
Northumbria Research Link

Citation: Yao, Kaili, Li, Jun, Wang, Haibin, Lu, Ruihu, Yang, Xiaotao, Luo, Mingchuan, Wang,
Ning,  Wang,  Ziyun,  Liu,  Changxu,  Jing,  Tan,  Chen,  Songhua,  Cortés,  Emiliano,  Maier,
Stefan A., Zhang, Sheng, Li, Tieliang, Yu, Yifu, Liu, Yongchang, Kang, Xinchen and Liang,
Hongyan (2022) Mechanistic Insights into OC–COH Coupling in CO2 Electroreduction on
Fragmented Copper.  Journal  of  the  American Chemical  Society,  144 (31).  pp.  14005-
14011. ISSN 0002-7863 

Published by: American Chemical Society

URL: https://doi.org/10.1021/jacs.2c01044 <https://doi.org/10.1021/jacs.2c01044>

This  version  was  downloaded  from  Northumbria  Research  Link:
https://nrl.northumbria.ac.uk/id/eprint/49789/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of  the research,  please visit  the publisher’s website (a subscription
may be required.)

                        

http://nrl.northumbria.ac.uk/policies.html


 1 

Mechanistic Insights into OC−COH Coupling in CO2 Electroreduction 
on Fragmented Copper 
Kaili Yaoa,b‡, Jun Lic‡, Haibin Wanga‡, Ruihu Lud, Xiaotao Yange, Mingchuan Luof, Ning Wangg, Ziyun 
Wangd, Changxu Liuh,i, Tan Jingj, Songhua Chenj, Emiliano Cortési, Stefan A. Maierk,l,i, Sheng Zhangm, 
Tieliang Lin, Yifu Yun, Yongchang Liuo, Xinchen Kangp, and Hongyan Lianga* 

 
a School of Materials Science and Engineering and Key Laboratory of Efficient Utilization of Low and 
Medium Grade Energy, Tianjin University, Tianjin 300350, People’s Republic of China 
b School of Chemical Engineering, Kunming University of Science and Technology, Kunmin 650500, 
People’s Republic of China 
c Frontiers Science Center for Transformative Molecules, Shanghai Jiao Tong University, Shanghai 
200240, People’s Republic of China 
d School of Chemical Sciences, the University of Auckland, Auckland, 1010, New Zealand 
e School of Mechanical Engineering, Tianjin University, Tianjin 300350, People’s Republic of China 
f Leiden Institute of Chemistry, Leiden University, Einsteinweg 55, 2333 CC Leiden, The Netherlands 
g Department of Electrical and Computer Engineering, University of Toronto, 35 St George Street, 
Toronto, Ontario M5S 1A4, Canada 
h Department of Mathematics, Physics and Electrical Engineering, Northumbria University, Newcas-
tle Upon Tyne NE1 8ST, United Kingdom 
i Chair in Hybrid Nanosystems, Nanoinstitute Munich, Faculty of Physics, Ludwig Maximilians Uni-
versity of Munich, 80539 Munich, Germany  

j College of Chemistry and Material Science, Longyan University, Longyan 364012, People’s Republic 
of China 
k School of Physics and Astronomy, Monash University, Clayton Victoria 3800, Australia 
l Department of Physics, Imperial College London, London SW7 2AZ, United Kingdom 
m School of Chemical Engineering and Technology, Tianjin University, Tianjin 300350, People’s 
Republic of China 
n School of Science, Tianjin University, Tianjin 300350, People’s Republic of China 
o State Key Lab of Hydraulic Engineering Simulation and Safety, School of Materials Science and En-
gineering, Tianjin University, Tianjin 300354, People’s Republic of China 
p Beijing National Laboratory for Molecular Sciences, Key Laboratory of Colloid and Interface and 
Thermodynamics, Institute of Chemistry, Chinese Academy of Sciences, Beijing,100190, People’s 
Republic of China 
*Email: hongyan.liang@tju.edu.cn 
‡K.L.Y., J.L., and H.B.W. contributed equally to this paper. 



 2 

 

KEYWORDS. OC−COH coupling, low-coordinated Cu sites, B-doped Cu2O, fragmented Cu catalysts, carbon dioxide reduc-
tion. 

