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Predesign of Catalytically Active Sites via Stable Coordination Cluster
Model System for Electroreduction of CO, to Ethylene

Yun-Feng Lu', Long-Zhang Dong", Jiang Liu,* Ru-Xin Yang, Jing-Jing Liu, Yu Zhang,
Lei Zhang, Yi-Rong Wang, Shun-Li Li, and Ya-Qian Lan*

Abstract: Purposefully designing the well-defined catalysts for
the selective electroreduction of CO, to C,H, is an extremely
important but challenging work. In this work, three crystalline
trinuclear copper clusters (Cuz-X, X=CIl", Br-, NO; ) have
been designed, containing three active Cu sites with the
identical coordination environment and appropriate spatial
distance, delivering high selectivity for the electrocatalytic
reduction of CO, to C,H, The highest faradaic efficiency of
Cu;-X for CO,-to-C,H, conversion can be adjusted from
31.90 % to 55.01 % by simply replacing the counter anions
(NO;~, CI”, Br™). The DFT calculation results verify that Cus-
X can facilitate the C—C coupling of identical *CHO inter-
mediates, subsequently forming molecular symmetrical C,H,
product. This work provides an important molecular model
system and a new design perspective for electroreduction of
CO, to C, products with symmetrical molecular structure.

Introduction

Electroreduction of CO, to highly valued carbon-based
reduction product is recognized as one of the most promising
and significant technologies to achieve global carbon neutral-
ity.'!' As a basic chemical raw material with high volumetric
energy density, the output of C,H, is one of the crucial
indicators to measure the development level of a country’s
petrochemical industry.”) Therefore, it has been a quite
important but challenging goal in the field of electrochemical
CO, reduction reaction (CO,RR) to construct the well-
defined electrocatalysts for the conversion of CO, to G,H,
with high selectivity and efficiency.”! In recent years, copper-
based materials have been widely accepted as efficient
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catalysts for electrocatalytic reduction of CO, to C,H,[
Furthermore, a large number of tailoring strategies, including
crystalline faceting,” multimetallic alloying,’) multicompo-
nent doping”! and morphology controlling,® etc., have been
applied to Cu-based catalysts to improve their activity and
selectivity for electrochemical conversion of CO, to C,H,.
Although significant progress has been made in the electro-
catalytic reduction of CO, to C,H,, it is still very difficult to
design and synthesize catalysts with higher selectivity ration-
ally due to the complicated reaction process and the indistinct
reaction mechanism. To solve this problem, it is quite
necessary to design a catalyst model with atomically accu-
rately structural information and further reveal the catalytic
mechanism of CO, to the specific C,H, product.

