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ABSTRACT: Achieving CO, electroreduction in an acidic electro-
lyte to obtain high-value products is a great challenge, but it has
remained elusive so far due to the high requirements for catalyst
stability. Herein, we designed and constructed a highly stable (acid-
and alkali-resistant) and well-defined crystalline coordination
compound catalyst, Inz-Cu;, which can switch the structural
symmetry by varying the distance and angle between the adjacent
synergistic Cu active sites, thus achieving the selective conversion of
CO, to a high-value C, product in an acidic electrolyte. At a current
density of —320 mA-cm™?, it achieved up to 42.20% selectivity for the
electrocatalytic reduction of CO, to C, products in an acidic
electrolyte, and the highly selective catalytic conversion to C,
products (66.79%, containing 35.27% FEcy, and 31.52% FEc 1 on)

can also be achieved in a conventional alkaline electrolyte. Moreover, the density functional theory (DFT) calculation and control
experiments revealed that the adjacent asymmetric Cu active sites with close distance can stabilize *CHOHCHj intermediates, thus
improving the selectivity of the asymmetric C, product. This work demonstrates a strategy for the structural design of asymmetric
crystalline coordination catalysts and enables the achievement of electroreduction conversion of CO, to high-value-added C,
products in an acidic electrolyte.
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B INTRODUCTION

Most of the current CO, reduction reaction (CO,RR) systems

CO, under acidic conditions allows the catalysts to directly
reduce CO, to products without first converting to carbonate
intermediates, effectively reducing the risk of carbonate
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are developed under alkaline or neutral conditions, accumulat-
ing a large amount of data and experience.”” The use of
alkaline electrolytes such as potassium hydroxide can improve
the conductivity of the electrolytes and effectively suppress side
reactions such as hydrogen generation, improving the
selectivity of CO, conversion. In addition, some valuable
carbon-based products such as methane (CH,) and some
multicarbon products are mainly generated under alkaline
conditions. However, the main disadvantages of the electro-
chemical reduction of CO, under alkaline conditions are as
follows: (i) Carbonate ions generated under alkaline
conditions tend to accumulate on the surface of electro-
catalysts, hindering the removal of products and reducing
activity.” (i) Some small-molecule organic acid products such
as formic acid and acetic acid will continue to react under
alkaline conditions, leading to side reactions and reduced
selectivity. (iii) The corrosive effects under alkaline conditions
may reduce the service life of the electrocatalytic system.” In
contrast, the advantages of CO, reduction systems under acidic
conditions are very significant.” First, the higher solubility of
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precipitation and poisoning of active sites. Furthermore,
some small-molecule organic acids produced under acidic
conditions, such as formic acid (HCOOH) and acetic acid
(CH3COOH), are more easily recovered from the solution.
Therefore, developing CO, reduction electrocatalytic systems
under acidic conditions can avoid or mitigate these
disadvantages and help improve reaction efficiency and
product value.®

In the past few years, the electroreduction of CO, to C,
products has been widely studied,”® and the selectivity of the
reduction products (e.g., carbon monoxide (CO),”™"" formic
acid/formate (HCOOH/HCOO™),"””"* and methane'®) has
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Figure 1. (a) Crystalline coordination catalyst design evolution gradually upgrades the CO, reduction products. (b) Structural transformation from
Inz-Cu; to Inz-Cujy’. Color code: C, black; N, blue; Cu, yellow. All hydrogen atoms have been omitted for clarity.