 
 

ABSTRACT: The carbon-carbon (C−C) bond formation is essential for the electro-conversion of CO2 into high-energy-density 
C2+ products, and the precise coupling pathways remain controversial. Although recent computational investigations have 
proposed that the OC−COH coupling pathway is more favorable in specific reaction conditions than the well-known CO di-
merization pathway, the experimental evidence is still lacking, partly due to the separated catalyst design and mechanis-
tic/spectroscopic exploration. Here, we employ density functional theory calculations to show that on low-coordinated cop-
per sites, the *CO bindings are strengthened, and the adsorbed *CO coupling with their hydrogenation species, *COH, receives 
precedence over CO dimerization. Experimentally, we construct a fragmented Cu catalyst with abundant low-coordinated 
sites, exhibiting a 77.8% Faradaic efficiency for C2+ products at 300 mA cm−2. With a suite of in-situ spectroscopic studies, we 
capture an *OCCOH intermediate on the fragmented Cu surfaces, providing direct evidence to support the OC−COH coupling 
pathway. The mechanistic insights of this research elucidate how to design materials in favor of OC−COH coupling towards 
efficient C2+ production from CO2 reduction.

The electrocatalytic CO2 reduction (CO2R) powered by re-
newable electricity offers great potential for the scalable utili-
zation of CO2 to achieve carbon neutrality and storage of inter-
mittent energy.1-2 Recently, significant efforts have been made 
to produce multi-carbon (C2+) hydrocarbons and oxygenates, 
due to their higher value and energy density than mono-carbon 
(C1) products.3-6 For C2+ production, the formation of the C−C 
bond is the rate-determining step, owning to its high energy 
barrier.7 It is challenging to identify the dominant C−C coupling 
pathway given the nature of multiple competitive reactions.8 
The lack of in-depth understanding of the catalytic mechanism 
exacerbates the difficulty in advancing the catalyst design to 
promote C2+ conversion efficiency. 

Previously, the CO dimerization has been suggested as a 
plausible pathway for C−C bond formation,9-11, which was also 
confirmed by online electrochemical mass spectroscopy12 or by 
observing *OCCO intermediates via time-resolved attenuated 
total reflection-surface enhanced infrared absorption spectros-
copy (ATR-SEIRAS).13  However, the discussion about other 
possible pathways is still open.14-15 Recently, density functional 
theory (DFT) calculations suggested the formation of C−C 
bonds via an OC−COH coupling pathway is thermodynamically 
and kinetically more favorable than CO dimerized into OCCO.16-

17 When optimizing the Cu−CO interaction on an Au-doped Cu 
(100)16 or the CO coverage on Cu (100)17, the OC−COH coupling 
can be promoted over the competitive CO dimerization. More-
over, the reaction conditions, such as pH14 and applied poten-
tial18 also showed effects on C−C coupling selectivity. Despite 
these extensive theoretical research efforts, the direct observa-
tions of the OC−COH coupling remain under-explored, limited 
by the difficulties in experimental implementation and detec-
tion.19 

To design C2+-producing catalysts, especially for the well-
known Cu, the binding energy of *CO is a crucial descriptor al-
lowing control of the desired pathway. Modifying the *CO ad-
sorption on Cu has been reported to enable the optimization of 
reaction kinetics for OC−COH coupling.16  Meanwhile, lowering 
the Cu coordination facilitates *CO adsorption20 and hydro-
genation to COH,21 which are essential for the OC−COH path-
way. Thus, we hypothesize that controlling the *CO adsorption 

via tuning the coordinated numbers (CNs) of Cu is likely to fa-
cilitate the OC−COH coupling. 

Here, we present a strategy by introducing low-coordi-
nated Cu sites to enable OC−COH coupling during CO2R. Com-
putationally, we investigated the adsorption energies of *CO on 
Cu sites with different CNs. Our results show that low-coordi-
nated Cu sites strengthen *CO adsorption, and facilitate the 
reduction pathway via *CO hydrogenation to 
hydroxymethylidyne (*COH) and subsequently coupling with 
another adsorbed *CO. Experimentally, we prepared a 
fragmented Cu with abundant low-coordinated sites from the 
reduction of a boron-doped Cu2O, as disclosed by in-situ X-ray 
absorption spectroscopy (XAS) and Raman spectroscopy. Using 
in-situ ATR-SEIRAS spectroscopy, we captured the *OCCOH 
intermediates on the fragmented Cu, validating the OC−COH 
coupling mechanism. The selective OC−COH coupling endows 
the fragmented Cu catalysts with a 77.8% Faradaic efficiency 
(FE) towards C2+ products at 300 mA cm−2, which is ~ 30% 
higher than that of the Cu control.  