Considering the symmetrical molecular structure of C,H,,
we speculate that the constructed catalysts for efficient
electrocatalytic reduction of CO, to C,H, may need to be
endowed with the following characteristics at the same time:
(i) at least two catalytically active sites to adsorb two or more
CO, molecules simultaneously; (ii) adjacent catalytically
active sites with the same coordination environment to allow
the adsorbed CO, molecules to be activated in nearly the
same direction and speed; (iii) suitable spatial distances
between active sites to achieve the C—C coupling between
the identical reaction intermediates. To sum up, the design
and synthesis of precise structural model catalysts with the
above-mentioned three characteristics can help to reveal the
reaction mechanism of electrocatalytic conversion of CO, to
C,H,. Metal-organic coordination complexes with accurate
crystal structural information can be reasonably designed and
functionalized according to specific requirements and the
unique characteristics bring the materials obvious advantages
in the construction of model catalysts.” However, the
materials have not been widely used as electrocatalysts at
present, owing to the difficulty of maintaining the structural
stability for most metal-organic coordination complexes in
the harsh alkaline electrolyte of the electrochemical test.
According to the hard and soft acids and bases (HSAB)
theory, the chemical stability of the compounds could be
greatly enhanced by assembling Cu*" and appropriate basic
N-donor ligands, which has inspired us deeply."'” The accurate
structure-property relationship can be established by using
the well-defined crystalline model catalysts with the improved
chemical stability in electrocatalytic CO,RR. The tactic is of
great significance for broadening the application of crystalline
materials as well as investigating the mechanism of electro-
catalytic CO,RR.
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Taking the above considerations into account, three
isomorphic Cus-X clusters (Cuz-Cl, Cuz-Br, Cu;-NO;) have
been designed and synthesized, which are composed of the
oxygen centered trinuclear copper cluster ({Cus(us-OH)(u-
pz);(Im),}*") (denoted as {Cus}) and counter anions. Due to
the high symmetry along the crystallographic C; axis, the
adjacent catalytically active Cu sites in Cuz-X clusters own the
identical coordination environment, which is likely to be
beneficial for the parallel attack and simultaneous activation
of multiple CO, molecules. In addition, the appropriate
distances (3.268, 3.266 and 3.364 A for Cus-Cl, Cuz-Br and
Cu;-NO;, respectively) between the adjacent active sites may
facilitate the C—C coupling of carbon-based reaction inter-
mediates. It can be seen that the structural features of Cuz-X
meet the aforementioned speculation of the model catalysts
for the electroreduction of CO, to C,H, fundamentally.
Moreover, it is worth noting that these three clusters possess
superior electrochemical stability and can be used as persis-
tent heterogeneous catalysts in the process of electrocatalytic
CO,RR. When the Cu;-X are applied to CO,RR, all the three
clusters succeed in realizing the electrochemical reduction of
CO, to C,H,. The experimental results demonstrate the
validity of the initial idea in designing crystalline model
catalysts for electrocatalytic CO,-to-C,H, conversion to some
extent. The CO,-to-C,H, conversion selectivity of Cuz-X
clusters is obviously different with the change of counter
anions in their crystal structures. The Cus-Br exhibits
a superior faradaic efficiency (FE) of 55.01% for C,H,
generation with a large current density (129.58 mA cm?) at
—0.7 V (vs. reversible hydrogen electrode, RHE) and can
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basically maintain the selectivity in a wide potential range
(0.7 V to —1.1 V). While the FEs of C,H, catalyzed by Cu;-
Cl and Cu;-NOj; reach to the peak value of 47.68% and
31.90% at —0.9V and —0.8V, respectively. Notably, the
catalytic performance of Cu;-Br is one of the most excellent
stable metal-organic complex catalysts for electrochemical
CO,-to-C,H, conversion to date. The different catalytic
performance of the three clusters originates from the counter
anions, which own unequal volume and bind with the
({Cus(us-OH) (u-pz)5(Im);}**) unit in different strength as
well, thus affecting the number of CO, molecules attacking
the catalytically active sites at the same time and the optimal
catalytic selectivity of the three catalysts for C,H,. The
theoretical calculation results further confirm the prediction:
the two adjacent catalytically active centers in Cu;-X with the
same coordination environment are in favor of the C—C
coupling of active intermediate CH*O adsorbed on them and
thus promote the high selective electroconversion of CO, to
symmetrical C,H, molecule.

Results and Discussion

Single-crystal X-ray diffraction analysis (SCXRD) reveals
that Cu;-X crystallize in the same rhombohedral space group
R3m (Table S1) and their stacking patterns are almost
identical (Figure S1). The asymmetric units of Cuz-X clusters
contain an independent Cu®" ion, 1/3 u;-OH, 1/2 pyrazole
(pz), one imidazole (Im) molecule and two 1/3 X ions (X =
counter anions, Figure S2). As shown in Figure 1a-d, Cu;-X

(c)

NO,;