reached or exceeded 80%. Thus, the current research hotspots
have shifted to the generation of C, products with higher
energy density.'”'” Copper-based catalysts are currently
considered to be the most important type of catalysts for the
conversion of CO, to high-value carbon-based products."®~°
So far, it has been inferred from many copper-based catalyst
systems that symmetrical catalytic active sites are more inclined
to produce symmetrical C, products under alkaline conditions,
with particular attention to coordination compound cata-
lysts.”** Coordination compounds with precise structural
information have significant advantages in the study of the
mechanism of the electrocatalytic CO, reduction reaction
(CO,RR). In our previous work, by adjusting the number,
distance, and angle of catalytic active sites in copper-based
coordination compound catalysts, we gradually realized the
conversion of CO, reduction products from C; to symmetrical
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C, products (Figure 1a).>>"* It can be demonstrated that
establishing appropriate copper-based coordination compound
catalyst models may effectively regulate the selectivity of
carbon-based reduction products as well as help in better
understanding the mechanism of the catalytic reaction. In
order to improve the overall efficiency of the C, product, we
also need to consider the conditions for the generation of
liquid-phase asymmetric C, products (e.g., ethanol
(C,H;OH)). However, little is known about the conditions
that need to be met by a catalyst to produce an asymmetric C,
product, and it is important and necessary to find a suitable
catalyst system to further explain the catalytic mechanism for
the reduction of CO, to an asymmetric carbon-based
product.”® Based on the above design considerations, it is
hoped that the conversion of CO, to an asymmetric C,
product by coordination compound model catalysts will
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Figure 2. Electrocatalytic performances of Inz-Cuy in 1 M KOH. (a) LSV curves. (b) Faradaic efficiency (FE) of different reduction products. (c)
The contrast of FE (H,, CO,RR, C;, and C,) at —0.6 to —1.0 V versus RHE. (d) The contrast FE of C,H, and C,H;OH. (e) The partial current
density of different reduction products. (f) The mass spectra from GC-MS of the '*C,H, product from '*CO, reduction.

continue. Given that the asymmetric products still need to
complete the C—C coupling reaction during the reduction
process, we speculate that the catalyst model for the efficient
electroreduction of CO, to an asymmetric C, product should
contain at least two adjacent active sites with close distance
and different coordination environments, which may lead to
the completion of the asymmetric C—C coupling of key
reaction intermediates in the CO,RR process and thus
facilitate the conversion of CO, to asymmetric carbon-based
products.”

In order to improve the selectivity of electrocatalytic CO, to
generate C, products, this work continued to improve the
cyclic symmetrical Cu3Nyg structure and constructed an
ultrastable and well-defined trinuclear copper-based cluster
compound by combining an indazole ligand with copper salts,
{Cu; (u-Inz);} (denoted Inz-Cu;, Inz = 1H-Indazole),
exhibiting high hydrophobicity and chemical stability in a
strong acid—base environment. When Inz-Cu; was applied as
an electrocatalyst for CO,RR, it exhibited the highest
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selectivity for CO, electroreduction to C, of 66.79%
(containing 35.27% FEc g, and 31.52% FEc 4 on) at —0.9 V

(vs reversible hydrogen electrode, RHE) in an alkaline
electrolyte. Meanwhile, Inz-Cu; still showed a good selectivity
of 42.20% for C, products at a current density of —320 mA-
cm™ in an acidic electrolyte (pH = 2), which implies that the
coordination compound catalyst can realize the conversion of
CO, to the C, product in an acidic environment. As predicted,
comparative experiments and theoretical calculations demon-
strate that the asymmetric Cu active site in Inz-Cujy achieves
asymmetric C—C coupling by adsorbing two forms of *CO
and then stabilizing the *CHOHCH; intermediate, allowing
for the selective reduction of CO, to asymmetric C, products.
This work reveals how the conversion of CO, to symmetric or
asymmetric C, products can be achieved by modulating the

symmetry of the active site.
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B RESULTS AND DISCUSSION

Synthesis of Inz-Cu;. Cu(NO;),-3H,0 (0.3 mmol),
indazole (Inz, 0.3 mmol), DMF (5 mL), and 0.1 M KOH
solution (2 mL) were mixed and heated at 100 °C for 24 h;
after cooling at room temperature, a large number of colorless
long flake crystals were obtained, named Inz-Cuj;. Single-
crystal X-ray diffraction analysis (SCXRD) reveals that Inz-Cu,
crystallizes in the orthorhombic space group Pbca (Table S1).
During the structure resolution, there is dynamic disorder in
the ligand at the positions of the bridging Cul and Cu2 atoms,
and one set of structures was selected for analysis to
understand the structural details more clearly (Figure S1). As
shown in Figure 1b, any two Cu atoms in this structure are
bridged by three Inz ligands and finally form a twisted cycle
triangular trinuclear Cu-based cluster compound, {Cu; (u-
Inz);}. The overall structure of Inz-Cuy is noncoplanar and
does not have symmetry (Figure S2). It contains three Cu
atoms with different coordination environments, which are not
bonded to any ligand in the axial position and without any
solvent molecules at the center position; such a coordination
pattern provides enough spatial environment for the
adsorption of small gas molecules. The values of bond lengths
and bond angles selected in the crystal structure are listed in
Table S2. In addition, due to the weak cuprophilic interaction
(the Cu--Cu distance = 2.91 A) between the Cul atom and
the Cu3 atom of another adjacent trinuclear cluster, Inz-Cuy,
finally exists as a dimer in the crystal structure (Figure S3).