We first performed density functional theory (DFT) 
calculations to provide an in-depth understanding of the 
specific C−C coupling pathways during CO2R. Given the 
importance of *CO adsorption in C−C coupling, we thus 
calculated the adsorption strength of *CO and related key 
intermediates on the stable Cu (111) slabs22 with different CNs 
by introducing vacancies (Figure 1a, Figure S1, and Table S1-
S2). Our results demonstrated that both the *CO and *H 
adsorptions are increased with the decreased CNs, but the en-
hancement of *CO is greater, resulting in promoted CO2R rather 
than HER (Figure S1a).23-24 The stronger *CO adsorption may 
lead to the high coverage of *CO, thus decreasing the reaction 
energies of C−C coupling (Figure S1b-c).24-25 Besides, the ad-
sorption energy of *COH also increases with the decreased CNs. 

We then calculated the transition state barriers of differ-
ent C−C coupling reactions, OC−CO coupling and OC−COH cou-
pling, as shown in Figures 1b, Figure S2-S4, and Table S3-S8. 
The results show that the OC−COH coupling becomes more fa-
vorable on the low-coordinated Cu sites with CN decreasing 
from 9 to 6, and their energy barrier is lower than that of the 
OC−CO pathway. 
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Taken together, the DFT calculations demonstrated that 
introducing low-coordinated Cu sites could increase the *CO 
and *COH binding energies, and lower the energy barrier of 
C−C bond formation via the OC−COH coupling (Figures 1c), pro-
moting the C2+ production. 

 

Figure 1. (a) The adsorption energies of *CO and *COH on Cu 
(111) surface with different CNs. (b) The reaction energies for 
the OC−COH coupling on the Cu (111) surface with different 
CNs. (c) Two competitive reaction pathways for C−C coupling. 
Light brown, copper; pink, hydrogen; red, oxygen; dark brown, 
carbon. 

Experimentally, B-doped copper catalysts were prepared 
using a wet-chemical approach with sodium borohydride as 
the reducing agent.26 As revealed by the X-ray diffraction (XRD), 
X-ray photoelectron spectroscopy (XPS), scanning electron mi-
croscopy (SEM), and transmission electron microscopy (TEM) 
in Figure 2a and Figure S5-S6, the pristine catalysts showed a 
particle size of ~ 30 nm, consisting of Cu2O and B dopants en-
riched at the surface with a thickness of ~ 2.7 nm,27 which is 
denoted as B-doped Cu2O. The boron contents were deter-
mined by the inductively coupled plasma mass spectrometer 
(ICP-MS), and the averaged atomic ratio of B/Cu is ~ 2.1% as 
shown in Table S9. During the CO2R, the catalysts were in situ 
reduced into metallic copper and the nanoparticles were frag-
mented into flakes with an average size of ~ 6 nm, which were 
termed fragmented Cu. Size statistics from high-resolution 
TEM (HRTEM) images are shown in Figures 2b, c, and Figure 
S7. The B-leaching from the Cu lattice was verified by the high-
resolution B 1s XPS (Figure S6f). For comparison, a pure Cu2O 
catalyst without B dopants was synthesized. Before CO2R, the 
control catalyst showed a similar morphology and size distri-
bution to that of the B-doped Cu2O (Figure S8). After CO2R, the 
control sample evolved into aggregated particles rather than 
fragments as shown in Figure S9. These results suggested that 
the boron dopants play a key role in the fragmentation of cop-
per during CO2R (Figure 2d), as investigated in the following 
part. 

 

Figure 2. Synthesis and structural characterizations of the cat-
alysts. (a) XRD patterns of B-doped Cu2O catalysts before and 
after CO2R. (b) TEM and (c) HRTEM images of fragmented Cu 
catalysts after CO2R. The inset image in (c) is the statistic of par-
ticle size. (d) Schematic illustration of the structural evolution 
of fragmented Cu catalyst. 

