calculations strongly supported the derived mechanism, sug-
gesting the validity of the concept of C3 production by the multinuclear 
molecular catalyst.

Results
Synthesis of CuBr molecular catalysts and characterization
We synthesized di- or trinuclear Cu(I) molecular metal complexes. Spe-
cifically, we synthesized [Cu3(μ-Br)2(bis-methyl-bisphenylphosphine)3]
Br− (CuBr–BisM)32–34, Cu2(μ-Br)2(1,2-phenyl-bisphenylphosphine)2 
( C u B r – 1 2 B ) 3 5, 3 6 a n d  C u 2( μ - B r) 2( t r i p h e n y l p h o s p h i n e ) 2

(4-phenylpyridine)2 (CuBr–4PP)37 (Fig. 1a). The structures of the 
obtained Cu(I) complexes were analysed by single-crystal X-ray dif-
fraction analysis (Fig. 1a and Supplementary Fig. 1). CuBr–12B and 
CuBr–4PP were confirmed to be the desired Br-bridged dinuclear 
complex by matching the unit cells in the single-crystal analysis with 
previous reports35–37. CuBr–BisM (Supplementary Tables 2–9) is con-
sistent with the previously reported trinuclear structure, except for 
the solvent molecules in the crystal32–34.

Figure 1b,c shows the CO2 adsorption–desorption behaviour of 
powdered samples of the molecular metal complexes. CuBr–BisM 
and CuBr–12B (Fig. 1b) adsorbed more CO2 than the raw material, CuBr 
(Fig. 1c), but almost no hysteresis was observed. The results show that 
these complexes do not retain CO2. By contrast, CuBr–4PP exhibited 
hysteresis in the adsorption–desorption process (Fig. 1c). CO2 is known 
to interact with the π orbitals of phenyl and pyridine moieties30,31. The 
CuBr–4PP is assumed to have gained the ability to adsorb and retain 
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Fig. 1 | Cu(I) molecular structure and characterization. a, Molecular  
structures of [Cu3(μ-Br)2(bis-methyl-bisphenylphosphine)3]Br− (CuBr–BisM),  
Cu2(μ-Br)2(1,2-phenyl-bisphenylphosphine)2 (CuBr–12B) and Cu2(μ-Br)2 
(triphenylphosphine)2(4-phenylpyridine)2 (CuBr–4PP). Solvent molecules 
are not shown in the figure. The crystal parameters and refinement data 
for the CuBr metal complexes are shown in Methods, Supplementary Fig. 1 
and Supplementary Tables 2–9. b, CO2 adsorption and desorption spectra 

of CuBr–12B and CuBr–BisM at room temperature. c, CO2 adsorption and 
desorption spectra of CuBr–4PP and copper(I) bromide at room temperature. 
d–f, Cyclic voltammograms for 0.5 mM CuBr–BisM (d), 0.5 mM CuBr–12B (e) and 
0.5 mM CuBr–4PP (f), measured in acetonitrile (MeCN) solution containing 0.1 M 
NEt4

+BF4
− under Ar (blue) or CO2 (red). The measurements were conducted in  

a voltage range from −0.8 to −2.0 V using a glassy carbon working electrode,  
a Pt counter electrode and a Ag/AgNO3 reference electrode. Scan rate, 25 mV s−1.
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and CuBr–12B. For CuBr–BisM, which exhibits no CO2 adsorption 
capacity and for which cyclic voltammograms recorded in organic 
solvents show no CO2 reduction wave, the Faradaic efficiency for the 
production of H2, which is the main product, was ~80%, and that for 
the production of CH4 was ~20%. These results indicate that the C–C 
coupling reaction was not proceeding. For CuBr–12B, which did not 
exhibit CO2 adsorption but whose cyclic voltammogram did show a 
CO2 reduction wave, the efficiency of H2 production was suppressed 
to 40% and that of CH4 production was ~50%; however, the efficiency 
of the C2 products was only several percent. At the same potential, 
CuBr–4PP was found to produce C2 products as the main product  
and to produce C3H7OH with 10% Faradaic efficiency, suggesting 
that the CO2 adsorption and retention ability and the stable CO2 
association structure complex can contribute to the characteristic 
CO2 reduction properties.