Characterization of Inz-Cu;. To evaluate the crystallinity
and chemical stability of Inz-Cu;, powder X-ray diffraction
(PXRD) experiments were carried out on the as-synthesized
sample. Figure S4 shows that the PXRD patterns of the
synthesized samples are in good agreement with the simulated
pattern of single-crystal data, indicating high purity and
crystallinity. Next, 30 mg of the synthesized crystals were
submerged for 24 h in 10 mL of 1 M KOH solution (pH 14)
and 10 mL of 0.5 M K,SO, solution (pH 2, adjusted with
sulfuric acid), respectively. Inz-Cu; can still preserve its
structural integrity in a highly acidic and alkaline solution, as
shown by the PXRD patterns of the soaked crystals being
consistent with the intrinsic PXRD patterns of the crystalline
samples. The structural characteristics and stability of Inz-Cu,
were further revealed by Fourier transform infrared spectros-
copy (FTIR) experiments (Figure S5). Furthermore, thermog-
ravimetric analysis (TGA) was performed in an oxygen
environment to evaluate the sample’s thermal stability. The
curve demonstrates that Inz-Cu; could retain structural
stability up to 280 °C (Figure S6). Most important of all,
the apparent contact angle of Inz-Cu; was tested with
deionized water at room temperature. The test result shows
that Inz-Cu; has a contact angle close to 122°, thus proving
that Inz-Cuy has higher hydrophobicity (Figure S7). Overall,
the high structural and chemical stability of Inz-Cu; serves as a
crucial foundation for investigating the development of its
performance.

Electrochemical CO, Reduction Performance. Given
the chemical stability of Inz-Cuj, it can be used as an
electrocatalyst to evaluate the electrocatalytic CO,RR perform-
ance in flow cell.'” The gas diffusion layer (GDL) uniformly
coated with electrocatalyst suspension was used as a working
electrode. Platinum tablets and a saturated Ag/AgCl electrode
were used as the counter and reference electrodes, respectively.
The linear sweep voltammetry (LSV) curves were measured in
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CO, and Ar streams separately. Figure 2a demonstrates that
the onset potential of Inz-Cuy in a CO, atmosphere is more
positive than that in an Ar atmosphere, and the current density
in the CO, stream is much higher than that in the Ar stream,
confirming its higher reaction activity of electrocatalytic
CO,RR than the competitive hydrogen evolution reaction
(HER).”® To explore the electrocatalytic selectivity for
different reduction products of Inz-Cu,;, the CO, electro-
reduction experiments were carried out at the selected
potential range (—0.6 to —1.1 V) in an alkaline electrolyte.
The gas product obtained is analyzed by online gas
chromatography (7820A, Agilent), which was equipped with
a flame ionization detector (FID) and a thermal conductivity
detector (TCD). The liquid-phase products are qualitative and
quantitative by 'H NMR, ion chromatography (IC), and
headspace gas chromatographic analysis (HS-GC). The
corresponding product distribution and specific error bars at
different potentials are displayed in Figure 2b and Table S3. As
the applied cathodic potential increases, the FE of CO
decreases gradually and the C, product (referred to as C,H,
and C,H;OH) shows an obvious competitive advantage. To be
specific, the Inz-Cuj catalyst gives 54.22% FE.o, 10.35%
FEy, 5.12% FBcyuon and 8.74% FEy at —0.6 V. In

addition, there are other products, such as CH,, HCOOH, and
methanol (CH;OH), whose selectivity is less than 10%. When
the potential comes to —0.9 V, FE, increases in a volcanic plot