CU3'NO3

Y w{Cu;}

Hydrogen-bond environments of counter anions

Figure 1. The molecularly structure characteristics of Cus-X. The plane defined by the three Cu®" ions in (a) Cu,-Cl, (b) Cu,-Br and (c) Cu;-NO;.
(d) The G; axis in Cus-X clusters. (e,f) The hydrogen-bond environments of counter anions in Cus-Br and Cu;-NO;, respectively.
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contain the same Cus(u;-OH) core supported by equatorial
bridging pyrazole ligands to form trinuclear triangular {Cus-
(us-OH)(u-pz)s}*" unit, while the imidazole accomplishes the
square-planar coordination of the Cu®" ion. It should be noted
that the Cu*" ions of Cu,-X bind no other ligands in the axial
direction, the coordination-unsaturated metal sites will ex-
hibit excellent catalytic activity by providing enough space for
small molecular substrates to attack. Furthermore, the axial
positions of all the Cu*" ions in the three clusters are parallel,
which is conducive to bind the substrates to the catalytic sites
in the same coordination mode and direction. The values of
the selected bond distances and bond angles in the crystal
structure are shown in Table S2. The main difference among
the three clusters is the diversity of counter anions in their
structures: there are two CI™ ions in Cu;-Cl, two Br™ ions in
Cu;-Br, while a NO; ™ and a OH™ in Cu3-NOj acting as counter
anions, respectively. Interestingly, the counter anions situate
symmetrically above and below the plane defined by the three
Cu*" ions and there is a crystallographic C; axis running
through the center of the counter anions and the u;-OH
(Figure 1d). The counter anions in Cuy-X form a large
number of hydrogen bonds with the adjacent hydrogen atoms
of u;-OH group, pyrazole and imidazole molecules (Fig-
ure 1e.f, Figure S3-S4 and Table S3-S5). It can be clearly seen
that there are more hydrogen bonds in Cu;-NO; than Cu;-Cl
and Cu;-Br. Due to the formation of numerous hydrogen
bonds, the counter anions will not be dissociated easily. It is
worth noting that the volume of NO;™ is much larger than that
of CI” and Br™ so that it could almost completely block a half
coordination space of Cu®" ions in the structure, which may
make it difficult for the substrates to attack directly. There-
fore, we speculate that the catalytic performance of Cu;-NO;
may not be as good as that of Cu;-Cl and Cu;-Br.

The Powder X-ray diffraction (PXRD) patterns of Cu;-Cl
(spindle crystals), Cus-Br (parallelepiped crystals) and Cu;-
NO; (thombic dodecahedron crystals) and the simulated
patterns derived from single crystal X-rays are well-matched,
which confirms that the as-synthesized samples owing ex-
cellent crystallinity and high purity (Figure S5-S6). The
chemical stability is evaluated by immersing 20 mg sample
into 10 mL 0.5 M KOH aqueous solution for 24 h. The PXRD
patterns of the samples after immersion show no difference
from those of the as-synthesized samples, implying that the
Cu;-X could maintain the structural integrity in alkaline
solution (Figure S6). At the same time, the thermogravimetric
analysis (TGA) is carried out under oxygen atmosphere to
evaluate the thermal stability of the Cu;-X (Figure S8) and
the results illustrate that all the three samples possess good
thermal stabilities over 240 °C. The CO, adsorption isotherms
of the Cu;-X are tested at 273 K and 1 atm to explore the
adsorption capacity of the samples for CO,. As shown in
Figure S9, the CO, uptakes can be estimated to be 11.5025,
12.4426 and 10.7147 cm®g !, respectively. In summary, the
structural characteristics and high chemical stability of Cus-X
clusters endow them with potential as catalysts for electro-
catalytic CO,-to-C,H, conversion.