To obtain deeper insight into the complex potential dependence 
of CuBr–4PP, the carbon monoxide reduction reaction (CORR) was 
performed using CO as substrate, which is more reactive and will 
contribute as a reaction intermediate5–9. The formation of C3H7OH 
by the CORR was confirmed at all potentials from −1.4 V to −2.2 V 
(Supplementary Fig. 12). The yields of C3 and C2 products increased 
monotonically with potential, and no CH4 formation was observed 
at any potential. This suggests that C–C coupling will be induced by 
CO production in the CO2RR, but the strong potential dependence 
of the proton-coupled electron injection process will be accompa-
nied by methane by-products, leading to complex changes in the 
product ratios.

Investigation of oxidation state and structure during  
the CO2RR
Changes in the oxidation state of Cu can be observed by operando 
XAFS measurements23, even for Cu molecular catalysts that do 
not show any changes in ex situ experiments (for example, X-ray 

photoelectron spectroscopy (XPS), X-ray diffraction and XAFS)24,25. 
Accordingly, we also conducted operando XAFS experiments to 
investigate the change in the oxidation state of Cu in CuBr molecular 
catalysts during the CO2RR (Supplementary Fig. 13a). Supplementary 
Fig. 13 shows the operando XANES results obtained via fluorescence 
XAFS experiments for the CuBr molecular catalysts. The Cu in the 
CuBr–4PP complex (Supplementary Fig. 13b,c) retains the Cu(I) oxi-
dation state during the CO2RR. In addition, with an applied potential 
from −1.2 V to −2.4 V versus Ag/AgCl, the oxidation state of Cu in 
CuBr–4PP did not change (Supplementary Fig. 13h). By contrast, 
CuBr–BisM and CuBr–12B were shifted to the low-energy side and 
became close to Cu(0) (Supplementary Fig. 13d–g). The validity of the 
present analysis was also examined using known metal complex cata-
lysts. HKUST-1 (Cu3(benzene-1,3,5-tricarboxylate)2) metal–organic 
frameworks38 (Supplementary Fig. 13i), which have been reported 
to change from Cu(II) to Cu(0) within 1 h (ref. 23), were observed to 
change to Cu(0) within 10 min during the current operando XANES 
measurements. The measurements are thus considered to have been 
performed at least as well as those previously reported. From XPS 
spectra, it was also confirmed that only CuBr–4PP maintained its 
state before and after the reaction (Supplementary Fig. 14). Cal-
culations based on the structures of CuBr–4PP and CuBr–12B with 
multiple electrons also indicate that CuBr–12B is less stable than 
CuBr–4PP, supporting the operando XAFS and ex situ XPS results 
(Supplementary Table 10). We also used bright-field transmission 
electron microscopy to observe CuBr–4PP after the CO2RR and 
did not observe dark spots indicating the formation of Cu clusters 
(Supplementary Fig. 15). Dynamic light scattering (Supplementary 
Fig. 16) and operando Raman (Supplementary Fig. 17) measurements 
confirmed that no Cu metal was formed from CuBr–4PP. Therefore, 
both operando and ex situ (Supplementary Fig. 18) spectroscopic 
analyses and morphological observations show that the oxidation 
state and structure of CuBr–4PP were maintained during the CO2RR.
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Fig. 2 | Electrochemical CO2 reduction for Cu(I) molecular catalyst. a, Faradaic 
efficiency of different reduction products was observed after 1 h of CO2 reduction 
using the CuBr–4PP electrodes in a 0.5 M KHCO3 electrolyte. b–d, Faradaic 
efficiencies of various reduction products (C3 (b), C2 (c), C1 + H2 (d)) observed at 

−2.2 V versus Ag/AgCl after CO2 reduction for 1 h using the CuBr–BisM, CuBr–12B 
and CuBr–4PP electrodes in the same electrolyte. Error bars correspond to the 
standard error of three independent measurements.
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Reaction mechanism by operando analysis and DFT 
calculations
The structural changes in the ligand moiety during the CuBr–4PP reac-
tion were investigated using operando Raman measurements. The 
peak intensity at 1,580 cm−1, where the C=C stretching vibrations of the 
4PP ligand are observed (Supplementary Fig. 19), was enhanced while 
applying potential. The enhanced peak intensity indicates that elec-
trons were incorporated into the 4PP ligand moiety when a potential 
was applied39 (Supplementary Fig. 20). No other peaks were observed.