trend and achieves its peak value of 66.79% (including 35.27%
FEc y, and 31.52% FEy o Figure 2¢,d). It is worth noting

that FE, remains higher than 44.34% from —0.8 to —1.1 V.
FEy, is always lower than 15% at all applied potentials, which
signifies the poor selectivity for HER of Inz-Cu;. FEcogr

remains at a high level (over 82.46%) in the potential range
from —0.6 to —1.1 V, demonstrating that Inz-Cu; provides
superior selectivity for CO, conversion to high-value-added
products. '"H NMR also qualitatively detects CH;0H,
C,H;OH, and other cathodic liquid-phase products (Figure
S8). To further reveal the electrocatalytic activity of Inz-Cus,
the partial current densities of H,, C,H,, C,H;OH, CO,RR,
and C, have been calculated (Figure 2e). Meanwhile, to verify
the carbon source of the reduction product, the *C isotope
labeling experiment was carried out by using *CO, instead of
2CO, under the same reaction conditions. The results of gas
chromatography—mass spectrometry show that the peaks at
m/z = 29, 17, and 30 are, respectively, assigned to '*CO,
BCH,, and "*C,H,, indicating that the carbon-based reduction
products indeed derive from the CO, used (Figures 2f and S9).

To reveal that the symmetry of catalytically active sites
affects the catalytic selectivity of catalysts in the CO,RR
process, the Cu—dimethylpyrazole comzplex (DMPz-Cu;) was
synthesized as a contrastive sample.”"”” Similarly, the DMPz-
Cu, structure has a cyclic trinuclear Cu active site and exists as
dimers as a result of a weak cuprophilic interaction. In contrast
to Inz-Cuy, its overall structure is centrosymmetric (Figure
S10). When it is used as an electrocatalyst under the same
CO,RR test conditions as Inz-Cus, Inz-Cuj exhibits a higher
current density than DMPz-Cu; at each potential, which
further implies the better electrocatalytic activity of Inz-Cug
(Figure S11). As the applied cathodic potential gradually
increases, FEo gradually decreases, while the FE of CH, and
C,H, progressively grows. At —0.9 V, the maximum FE of
C,H, can reach 29.10%. Once the performance of the two
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Figure 3. (a) LSV curves. (b) Electrocatalytic performances of Inz-Cu,’ in 1 M KOH. (c) The contrast FE of the C, products. (d) The partial

current density of C, at different applied potentials.

catalysts is contrasted, it is obvious to discern that the main
product of DMPz-Cu; with higher cuprophilic interactions is
CH,, with C,H, as the secondary product and the trace liquid-
phase C,H;OH product being negligible. By comparing the FE
of C, products of the two catalysts at all test potentials, it can
be found that Inz-Cuj has better selectivity for C, products in
the CO,RR process, and the selectivity of C,H;OH remains
above 20% in a wide voltage range (—0.7 to —1.1 V). Through
the above analysis, we speculate that the advantage of Inz-Cuj,
in producing an asymmetric product (C,H;OH) can be
attributed to the asymmetry of catalytic Cu active sites, while
DMPz-Cu; with a symmetrical Cu site prefers to produce
C,H,.

Moreover, Inz-Cu;’ was synthesized by increasing the
reaction temperature under the same conditions as Inz-Cu;.
Based on the original closed Inz-Cuj structure, the Cu3—NS$
bond is broken, and the two Inz coordinated with Cu3 flipped
a certain angle, finally obtaining the M-type chain structure of
the nonplanar co-top Cu3 conformation ( Figures S12 and
S13). Compared with the cyclic trinuclear Cu-based cluster,
the structure of Inz-Cu;’ with a similar Cu3 conformation and
symmetric catalytic active site undergoes a spatial conforma-
tional change. Besides, Inz-Cu;’ also possesses high chemical
stability and hydrophobicity (Figures S14—S16). To verify
whether the above conclusions are reasonable, the electro-
reduction of the CO, reaction experiments was carried out in
the selected potential range (—0.6 to —1.1 V) using Inz-Cu;’
as an electrocatalyst. From Figure S17, the LSV curve shows
that the current density of Inz-Cuy is twice that of Inz-Cu;’. In
addition, H,, CO, CH,, and C,H, were analyzed as the main
gaseous products, and the FE,., of the gaseous products was
almost 100%, and almost no liquid product was found by 'H
NMR (Figures 3 and S18). As the cathodic potential increases,
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the FE of C,H, impressively increases to a maximum of
~50.0% at —0.8 V. By comparing the FE., values of the two