According to the stability test results of the as-synthesized
samples, 0.5 M KOH aqueous solution is selected as the
electrolyte for electrocatalytic CO,RR test in the flow cell. At
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Figure 2. The activity and selectivity of Cu;-X for CO,RR. (a) Linear
sweep voltammetry (LSV) curves of Cu;-Cl, Cus-Br and Cus-NO; in Ar
and CO, atmosphere. (b) Faradaic efficiency (FE) (H,, CH,, CO and
C,H,) of Cu;-Br at different potentials (—0.6 V to —1.1V). (c) The
contrast of FE¢,,, for CO,RR catalyzed by Cu,-Cl, Cu;-Br and Cu;-NO,
at different applied potentials (—0.6 V to —1.1 V). (d) The FEs for
HER, total CO,RR and C,H, conversion catalyzed by Cus-Br.

first, the linear cyclic voltammetry (LSV) curves are mea-
sured in the atmosphere of CO, and Ar separately (Figure 2a
and Figure S10) to preliminary characterize the CO,RR
activity of the Cu;-X. The LSV curves show that the onset
potential of Cu;-X in CO, stream is more positive than that in
Ar, which testifies the possibility of the catalysts for CO,RR.
Moreover, the current density in CO, is much higher than that
in Ar atmosphere, showing that the intrinsic activity of the
catalysts is for CO,RR rather than hydrogen evolution
reaction (HER). The current densities of Cus-Cl, Cu;-Br
and Cu;-NOj; can reach to 635.79, 595.74 and 650.49 mA cm >
at —1.1V, respectively, further testifying the possibly favor-
able activity for CO,RR.

To evaluate the catalytic selectivity of the catalysts to the
formation of different products, the CO, electroreduction
experiments are performed at different potentials (—0.6 V to
—1.1 V) and the gaseous reduction products are detected by
gas chromatography (GC) and the liquid products are
analyzed by nuclear magnetic resonance (NMR). As shown
in Figure 2b, Table S6 and Figure S11-S12, the gaseous
reduction products of CO,RR catalyzed by the Cu;-X are
mainly C,H,, CO, H, and CH,. Additionally, trace liquid
products have been detected by NMR (Figure S13). However,
the concentration of liquid products in the electrolyte is lower
than the detection limit, so that it cannot be accurately
quantified. The blank carbon paper has been used as electro-
catalyst to eliminate the influence of carbon paper on
catalytic performance. The results in Figure S14 illustrate
that the main product of the CO,RR when catalyzed by
carbon paper is H,. The Figure 2b and Figure S12 display that
C,H, and CO are the main competing products in the
reduction products and furthermore, the FEy, and FEcy,
remain almost unchanged at all test potentials. In detail, Cu,-
Br gives the highest FE, (55.3%) at —0.6 V, along with
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27.71% FEcy,, 11.22% FEy, and 0.18 % FE(y,. Subsequent-
ly, when the potential increases to —0.7 V, the FE,y, reaches
up to 55.01% with a large current density (129.58 mA cm ?)
and the selectivity is nearly invariable in a wide potential
range (—0.7V to —1.1V). As for Cu;-Cl, it gives 70.89 %
FEco, 15.92% FEcy,, 7.68% FEy, and 0.66% FEcy, at
—0.6 V. With the increase of potential, the faradaic efficiency
of the main reduction product (C,H,), increases gradually and
reaches maximum value of 47.68% at —0.9V, and then
decreases. In contrast, Cu;-NO; gives 61.86 % FEq, 17.34%
FEc,n,,14.84% FEy, and 2.79 % FEy, at —0.6 V. The change
trend of Cu;-NOj is similar to that of Cu,-Cl, and the FE( y,
peak of Cu;-NO; is 31.90% at —0.8 V (Figure S12). For
a clearer contrast, the yield distribution of C,H, at different
potentials is shown in Figure 2c, it can be seen that the FE y,
of Cu;-Br at each potential is higher than that of Cu;-Cl and
Cu;-NO;, showing the best catalytic performance among the
three samples. The Figure 2d and Figure S15 show that the
lowest FEcq,rr is 73.88% of Cu;-NOj; at —0.9V, and the
highest FEcq,rr is 88.73% of Cus-Br at —0.6 V among the
three samples, which further proves that the catalysts support
CO,RR much more strongly than the competitive reaction
(HER).