Weak peaks, such as those for the reaction intermediates of 
C3H7OH, can be observed by surface-enhanced Raman scattering 
(SERS) measurements based on the localized surface plasmon reso-
nance of metal nanoparticles (Fig. 3a)40–42. Anisotropic Ag plates as 
localized surface plasmon resonance substrates and an appropriate 
excitation wavelength were used to obtain stronger SERS signals40,41. 
SiO2 was used to inactivate Ag to prevent its CO2RR activity. Figure 3b,c 
and Supplementary Fig. 21 show the results obtained by operando 
SERS using Ag-plate core/SiO2 shell nanoparticles (NPs). In the SERS 
spectra of CuBr–4PP under a CO2 atmosphere, peaks were observed 
at 1,740 and 2,050 cm−1 at −1.2 V versus Ag/AgCl (Fig. 3b), a potential at 
which no reduction products were observed (Supplementary Fig. 22). 
When the potential was increased to −2.0 V versus Ag/AgCl, peaks were 
observed near 1,540–1,560 cm−1 (Fig. 3c). However, these peaks were 
not observed when the sample was under an Ar atmosphere (Sup-
plementary Fig. 21a,b). These peaks were not observed in CuBr–12B 
(Supplementary Fig. 21c,d). Furthermore, labelling experiments with 
13CO2 confirmed that the operando SERS peak in the CuBr–4PP was 
derived from CO2 (Supplementary Fig. 23).

To identify the observed reaction intermediates and to elucidate 
the reaction mechanism for the formation of C3 products, DFT cal-
culations were performed with CO as the substrate. This mechanism 
also gives information regarding the main reaction mechanism in the 
CO2RR, because CO was produced as a by-product along with propanol 
in the CO2RR (Fig. 2a), and propanol was produced in both the CO2RR 
and CORR (Supplementary Fig. 12). For the process from the initial 
structure of CuBr–4PP ([Cu–Br–Cu]0) to the formation of C3 interme-
diate species via the C–C coupling reaction by the CORR, the possible 
intermediates were searched and selected based on the validity of 
the free-energy change and the correspondence with the SERS spec-
trum (Fig. 3f and Supplementary Table 11). The process of transfer of 
both electrons (ET) and protons (PT) can involve multi-step (PT + ET 
or ET + PT) or concerted (proton-coupled electron transfer; PCET) 
mechanisms43. Here, we assume that all such processes proceed by a 
concerted mechanism, and the energy difference required for the pro-
cess is expressed in terms of potential (EPCET). In the CORR, insertion of 
CO into the Cu–Br–Cu bridge of the initial structure of CuBr–4PP ([Cu–
Br–Cu]0) yielded [Cu–Br_CO–Cu]0 with a free-energy change (ΔG) of 
4.9 kcal mol−1. Transition-state analysis yielded [Cu–Br_CO–Cu]0‡ with 
an energy difference from [Cu–Br–Cu]0, the activation barrier (ΔG‡), of 
14.0 kcal mol−1. The subsequent Br desorption process (6.2 kcal mol−1) 
can also proceed immediately at room temperature. Adding one 
electron and one proton to [Cu–CO–Cu]+ gave [Cu–CHO–Cu]+. This 
energy difference corresponds to −1.14 V versus the normal hydrogen 
electrode (NHE), which can proceed under the present experimental 
conditions. CO insertion into the CHO bridge of [Cu–CHO–Cu]+ gave 
the structure [Cu–CHOCO–Cu]+. In this transition state, the bridging 
CHO shifted to one Cu, the inserted CO coordinated to the other Cu, 
and the activation barrier was 13.0 kcal mol−1. The energy difference 
between [Cu–CHOCO–Cu]+ and [Cu–CHOCO–Cu]0 was equivalent 
to +0.27 V versus NHE, which is more positive than the previous elec-
trochemical process, so [Cu–CHOCO–Cu]0 would be produced. In 
[Cu–CHOCO–Cu]0, the CHO group migrated away from the Cu centre 
and only the other C was bridged between the Cu atoms. Adding one 
electron and one proton to [Cu–CHOCO–Cu]0 gave [Cu–CHOCOH–
Cu]0 with an energy difference of 0.01 V versus NHE. The insertion of 

CO into the (CHO)C(OH) bridge produced [Cu–CHOCOHCO–Cu]0, and 
the activation barrier for this process was 18.7 kcal mol−1. Therefore, all 
of these electrochemical processes can proceed sufficiently at room 
temperature, because they can proceed with an activation barrier of 
less than 20 kcal mol−1 if a potential of about −1.2 V versus Ag/AgCl 
(−1.4 V versus NHE) is applied.