catalysts at the same potential, it is possible to conclude that
catalytic selectivity is altered as the catalytic active site
transitions from a symmetric to an asymmetric state. The
symmetric active site prefers a symmetric C—C coupling to
make C,H,, but the asymmetric catalytic active site decreases
the chemical difficulty in generating C,H;OH in competition
with C,H, formation.”® This hypothesis is supported by the
experimental results, which validate the viability of Inz-Cuj as
a catalyst in the production of asymmetric carbon-based
products.

To further explore the potential factors for the difference in
the electrocatalytic performance of the two catalysts, we
explored the reasons from the perspective of reaction kinetics.
First, the electrochemical double-layer capacitance (Cy;) values
have been calculated from the cyclic voltammogram (CV)
curves to estimate the electrochemical active surface area
(ECSA). As shown in Figure S19, the Cg values of Inz-Cuy
and Inz-Cu;’ are 0.85 and 13.41 mF-cm™ respectively,
demonstrating that Inz-Cu;’ with symmetrical active site
possesses more available active sites interacting with the
electrolyte.”® To explore the catalytic durability properties of
these catalysts for further applications, the long-term durability
of Inz-Cu; was assessed by the chronoamperometric curve at
—0.9 V, the potential that has achieved the optimal selectivity
for the CO,-to-C, conversion. The result illustrates that Inz-
Cu; can maintain the current density of approximately —400
mA-cm™> and FEc, over 60.00% during the continuous
electrolysis of 8000 s (Figure S20). In comparison, the

DMPz-Cu; catalyst displays poor catalytic stability during the
long-term test. The catalytic stability of another comparative
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sample, Inz-Cuy’, in a prolonged test is shown in Figure S21,
where the Inz-Cuj;’ catalyst can maintain a current density of
~—330 mA-cm™* and more than 45.00% FEcy, during

continuous electrolysis for 2300 s. This verifies that the
stronger hydrophobicity of Inz-Cu; reduces the affinity of the
electrode for water, which helps to promote the diffusion of
small gas molecules and thus improves its stability in the
catalytic process.””** However, the durability of the electro-
catalysis is somewhat limited due to the harsh electrolysis
conditions and the traditional carbon paper support.

In addition, in order to explore the structural stability of the
Inz-Cu; catalyst, a series of comparative characterization
techniques of the working electrode were performed before
and after the test. First, the morphology of the Inz-Cuy catalyst
remains basically unchanged before and after electrolysis from
the SEM images of the uniformly ground samples (Figure
$22). The PXRD, FTIR, and XPS patterns of Inz-Cuy before
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and after the test are well-matched, indicating that they could
retain structural integrity in the CO,RR process (Figures $23—
S25). The XAS measurement results show that no significant
change in Cu K-edges could be observed in the X-ray
absorption near edge structure (XANES) profiles of Inz-Cu,
after the electrocatalytic process (Figure $26), and no obvious
change in the Cu—Cu distance is observed in the extended X-
ray absorption fine structure (EXAFS) spectrum. At the same
time, the test results also verified that the oxidant state of
Cu(I) in Inz-Cu; was found to be unchanged, which indicated
that the Cu(I) centers were not reduced to Cu(0) particles or
turned into Cu,O or CuO.*° All of the aforementioned results
demonstrate that Inz-Cu; as a persistent heterogeneous
catalyst has superior activity for the electrochemical conversion
of CO, to C,. For Inz-Cujy’, it can be found that the catalyst
largely maintains its original morphology by comparing the
SEM images before and after the test (Figure S27). Moreover,
the PXRD patterns of Inz-Cuj,’ before and after the test proved
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that the sample did not have any phase change during the
catalytic process (Figure S28). The FTIR spectra of Inz-Cu,’
before and after the test also confirmed the above conclusion
(Figure S29). Though the spatial configuration of Inz-Cuy has
been transformed, Inz-Cu;’ still has high stability and catalytic
activity.