To further reveal the superior activity of Cus-Cl, Cus-Br
and Cu;-NO;, the partial current densities of C,H,, CO, H,
and CH, at different potentials are calculated. As shown in
Figure 3 a, the partial C,H, current densities of Cu;-Cl, Cu;-Br
and Cu;-NOj; can reach 289.70, 330.90 and 163.46 mA cm 2 at
—1.1 V, respectively, which shows that the activity for C,H, of
Cu;-Br is much better than Cu;-Cl and Cu;-NO;, Besides, the
partial current densities of Cuz-NOj; for CO and H, are much
larger than that of Cu;-Cl and Cus-Br, which could also
indicate that the activity of Cuz-NOj; for C,H, is inferior to
that of Cu;-Cl and Cus-Br (Figure S16).

From the cyclic voltammetry (CV) curves (Figure S17),
the values of electrochemical double-layer capacitance
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Figure 3. Characterization of Cus-X. (a) Partial current density of C,H,
of Cu,-X at different applied potentials (—0.6 V to —1.1 V). (b) The
mass spectra of *C,H, recorded under *CO, atmosphere for Cus-Br.
(c) Durability test of Cu;-Br at the potential of —0.9 V vs. RHE. (d) The
comparison of catalytic performance among the reported stable metal-
organic complex electrocatalysts.
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(Ca)M are calculated to evaluate the electrochemical active
surface area (ECSA) of Cu;-Cl, Cus-Br and Cuz-NO;. As
shown in Figure S18, the C, values of the three samples are
similar (0.207, 0.304 and 0.187 mFcm?), revealing that the
three samples have the similar number of catalytic sites
interacting with the electrolyte, which is consistent with the
number of copper ions in the clusters. Additionally, the
electrochemical impedance spectroscopy (EIS) tests of Cuz-X
are conducted at —0.8 V to investigate the electrocatalytic
kinetics on the electrode/electrolyte surface during electro-
chemical CO,RR. As shown by the Nyquist plots (Figure S19
and Table S7), Cus-Br exhibits the smallest charge transfer
resistance (3.219 Q) among the three samples, which means its
fastest charge transfer rate from the catalyst surface to the
reactant in the process of CO,RR and correspondingly
enhanced electrocatalytic activity and selectivity.

The isotope labeling experiment is carried out by using
3CO, as the substrate under the identical experimental
conditions as that of >)CO, to reveal the carbon source in the
electrochemical reduction products. The products are ana-
lyzed by gas chromatography and mass spectrometry. As
shown in Figure 3b and Figure S20, the peaks at m/z =17, 29
and 30 are ascribed to “CH,, ®CO and “C,H,, respectively,
indicating that the CH,, C,H, and CO are indeed converted
from the CO, reduction.

The excellent activity and selectivity of electrocatalytic
CO,RR attract us to further explore the catalytic durability of
the catalyst to evaluate its catalytic performance and practical
application potential. The short-time durability curves are
shown in Figure S21, reflecting that all the three catalysts can
preserve a stable current from —0.6 V to —1.1 V. The long-
term durability of Cu;-Br at —0.9 V is tested by testing FE y,
intermittently with GC every 2 hour. The chronoamperomet-
ric curve (Figure 3c¢) tells that the current density of Cu;-Br
can basically maintain over 300 mAcm ™ and the FEcp,
remains at about 50 % during the durability test of 9.5 hours.
However, the electrocatalytic durability is somewhat limited
by harsh electrolysis conditions and traditional carbon paper
support.’ In contrast, the electroreduction of CO, has been
achieved directly in gas phase by using the membrane
electrode assembly (MEA) in previous work, which could
improve the FE y;, and long-term stability of the catalysts by
alleviating the mass transfer constraints and the severe
electrolysis conditions.®*!?l Therefore, if the Cus;-X can be
used as the catalysts in the MEA electrochemical cell, the
catalytic performance is likely to be enhanced.