The calculated wavenumbers of those intermediates of the 
substrate-derived carbon (ν12

CO and ν13
CO in Supplementary Table 11) had 

good correspondence with the experimental SERS spectrum in Fig. 3b,c 
with a small deviation of less than 20 cm−1, except for [Cu–Br_CO–Cu]0 
(ν12

CO = 2,126, ν13
CO = 2,078 cm−1) and [Cu–CHOCO–Cu]+ (ν12

CO = 1,781, 
ν13

CO = 1,741 cm−1). [Cu–Br_CO–Cu]0 and [Cu–CHOCO–Cu]+ would have 
changed immediately, because the former has a small energy barrier 
(6.2 kcal mol−1) to Br desorption and the latter should be reduced at a 
potential more positive (0.25 V versus NHE) than the applied potential. 
Because thermal processes with energy barriers above 13 kcal mol−1 are 
relatively slow, the reactant intermediates ([Cu–CHO–Cu]+ and [Cu–
CHOCOH–Cu]0) would be observed in operando SERS. Even though 
the assumed PCET process has a positive energy difference in terms 
of potential, the actual rate may be slower because it involves not 
only electrons but also thermal proton supply processes, so reactant 
intermediates ([Cu–CO–Cu]+ and [Cu–CHOCO–Cu]0) may have been 
observed. Therefore, to correspond to both the experimental and 
computational results, we have derived a reaction mechanism for the 
C–C coupling process of CuBr–4PP to synthesize C3 species (Fig. 3d). 
The subsequent supply of electrons and protons would produce  
the propanol.

In the proposed mechanism, the total charge of the CuBr–4PP 
molecule changes between 0 and +1 during the CO2/CORR reactions. 
The Mulliken charge densities of the Cu centre (obtained by DFT calcu-
lations) for each intermediate in this reaction mechanism (Supplemen-
tary Table 11) suggest that the Cu state does not change significantly 
from its initial +1 state to the 0 or +2 state, which is consistent with 
the operando XAFS results showing that Cu remains in the +1 state. 
The Cu valence of the active centre effectively remains Cu(I) because 
the accepted electrons are dispersed into the phenylpyridine and 
CO2-reduction intermediate species. This molecular structure that 
disperses electrons within the ligand may contribute to the suppres-
sion of Cu(0) cluster formation.

The excellent agreement between the peaks extracted from the 
SERS spectra and DFT simulation spectra strongly supports that the 
computationally inferred reaction mechanism could proceed at room 
temperature and with applied potential. The transition-state struc-
tures resulting from this mechanistic analysis suggest that the key 
to the progression of C–C coupling in the Cu dinuclear molecular 
metal complex is forming a CO2/CO-reduced intermediate species 
that forms a bridging intermediate between the two Cu active sites. 
The bridging intermediate can flexibly change the Cu–Cu distance as 
the reaction proceeds, attracting reducing species to one Cu side and 
accepting the substrate to the other Cu side. The formation of C3H7OH 
would result from C–C coupling at the bridging site in flexible Cu binu-
clear structures. Using molecular catalysts allows us to approach the 
unclear reaction mechanism of C3 and C2 product formation44–49 from 
both experimental and computational perspectives and may provide 
another product methodology in the future.

Conclusions
We have synthesized Cu multinuclear complexes directed for C–C 
coupling. Among these, the dinuclear complex CuBr–4PP enabled 
the synthesis of not only C2 products but also C3 products, by means of 
CO2/CORR reactions. The Faradaic efficiency of CuBr–4PP was found 
to be ~50% for C2 products and 12% for propanol. Using operando XAFS 
analysis, we confirmed that, during the CO2RR, the metal complex 
structure is maintained without forming Cu metal. The favourable CO2 
adsorption performance brought about by this structure contributes 
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Fig. 3 | Mechanistic study elucidating the C3 intermediate. a, Molecular 
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coupling pathway using DFT calculations (Supplementary Data 1). Calculated 
reaction free-energy changes (ΔG) and reduction potentials (E) are reported in 
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to the promotion of C–C coupling and suppression of H2 production. 
Operando spectroscopic analysis for the CO2RR with 13CO2 and using 
surface plasmons enabled the identification of intermediates impor-
tant for C3 formation. Investigations using DFT calculations found a 
mechanism that can explain both the operando measurements and 
energetics. The results suggest that the catalyst produces C3 products 
by forming an intermediate species via C–C coupling between two Cu 
centres and flexibly varying the distance between them. To the best of 
our knowledge, previous examples of a molecular catalyst that gener-
ates C3 products from CO2 have remained elusive. The achievement of 
C–C coupling by the CO2RR in a metal complex that can freely adjust the 
electronic state of the reaction centre and the reaction environment 
while maintaining its structure may be a major step towards the selec-
tive synthesis of higher value-added multicarbon products.