Although alkaline or neutral pH electrolytes are typically
used to minimize competitive HER, they can also result in
carbonate formation, which is harmful to boosting CO,
utilization efficiency.””*® In contrast, an acidic medium can
aid in overcoming the carbon utilization limit in neutral and
alkaline solutions by minimizing the formation of carbonates
(Figure 4a).*>*° Moreover, the higher proton concentration
in the electrolyte and the use of a Nafion membrane as a
separator are expected to minimize carbonate formation and
liquid product crossover. Considering the stability of Inz-Cu,
in acidic solutions, it could be used as an electrocatalyst to
evaluate the CO,RR performance in a flow cell using 0.5 M
K,SO, (pH adjusted to 2.0 with sulfuric acid) aqueous solution
as an electrolyte.’ Figure 4b and Table S4 show the product
distribution of CO,RR on Inz-Cu; in the current density range
(—80 to —400 mA-cm™?). FEy_is essentially identical to that of

an alkaline environment, which is less than 20%. This result
proves that the catalyst can effectively inhibit HER under any
test environment. As the applied current increases, the
selectivity of the C; product decreases gradually, while the
FE of the C, product increases steadily. At —320 mA-cm >, the
Inz-Cuy catalyst gives the highest FE for C, products of
42.20%, with a partial current density of —135.04 mA-cm™2. So
far, there has been no report on the application of crystalline
materials in electrocatalytic CO,RR in acidic solution (Table
SS5). The long-term durability of Inz-Cu, is tested under the
condition of —320 mA-cm™2. The chronoamperometric curve
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(Figure S30) shows that FE( 3 remains at about 20% during

the durability test of 9 h. It can be seen that the acidic
electrocatalytic system can greatly improve the catalytic
stability of the catalyst. Furthermore, the PXRD and IR
patterns of Inz-Cuj before and after the test are well-matched,
showing no significant structural changes (Figure 4c,d).

In Situ DRIFTS Characterization. To further monitor
reaction intermediates associated with multicarbon C,H;OH
production on Inz-Cuy in the CO,RR process, the time-
dependent in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) is employed to infer the reaction
pathway. As shown in Figure Sa, the DRIFTS spectra for this
catalyst exhibit several possible reaction intermediates with the
cathode potential at —0.9 V. In specific, the two peaks at
~2096 and ~1704 cm™ are associated with the atop-adsorbed
*CO (*CO,p) and bridge-adsorbed *CO (*COpygqe) on Inz-
Cus, respectively, which verifies that the presence of two
adsorption forms of *CO in Inz-Cu; provides the possibility
for the occurrence of asymmetric C—C coupling to
C,H,OH.*""** The peaks located at ~1235 cm™' growing
conspicuously with increasing test time can be designated to
*CO protonation (*CHO).* Additional peaks at ~1576 and
~1397 cm™' are indexed to the absorbed *OCCHO and
*CHOCHO, respectively, strong evidence for the direct CO—
CO dimerization on Inz-Cu;.**** More importantly, the
growing peak at ~1318 cm™ is ascribed to the C—H bending
vibration of *CHOHCHS;, which is considered as the key
intermediate for C,H;OH production.”® This may be
attributed to the asymmetric C—C coupling-induced unbal-
anced coordination environment, which disrupts the coordi-
nation sites of the C,H, intermediate and stabilizes the
C,H;OH intermediate. This conclusion is consistent with
reports that the diversity of *CO binding sites enhances the
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formation of C,, liquid products.** Therefore, this work
hypothesizes that activated asymmetric C—C coupling on Inz-
Cu; favors the C,H;OH pathway via stabilizing crucial
intermediates.