A series of comparative characterizations are carried out
on the samples uniformly ground and loaded on carbon paper
to further demonstrate the superior stability of the three
catalysts. As shown in Figure S22, there is no obvious
macroscopic morphological change of the samples in the
process of electrochemical test. The PXRD patterns of the
carbon papers coated with the samples before and after the
electrocatalytic CO,RR are well-matched, illustrating that
the Cu;-X could maintain their structural integrity during the
test (Figure S23). It is worth noting that there are no peaks of
Cu’, Cu,0 or CuO in the PXRD patterns of Cus-X samples,
which shows that the Cu’" ions in the Cuy-X are not
transformed into Cu’, Cu,0O or CuO. This can also be
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confirmed by the ex situ and in situ Raman spectra of the
samples. As shown in Figure S24, the Raman characteristic
peaks of Cu,O or CuO reported in the literature (146, 217,
310, 417, 520, 636, 810 cm ' for Cu,O and 298, 345, 632 cm !
for CuO)™ do not appear on the ex situ Raman spectra of
Cu;-X samples. At the same time, the in situ Raman spectra of
the best-performing Cu;-Br before and during the electro-
catalytic CO,RR at different applied potentials have been
performed to further testify the structural stability of the
catalysts under operating conditions. There are no new peaks
appearing on the in situ Raman spectra (Figure S25) of the
catalysts at various applied potentials during the CO,RR
process and the positions of the intrinsic peaks of Cus-Br do
not shift obviously. All the Raman spectra illustrate that the
Cu;-X catalysts are stable during the electrocatalytic CO,RR.
In addition, the electronic states of Cu;-X are determined by
the XPS spectra of the samples. The contrast of the XPS
spectra of Cu 2p (Figure S26) manifests that the Cu" oxidant
state in the catalysts keeps unchanged before and after the
CO,RR, which further proves the superior electrochemical
stability of Cu;-X.

Although the FEy;, of Cus-X are lower than that of the
most superior CO,RR electrocatalysts (e.g., nanomaterials)
reported so far, the precise structure-property relationship
built by this crystalline model system can provide more
insights into reaction mechanism for electrochemical CO,-to-
C,H, conversion and the future design of more efficient
electrocatalysts. Moreover, it deserves to be mentioned that
the electrocatalytic performance of Cus-Br is comparable to
those of the best-performing stable metal-organic complex
electrocatalysts reported so far (Figure 3d and Table S8).>4!
Compared with the electrocatalysts reported by our group
recently, the Cus-Br could give FE(,y, of 55.01 % at a lower
potential (—0.7 V) and keep the selectivity basically un-
changed in a wide potential range (—0.7 V to —1.1 V). Tt is
noteworthy that the main competitive product of C,H, is CO
rather than H, when the CO,RR is catalyzed by Cu;-X,
particularly the FEy, can be controlled below 15 %, which
means an important progress in the selectivity control of
CO,RR in aqueous solution.

The blocking effect of different volume of the counter
anions on the catalytically active sites is displayed clearly in
Figure S27. As we can see, the order of the volume of counter
anions is NO;~ > Br~ > Cl7, so that the NO;™ may completely
block the attacking space of CO, molecules to the active Cu
sites on its side, while CI- has the least effect on the
coordination ability between the Cu sites and CO, substrate.
When the effect of the volume of counter anions is reflected
on the electrocatalytic performance of Cu;-X, the order of the
selectivity for electrocatalytic conversion of CO, to C,H, is
expected to be Cu;-Cl > Cuz-Br > Cu;-NO;. However, all the
above experimental results have proved that Cus-Br has the
best electrocatalytic performance for the reduction of CO, to
C,H,, which greatly arouse our interests in further exploring
the reason for this difference. For Cu;-Cl and Cus-Br (Fig-
ure S1-S4), it could be found that there are no structural
differences between the two clusters apart from the various
volume of the counter anions. Besides, as mentioned above,
a large quantity of comparative characterization results show

© 2021 Wiley-VCH GmbH

that all the three clusters can maintain their structural
integrity during the test. Therefore, based on the experimen-
tal results and structural analysis, we speculate reasonably
that the volume of counter anions does not play a decisive
role in the electrocatalytic performance difference between
Cu;-Cl and Cu;-Br. The assumption is further affirmed by the
theoretical calculation results.