Methods
Materials
Copper(I) bromide (CuBr), potassium bicarbonate (KHCO3) and all 
solvents were purchased from Fujifilm Wako Pure Chemical. PPh3, 
4PP, 12B and BisM were purchased from Tokyo Chemical Industry. All 
chemicals were used without further purification. Water-repellent 
treated CP (TGP-H-060-H) was purchased from Chemix.

Synthesis of CuBr–4PP
An acetone solution (10 ml) containing both 4PP (84 mg) and PPh3 
(130 mg) was added to a solution of CuBr (71 mg) in CH3CN (MeCN). The 
mixture was stirred at room temperature overnight and then distilled 
under reduced pressure and washed with (CH3)2CO and ethanol. It was 
further purified by silica gel in the order of 100% CH2Cl2, 99% CH2Cl2 
and 1% MeCN, then dried in vacuum to synthesize the CuBr–4PP. The 
product was recrystallized from CH2Cl2 and Et2O under light-shielded 
conditions. The yield was 71%.

Crystal data for C29H24BrCuNP
M = 560.91 g mol−1, triclinic, space group P-1 (no. 2), a = 9.0996(2) Å, 
b = 10.62300(10) Å, c = 13.6314(2) Å, α = 94.7800(10)°, β = 108.785(2)°, 
γ = 95.6320(10)°, V = 1232.20(4) Å3, Z = 2, T = 123.15 K, μ(Mo Kα)  
= 2.590 mm−1, Dcalc = 1.512 g cm−3; 11,783 reflections were meas-
ured (3.882° ≤ 2Θ ≤ 62.392°), 6,761 of them unique (Rint = 0.0187, 
Rsigma = 0.0318), which were used in all calculations. The final R1 was 
0.0282 (I > 2σ(I)), and wR2 was 0.0690 (all data).

Synthesis of CuBr–12B
A toluene solution (20 ml) containing 1,2-bis(diphenylphosphino)
benzene (0.5 mmol, 223 mg) was added to CuBr (0.5 mmol). The 
mixture was stirred for 5 h at room temperature and then distilled 
under reduced pressure32. The product was washed with toluene, 
ethanol and methanol, then recrystallized from CH2Cl2 and Et2O under 
light-shielded conditions. The yield was 55%.

Crystal data for C60H48Br2Cu2P4

M = 1,179.76 g mol−1, monoclinic, space group P21 (no. 4), a = 11.1978(4) Å, 
b = 18.7133(6) Å, c = 12.1395(4) Å, β = 97.551(3)°, V = 2,521.75(15) Å3, 
Z = 2, T = 123.15 K, μ(Mo Kα) = 2.595 mm−1, Dcalc = 1.554 g cm−3, 21,620 
reflections measured (4.024° ≤ 2Θ ≤ 56.558°), 11,385 of them unique 
(Rint = 0.0579, Rsigma = 0.1064), which were used in all calculations. The 
final R1 was 0.0635 (I > 2σ(I)), and wR2 was 0.1107 (all data).

Synthesis of CuBr–BisM
A toluene solution (40 ml) containing bis(diphenylphosphino)meth-
ane (2 mmol, 840 mg) was added to CuBr (2 mmol). The mixture was 
stirred overnight at room temperature and then distilled under reduced 
pressure. The product was washed with toluene and acetone and sub-
sequently recrystallized from CH2Cl2 and Et2O under light-shielded 
conditions. The yield was 61%.

Crystal data for C75H66Br3Cu3P6 + C4H9O
Mr = 1,584.56 + 73 g mol−1, orthorhombic, space group Pbca (no. 61), 
a = 15.7124(2) Å, b = 25.0060(3) Å, c = 36.9047(5) Å, α = β = γ = 90°, 
V = 14,500.0(3) Å3, Z = 8, T = 123.15 K, μ(Mo Kα) = 2.708 mm−1, 
Dcalc = 1.519 g cm−3, 106,977 reflections measured (3.254° ≤ 2Θ ≤ 58.26°), 
19,341 of them unique (Rint = 0.0837, Rsigma = 0.0645), which were used 
in all calculations. The final R1 was 0.0578 (I > 2σ(I)), and wR2 was 0.1373 
(all data).