DFT Calculations. Based on the well-defined catalytic
model (Figure S31), DFT calculations are performed to
investigate the reaction mechanism of the CO,RR to C,
products. The Gibbs free energy energies of the possible
intermediates from different pathways of CO, reduction to
C,H, and C,H;OH have been calculated (Figure S32 and
Table S6). The CO, gas molecules are first adsorbed on the
catalytic Cu sites and then undergo protonation (*COOH)
and dehydration for *CO. The above reduction process
indicates that the close Cu---Cu distance and a large amount of
catalytic Cu sites in Inz-Cuy are more likely to stabilize the
*CO intermediate and then hydrogenate to obtain *CO-
(H)brigge- Subsequently, *CO(H)yyqqe is coupled with *CO,p
to generate the *COCHO intermediate, which is adsorbed on
two Cu sites with one C-terminal binding and another O-
terminal binding, and the resulting asymmetric C—C coupling
reaction contributes to increased C, production. After
multistep proton-coupled electron transfer (PCET) steps, the
*COCHO intermediate is successively reduced to *CHO-
CHO, *CHOHCHO, *CHOCH,OH, *CHOCH,, and
*CHOHCH,."” The relevant structures of the reaction
intermediates involved in the proposed reaction mechanism
for the CO,RR to C, on the Inz-Cuj catalyst are shown in
Figure S33. Notably, the reaction pathways to produce C,H,
and C,H;OH are identical on Inz-Cuj, as their initial
adsorption of CO, starts and follows a series of PCET
processes to finally generate a shared intermediate,
*CHOHCH,. Therefore, the selectivity between C,H, and
C,H;OH is significantly dependent on the adsorption capacity
of the active Cu sites for the next key intermediate in both
pathways. It can be seen from Figure Sb that the formation
energy of *CHOHCH, — *CHOHCH, (—1.325 eV) is lower
than that of *CHOHCH, — *CH,OHCH, (—0.889 eV). This
result indicates that the key *CHOHCH,; intermediates for
C,H;OH production are more stable on Inz-Cuy (Figure Sc).
From the perspective of the catalyst structure, the reason for
this result is that Inz-Cu; catalysts with asymmetric catalytic
active sites are more likely to be activated for asymmetric C—C
coupling, which provides the possibility of C,H;OH formation.

Currently, there are few reports on the use of coordination
compounds as electrocatalysts to specifically analyze the
conditions for the generation of asymmetric C, products.
Most of the electrocatalysts on coordination compounds
almost always explore C, products rather than asymmetric C,
products, i.e., C,H, and C,H;OH coexist.” In comparison, the
asymmetric C, product ethanol produced by the catalysts in
our work is slightly higher. In addition, the more prominent
performers for the generation of asymmetric C, products are
copper-based nanomaterials and composites, with the main
synthesis strategies including crystal facet tuning,*’ doping,*’
modulation of different components,” and morphology
regulation,51 which have a good selectivity (>50%). Nonethe-
less, problems with these materials are obvious such as
complex catalyst compositions and insufficiently well-defined
structural information for probing the catalytic reaction
mechanism for the generation of asymmetric C, products.
Although our performance is not as good as that of
nanomaterials, the original intention of our work was to utilize
coordination compound models to clearly explain the

structure—property conformational relationship, thus providing
directions for the design and synthesis of high-performance
catalysts for generating asymmetric C, products.

B CONCLUSIONS

In summary, we designed and synthesized a highly hydro-
phobic trinuclear copper-based cluster compound (Inz-Cus)
catalyst to explore the effect of an asymmetric catalytic
environment on product selectivity. Inz-Cu; contains three
adjacent and close distance asymmetric Cu active sites, in
which the *CO adsorption is oriented as both atop and bridge
configurations to trigger symmetric and asymmetric C—C
coupling for stabilization of the key intermediates. It exhibits
the highest FE. (66.79%) containing 35.27% FEc,, and

31.52% FEcpon at —0.9 V in the alkaline electrolyte.

Although its catalytic effect in an alkaline environment is not
outstanding, it shows a good selectivity of 42.20% for C,
products at a current density of —320 mA-cm™? in an acidic
electrolyte. By comparing the electrocatalytic performance of
DMPz-Cu;, Inz-Cu;' with the symmetric structure and Inz-
Cu; with the asymmetrical structure, the rationality of Inz-Cu,
as a crystal coordination compound model catalyst for
electrocatalytic CO, conversion to C,H;OH was demon-
strated. DFT calculations reveal that the presence of
asymmetric Cu active sites can stabilize *CHOHCH; to
boost the selective reduction of CO, to C,H;OH. This work
provides a case where CO, can be highly selectively reduced to
C, products in acidic environments by utilizing coordination
compound catalysts.
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