To understand the fragmentation process of the catalysts, 
in-situ Raman spectroscopy was carried out in the CO2-
saturated 0.1 M KHCO3 electrolyte to monitor the structure 
evolution (Figure S10). As shown in Figure 3a, both B-doped 
Cu2O and control samples showed two peaks at ~ 526 cm−1 and 
628 cm−1 ascribed to Cu2O28 under the open circuit potential 
(OCP), which diminished gradually after applying a negative 
potential of − 0.7 V vs RHE (RHE: reversible hydrogen elec-
trode, Figure S11), indicating a transformation from Cu oxides 
to metallic Cu. The evolution time of B-doped Cu2O was ~ 6 min, 
much longer than that of the control one (2 min), suggesting a 
retarded reduction of Cu2O with B dopants. With an increase in 
reaction time, the Raman signal of adsorbed CO appeared on 
the fragmented Cu. The C≡O stretching of atop-bound *CO, 
which is sensitive to the CN of metal atoms,29 show features on 
terrace sites at 2050 ± 10 cm−1 and defect sites at 2080 ± 10 
cm−1,30-32 illustrating the existence of imperfect surface. 

The catalysts’ chemical valence state evolution was moni-
tored by in-situ XAS at − 0.7 V vs RHE (Figure S12 and Figure 
S13). The time-dependent Cu K-edge X-ray absorption near-
edge spectra (XANES) of B-doped catalysts showed that the 
pristine phase was Cu2O, which transformed into Cu in ~ 5 min, 
and then kept stable (Figure 3b-d, Figure S14, Table S10). By 
performing Fourier transform of the extended X-ray absorp-
tion fine structure (EXAFS), we found that a standard Cu-Cu 
bond with a distance of 2.54 Å and a CN of 3.9 emerged at 90 s 
(Figure 3e, Figure S15, Table S11). With an increased reaction 
time, the CN increased and was stabilized at 8.9 ± 0.5 (Figure 
3f, Table S11), and no longer change was observed when fur-
ther increasing the reduction time, confirming the stability of 
the low-coordinated Cu atom (Figure S16, Table S12). The low 
CN of fragmented Cu, compared to a CN of 12 of full coordinated 
Cu bulk, indicated the presence of imperfect surfaces, such as 
defects or vacancies,33 consistent with our in-situ Raman re-
sults. Moreover, time-dependent XAS were also performed at 
different applied potentials as shown in Figure S17. The results 
showed that the increased negative potential led to a faster 
Cu2O reduction but with a similar CN of ~ 9 for the derived frag-
mented Cu (Figure S18 and Table S13). 

Taken together, we propose that the B-dopant assists the 
fragmentation of copper catalysts. It was reported that boron 
binds strongly with Cu on the sub-surface than on the surface,34 
which might retard the B migration35-37 and Cu2O reduction 
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under negative potentials. The slow evolution from the B-
doped pre-catalysts to metallic Cu catalysts and the continuing 
migration of B species out of Cu induce the collapse of original 

structures, resulting in the formation of fragments with abun-
dant surface vacancies or defects. 

 

Figure 3. In-situ spectra for catalysts’ evolution. (a) Time-dependent in-situ Raman spectroscopy for B-doped Cu2O and control sam-
ple. (b) Wavelet transform of Cu K-edge for B-doped Cu2O and fragmented Cu. (c-f) Time-dependent in-situ XAS measurements for B-
doped Cu2O: Cu K-edge XANES spectra overlapped with linear combination fitting spectra (c) and the corresponding fitted metallic 
Cu percentage (d); experimental and fitted EXAFS spectra in R space (e), and fitted CN of the first intermetallic Cu−Cu shell (f). In (c) 
and (e), solid lines represent the experiment data and circles represent the fitting spectra. All measurements were performed at − 
0.7 V vs RHE in 0.1 M KHCO3.  

Electrocatalytic CO2R of two samples was performed in a 
flow-cell system (Figure 4a and Figure S19). Fragmented Cu 
reached a FEC2+ of 77.8% at a current density of 300 mA cm−2 
at − 0.69 V vs RHE, which is ~ 30% higher than that of the con-
trol Cu (Figure 4b, c, and Figure S20 − S23). Also, the FEH2 on 
the fragmented Cu electrode was suppressed to 6.9%, which 
was much lower than 22.2% of the control Cu (Figure 4b, Table 
S14 – S17). The CO2R performance of different catalysts was 
also evaluated in H-cell using 0.1 M KHCO3 as the electrolyte 
(Figure S24), and the fragmented Cu outperformed the control 
Cu. 