Fabrication of CuBr complex molecular electrodes
A cathode was prepared by placing 1 mg of CuBr molecular powder 
directly on the centre (1 cm2) of a piece of CP (~4 cm2) and rubbing it 
with a spatula. It contained no additives such as binders or additional 
carbon products.

Characterization
CO2 adsorption/desorption isotherms were recorded using an 
Autosorb-1 set-up (Quantachrome) at room temperature. Only pow-
dered CuBr complexes and CuBr were measured.

The surface analysis of the electrode was performed using XPS 
(Ulvac Phi, Quantera SXM) with a monochromatic Al Kα X-ray source 
(1,486.6 eV), a photoelectron take-off angle of 45° and an analysis area 
with a diameter of 200 μm. Charge-up correction was performed using 
the C 1s 285-eV peak.

The chemical states of Cu and Br were evaluated by XAFS spectros-
copy using the quick-XAFS technique50. Cu K-edge XANES spectra and 
extended XAFS (EXAFS) spectra were acquired in transmission mode at 
the BL33XU beamline of SPring-8. Boron nitride (100 mg) and the CuBr 
metal complexes were ground in an agate mortar and then moulded 
into pellets for transmission XAFS measurements. For CO2 electrolysis 
in the operando XAFS measurement, a CuBr–4PP, CuBr–12B, CuBr–
BisM or HKUST-1 (Sigma-Aldrich, Basolite C 300, 1 mg)/CP electrode 
was used as the working electrode (WE), an Ag/AgCl electrode (EC 
Frontier, RE-T14) as the reference electrode (RE) and a Pt-foil electrode 
(Niraco, PT-353212, diameter of 20 mm × 0.02 mm, 99.98%) as the coun-
ter electrode (CE). The WE had a Kapton film window for fluorescence 
XAFS measurements. During the operando XAFS measurements, CO2 
continuously flowed into the WE (cathode) side of the cell. The applied 
potential was controlled using a bipotentiostat (model 2325, ALS). 
The chemical states of Cu for CuBr–4PP in MeCN were studied from 
operando Cu K-edge XANES spectra in a three-pole electrolysis cell. 
Operando XAFS experiments were carried out by dissolving 0.5 mM 
CuBr–4PP in a MeCN electrolyte containing 0.1 M NEt4

+BF4
− and aerated 

with CO2 before performing constant-potential electrolysis measure-
ments. A three-pole cell with CP as the WE, Pt as the CE and 0.01 M Ag/
AgNO3 as the RE was used. The constant-potential electrolysis of the 
CuBr–4PP molecule was performed using a potentiostat/galvanostat 
(Bio-Logic Science Instruments, SP-150).

Transmission electron microscopy observations were carried 
out using a JEM-2100F ( JEOL) field-emission transmission electron 
microscope operating at an acceleration voltage of 200 kV.

Electrochemical measurements were conducted using a poten-
tiostat/galvanostat (Bio-Logic Science Instruments, SP-150). The WE 
was combined with Ta foil as a contact material, and Pt foil and an 
Ag/AgCl electrode (RE-T14, EC Frontier) were used as the CE and RE, 
respectively. The H-type electrolysis cell used for electrocatalytic 
CO2 reduction was composed of an anode and a cathode separated 
by an anion-exchange membrane (Astom). The electrolyte used was 
a CO2-saturated 0.5 M aqueous solution of KHCO3. All applied poten-
tials were determined without iR compensation.The gas-phase CO2 
reduction product amounts were determined through in situ measure-
ments using an H-type electrolysis flow cell in combination with gas 
chromatography (GC). The H-type electrolysis flow cell was equipped 
with an autosampler for in situ analyses and was directly connected 
to a GC system (SRI Instruments, Multiple Gas Analyzer #5) equipped 
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with Molecular Sieve SA and Hayesep-D columns. At the start of each 
experiment, CO2 was passed through at a rate of 10 ml min−1 for 10 min 
to saturate the electrolyte and to remove air from the reactor. The 
quantities of gaseous products were estimated by multiplication of 
the concentration of the products determined using GC, the measure-
ment interval (20 min) and the flow rate. Additionally, the quantity of 
HCOO– was measured using ion chromatography (Dionex, ICS-2100) 
with IonPacAS15 and IonPacAG15 columns, while maintaining the col-
umn temperature at 308 K. The alcohol content was determined using 
GC-MS (GCMS-QP2010, Shimadzu Corp.) with a CP-Volamine column. 
The error bars in plots correspond to the standard error (s.e.) of three 
independent measurements.