The density functional theory (DFT) calculations are
carried out to further explore the C—C coupling mechanism of
the electrochemical CO,-to-C,H, conversion catalyzed by
Cu;-X clusters. The initial structures for calculation are
simplified from the crystal structure of Cu;-X, as shown in
Figure S28. At first, the possible paths for C—C coupling have
been explored. We have tried to speculate different possible
paths of CO,-to-C,H, conversion above or below the plane
formed by three Cu*' ions. For the convenience of descrip-
tion, the side of u;-OH protruding from the plane is recorded
as the downside while the other side is called the upside in the
following paper. The steric hindrance caused by the protrud-
ing -OH is predominant on the downside, which seems
unfavorable for intermediates coupling. Besides, the angle
between the Cu sites on the downside is not conducive to the
intermediate coupling, either. As a result, the upsides of Cus-
X are selected as the main adsorption direction of the
reactants.

Generally, the C—C coupling begins from *CO (* indicates
the adsorption site) and the subsequent reaction will go
through one of the four pathways (SI Computational De-
tails)."™! In this study, the COCO and COCHO pathways are
eliminated at first, because neither *CO*CO nor *CO*CHO
could be optimized on the surfaces of Cu;-X, which indicates
that these intermediates adsorbed on the active Cu sites are
not stable. In addition, the COHCOH coupling pathway
cannot be optimized on Cu;-NO;, suggesting the exact C—C
coupling pathway on Cu;-INOj; is the CHOCHO pathway. The
free energy diagrams (FEDs) for CHOCHO and COHCOH
pathways are compared for all the upsides of Cuz-X (Fig-
ure 4a—c and Figure S29). There is a clear show that the
COHCOH coupling pathway possess a much higher AG,,.,
(AGna refers to the standard Gibbs energy, > 1.5 eV) than
that of the CHOCHO coupling pathway (< 0.06 V). There-
fore, the C—C coupling of CO,RR when catalyzed by Cu;-X
prefers to follow the CHOCHO pathway. Moreover, the
dimerization energies on both sides of Cuz-X are also
compared in Figure 4a—c and Figure S30, which further
illustrates that C—C coupling tends to take place on the
upsides of the clusters.