In-situ Raman spectroscopic techniques deliver direct in-
formation regarding the key intermediates. As shown in Figure 
4d and Figure S25a, on the fragmented Cu electrode, the peaks 
at 240 − 430 cm−1 and 1900 − 2130 cm−1, associated with the 
Cu−CO rotation and stretch and the C≡O stretch, respectively, 
appear simultaneously at a low potential of −0.2 V vs RHE, indi-
cating that the *CO adsorption takes place.38-39 Noting that the 
high-frequency band (HFB) and the low-frequency band (LFB) 
of linear CO blue-shifted with increased applied potentials, at-
tributing to the electrochemical Stark effect (Figure 4d and Fig-
ure S25b).32, 38 In comparison, the Cu−CO Raman signals on the 
control sample appear at a higher potential (− 0.5 V vs RHE) 
with a less pronounced peak, implying less accumulation of 
*CO.40 Considering the same testing conditions, these results 

suggest that the *CO generation and adsorption on fragmented 
Cu are more likely than on the control Cu. 

In-situ ATR-SEIRAS detection of the CO2R intermediates 
was used to provide direct evidence for identifying the reaction 
pathway (Figure S26). As shown in Figure 4e and Figure S27, 
the peak related to the C=O stretching band of the *OCCOH in-
termediate at 1587 cm−1 is evident on the fragmented Cu due 
to its strong adsorption energy on the low-coordinated Cu sites 
(Figure S28, Table S18).41-43 The peak features of different car-
bonaceous intermediates can be further identified by DFT cal-
culations, and the C=O stretching vibrations of CO, OCCO, and 
OCCOH intermediates are 1680.1 cm−1, 1189.5 cm−1, and 
1560.7 cm−1, respectively (Table S19).19 The peak intensity in-
creases under more negative potentials, consistent with the 
trend of enhanced C2+ formation rates (Figure 4c).15 However, 
no peaks located at 1500 − 1700 cm−1 are observed on the con-
trol sample, and only an individual band near 1405 cm−1 re-
lated to bidentate COO− species is detected.44 Notably, the 
peaks between 2050 − 2150 cm−1 could be assigned to *CO spe-
cies,45-46  the peak intensity increases firstly and then de-
creases, indicating that the high coverage of surface adsorbed 
*CO is beneficial for generating C2+ products,47 but the fast con-
sumption of *CO via further reaction leads to the decreased in-
tensity of *CO.48 At the potential of −0.8 V vs RHE, the C≡O band 
located at 2092 cm−1 on the fragmented Cu, which red-shifted 
to 2100 cm−1 on the control Cu, indicating a stronger Cu−CO 
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interaction on the fragmented Cu surface.42 The spectroscopic 
results evidence that the low-coordinated sites on the frag-
mented Cu provide a stronger interaction with the *CO species, 

and then promote the C−C coupling through the OC−COH path-
way, consistent with the DFT results. 

 

Figure 4. Electrocatalytic performance and analysis of the reaction pathway. (a) Schematic diagram of the flow-cell system with the 
gas diffusion layer. (b) FEs of C2+ and HER, and (c) partial current density of C2+ products of fragmented Cu and control Cu catalyst 
in 7.0 M KOH at various potentials. (d) In-situ Raman spectra and (e) In-situ ATR-SEIRAS of fragmented Cu and control sample, which 
were performed during CO2R at various potentials in CO2-saturated 0.1 M KHCO3. 

In summary, we developed a class of fragmented Cu cata-
lysts to accelerate OC−COH coupling towards enhanced C2+ 
productions from CO2R. The fragmented Cu catalysts, derived 
from B-doped Cu2O, show a 77.8% FEC2+ at a current density of 
300 mA cm−2, 30% higher than that of the control Cu. DFT cal-
culations and in-situ spectroscopies suggested that the low-co-
ordinated Cu active sites on fragmented Cu favor the OC−COH 
coupling pathway, contributing to the enhanced C2+ selectivity. 
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