The gas-phase CO-reduction product amounts were determined 
through in situ measurements using an H-type electrolysis flow cell in 
combination with GC. The H-type electrolysis flow cell was equipped 
with an autosampler for in situ analyses and was directly connected 
to a GC system (SRI Instruments, Multiple Gas Analyzer #5) equipped 
with Molecular Sieve SA and Hayesep-D columns. At the start of each 
experiment, CO was passed through at a rate of 10 ml min−1 for 10 min 
to saturate the electrolyte and to remove air from the reactor. The 
quantities of gaseous products were estimated by the multiplication 
of the concentration of the products determined using GC, the meas-
urement interval (10 min) and the flow rate. The amounts of alcohol, 
aldehyde and acetate were determined using GC-MS (GCMS-QP2010, 
Shimadzu Corp.) with a CP-Volamine column. The amount of CH3COOH 
was measured using ion chromatography (Dionex, ICS-2100) with 
IonPacAS15 and IonPacAG15 columns, while maintaining the column 
temperature at 308 K.

Cyclic voltammetry measurements of each CuBr metal complex 
molecule were carried out by dissolving 0.5 mM CuBr metal complex 
molecule in a MeCN electrolyte containing 0.1 M NEt4BF4, followed by 
aeration with Ar or CO2. A three-pole cell with a GC electrode as the WE, 
Pt as the CE, and a 0.01 M Ag/AgNO3 electrode as the RE was used. Cyclic 
voltammetry of each CuBr complex molecule was performed using a 
potentiostat/galvanostat (Bio-Logic Science Instruments, SP-150) at a 
sweep rate of 25 mV s−1. In situ UV spectra measurements were meas-
ured in MeCN containing 0.1 M NEt4

+BF4
− as the supporting electrolyte 

and using a potentiostat/galvanostat (Bio-Logic Science Instruments, 
SP-150) and a conventional three-electrode-type cell. The cell consisted 
of an anode and a cathode separated by a cation-exchange membrane 
(Nafion 117) and was maintained at room temperature under an Ar or 
CO2 atmosphere.

To verify the carbon source for the CO, CH4 and C2H4 generated 
by electrolysis using CuBr–4PP, 13CO2 isotope tracer analysis was per-
formed. The three-electrode electrochemical cell was purged with 
99% Isotec 13CO2 gas by bubbling for 10 min and then sealed with a 
septum. To prevent carbon exchange between CO2 and HCO3

−, 0.5 M 
KH13CO3 was used as an electrolyte. After 10 min of electrolysis at −2.0 V 
versus Ag/AgCl (in 0.5 M KH13CO3), the gaseous reaction products were 
analysed using GC-MS (GC-MS-QP2010, Shimadzu) with an RT-Msieve 
5 A column. In addition, the carbon source of the C3H7OH product was 
analysed using a three-electrode electrochemical cell purged with 
13CO2 gas (99%, Isotec). To avoid carbon exchange between the CO2 
and HCO3

−, 0.5 M KH13CO3 was used as an electrolyte. After 20 min of 
electrolysis at −2.0 V versus Ag/AgCl, we analysed the mass number 
of PrOH using GC-MS (GC-MS; GCMS-QP2010, Shimadzu Corp.) with 
a CP-Volamine column.

Differential electrochemical MS was carried out using a mass 
spectrometer ( JMS-Q1500, JEOL) coupled to a potentiostat/galvanostat 
(Bio-Logic Science Instruments, SP-150).

Operando Raman spectroscopy and SERS spectroscopy were 
performed using an excitation laser with a wavelength of 532 nm and 
an NRS-3300 ( Jasco) or RAMANtouch (Nanophoton) Raman spectrom-
eter. The intensity of the laser beam was 1 mW (normal measure) or 
~0.1 mW (SERS), and the acquisition time for one Raman spectrum was 