As shown in Figure 4 a—c, the calculation results show that
the most active structure for C—C coupling is the Cu;-Br that
possesses the smallest AGy,,, of —0.20eV for the most
endothermic elementary step. Following which are the Cu;-Cl
(AGgpmex=—0.08 ¢V) and the Cu3-NO; (AG.=0.06¢eV).
Therefore, the Cu;-Br exhibits the best catalytic selectivity for
the electrochemical CO,-to-C,H, conversion and the Cu;-
NO; gives the lowest faradaic efficiency for C,H, in theory,
which is consistent with the experimental results of the
electrochemical tests. According to the aforementioned
results, it is speculated reasonably that the dipole (upward)
direction of CHOCHO is the same as the direction of the
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Figure 4. DFT calculations results. The FEDs of CHOCHO pathway taken place on the upside of (a) Cu,-Cl, (b) Cu,-Br and (c) Cu;-NO;. The violet
and orange stepwise lines indicate the paths for the formation of the first and second *CHO from *CO, respectively. The black stepwise lines
suggest the C—C coupling through the CHOCHO pathway. (d) Subsequent pathway after the formation of CH*OCH*O on Cu,-Br.
electric field in Cu;-X clusters, which has resulted in the Finally, the FEDs of the electrocatalytic reaction pathway
additional stability of the intermediates. Additionally, the after the C—C coupling has been calculated by using the
steric hindrance of NO;™ is larger than that of Br~ and Cl",so  simplified model of the best-performing Cu;-Br catalyst as
that the surrounding environment of NO;™ must be deformed  example. The dominant intermediates and energies involved
when the intermediate is adsorbed. As a result, the *CHO, in each elementary step are summarized in Figure 4d. After
a more prominent adsorption intermediate than *CO, will  the C—C coupling, the H'/e” hydrogenation occurred alter-
cause a larger local rejection and formation enthalpy, which  natively on O and C of CHO to form CHOH, CH,0OH, and
has made the CH*OCH*O formation step an endothermic =~ CH, respectively. The CH*OCH*O intermediate is then
step for Cu;-NO;. And correspondingly, Cu;-NOj; gives the  further stepwise reduced to CH*OCH*OH, CH*OCH,*OH,
worst catalytic performance among the three catalysts. As for ~CH*OCH,, CH*OHCH,, CH,*OHCH, with a corresponding
Br~ and Cl, due to their smaller volume, the adsorption free energy change of 0.07, —1.54, —1.26, —0.87, 0.1 and
disturbance is much weaker than that of NO;~, so that the —7.78 eV.
volumes of *CO and *CHO do not play a decisive role as that
in Cu;3-NO;. Besides, since the spatial configurations of *CO
and *CHO adsorbed on Cu;-Cl and Cuy-Br are very close  Conclusion
(Figure S31), it is considered that Cl~ and Br~ ions only give
perturbation effects on adsorption of intermediates. The Based on the structural symmetry of C,H, molecule, three
catalytic performance difference between the Cuy-Cland Cuz-  oxygen centered trinuclear copper clusters (Cu;-X) have been
Br could be explained by the scaling relation between  designed and synthesized, which feature the symmetrical
adsorbates.""! According to the scaling relation, the influence ~ molecular structure and the appropriate spatial distance
of the surrounding environment on the bond energy change of ~ between the adjacent catalytically active sites. When the Cus-
the adsorption double bond (=CO) is almost twice larger than X are used as catalysts in electrocatalytic CO,RR, the
that of the adsorption single bond (-CHO). Moreover, the  selective control of the electrochemical conversion of CO,
energy effects caused by Br~ and CI" for the *CHO and *CO  to C,H, has been successfully realized by simply replacing the
adsorption are both rejections. Thus, the rejection to *CO  counter anions in the crystal structure. The DFT calculation
should be stronger than that to *CHO, making the proto-  results illustrate that the structural characteristics of Cu;-X
nation of *CO an exothermic process on both Cu;-Br and are beneficial to the simultaneous activation of CO, mole-
Cu;-Cl. Importantly, the rejection to *CHO and *CO caused  cules and the C—C coupling between the active intermediates,
by Br is slightly stronger than that of the Cl™ so that the and finally facilitate the formation of symmetrical C,H,
protonation of *CO and the formation of the *CHO step is  molecule. Among the three catalysts, Cu;-Br exhibits a supe-
more exothermic on Cus-Br, which has brought the Cus-Br  rior FEcy, of 55.01% with a large current density
a better electrocatalytic performance than Cu;-CL (129.58 mAcm™2) at —0.7 V (vs. RHE) and could achieve
Angew. Chem. Int. Ed. 2021, 60, 2621026217 © 2021 Wiley-VCH GmbH www.angewandte.org 26215
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a long-term catalytic durability. This work provides an
important molecular model catalyst system that points out
the essential structural characteristics of the catalysts which
are suitable for electrochemical conversion of CO, to C,H,,
and more insights for the future design of electrocatalysts
which could be applied to efficient reduction of CO, to other
molecular symmetrical C,, products.
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