20–120 s. During this process, the sample electrode (Ta foil as a contact 
material), Pt foil and an Ag/AgCl electrode (RE-T14, EC Frontier) were 
used as the WE, CE and RE, respectively. The electrolysis cell for oper-
ando Raman spectroscopy and SERS consisted of an anode and a cath-
ode separated by an anion-exchange membrane (Astom), together with 
a CO2-saturated 0.5 M aqueous solution of KHCO3 as the electrolyte. 
At the start of each experiment, CO2 flowed at ~10 ml min−1 for 10 min 
to saturate the electrolyte and remove air in the reactor. During the 
operando measurement, CO2 continuously flowed into the WE (cath-
ode) side of the cell. The electrochemical reaction of the CuBr–4PP 
metal complex or HKUST-1 was measured using a bipotentiostat (model 
2325, BAS). For the SERS electrode, a mixture of 10 μl of silica-shelled 
Ag nanoplates (NCXSPSH550-1ML, Sigma-Aldrich) and 1 mg of CuBr 
molecular was used. The localized surface plasmon resonance was 
adjusted to 550 nm to match the laser excitation wavelength, and the 
silica-shelled Ag nanoplates themselves did not exhibit CO2 catalytic 
activity. During the isotope labelling experiment with 13CO2, the reac-
tors and CO2RR conditions remained the same, whereas the operando 
SERS experiments were performed with a change from CO2 to 13CO2.

After the electrochemical measurements, the CuBr metal complex 
sample was removed from the CP using sonication and then cast or 
filtered for XAFS measurements and transmission electron microscopy 
observations. Dynamic light scattering measurements were used to 
analyse the electrolyte before and after the reaction using NanoPartica 
SZ-100-Z-100 (Horiba). XPS measurements were also performed for 
the CuBr–4PP on CP.

Calculations
All theoretical data were obtained from DFT calculations using the 
ωB97XD functional51, performed within Gaussian 1652. The def2-SVP 
basis set53 was used for H, C, N, P and Cu, and the def2-SVPD basis 
set54,55 for Br and substrate-derived C and O, which are assumed to 
be anionic. Solvent effects in water were also estimated using the 
polarizable continuum model56–58. After optimization of molecular 
geometries, vibrational analyses were executed for the optimized 
geometries and the absence of an imaginary number frequency was 
confirmed for all optimized structures. The computed vibrational 
frequencies for the IR spectra were corrected by a scaling factor of 
0.957, estimated from the CO molecule. To obtain the transition state 
of the thermal process, the reaction pathway was optimized using the 
nudged elastic band method59 using the Reaction Plus Pro 2 software 
package (HPC Systems). The calculated candidate structures were 
then optimized using the synchronous transit-guided quasi-newton 
method to obtain a transition state with a single number of imaginary 
oscillations. The transition-state structures were characterized by 
intrinsic reaction coordinate calculations. The Gibbs free energies 
based on the rigid-rotor-harmonic-oscillator (RRHO) approximation 
(GRRHO) were modified to the quasi-harmonic-treated Gqh by correcting 
the entropies60 and enthalpies61 using the GoodVibes toolkit62 with a 
cut-off frequency of 100 cm−1. The Gqh values were evaluated at 298.15 K 
and adjusted to the standard state concentration of 1 M (ref. 61). The 
Cartesian coordinates are shown in Supplementary Table 12 and Sup-
plementary Data 1. Because the binuclear Cu complex can have various 
spin states63,64, singlets and triplets were evaluated for species with even 
electrons, and doublets and quartets for species with odd electrons 
(Supplementary Fig. 12). All intermediates were more stable in the lower 
spin state, and the effect of spin contamination was confirmed to be 
small. For the reaction free-energy calculations, we used the explicit sol-
vation energy of a proton in water (−265.9 kcal mol−1)65. The calculated 
free-energy changes were converted by the absolute standard potential 
for the hydrogen electrode (ENHE = −4.281 V)66. The calculations for the 
first and second vertical electron affinities were performed with the 
def2-SVP basis set for Cu atoms, and the 6–31+G(d)67–69 basis set for the 
other elements, because the extra electrons in anionic species have a 
spatially diffused character.
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Data availability
The data supporting the findings of this study are available within the 
Article and its Supplementary Information or from the corresponding 
authors upon reasonable request. Crystallographic data for the struc-
tures reported in this Article have been deposited at the Cambridge 
Crystallographic Data Centre, under deposition nos. CCDC 2204883 
(CuBr–4PP), 2235053 (CuBr–12B) and 2235326 (CuBr–BisM). Copies 
of the data can be obtained free of charge via https://www.ccdc.cam.
ac.uk/structures/. The optimized structures from the DFT calculations 
are provided in Supplementary Data 1. Source data are provided with 
this paper.
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