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Supramolecular isomers can serve as effective model systems to explore the stable self-assembly process

of specific structures, but it is often difficult to capture multiple variants in different stable states. Here, four

variants (CuL-1, CuL-2, CuL-3, and CuL-4) assembled from the same CuICuIIL-metalloligand motif form

different structures in which the dihedral angles of adjacent CuICuIIL-metalloligands (9�, 33�, 84�, 180�)
increase gradually. CuL-2, CuL-3 and CuL-4 belong to supramolecular isomers. The relevant

experimental and calculative results demonstrate that the larger the dihedral angle of adjacent CuICuIIL-

metalloligands, the higher the stability of the structural variant. Moreover, the metastable structures

(CuL-1, CuL-2, and CuL-3) can undergo single crystal-to-single crystal transformation into the most

stable variant (CuL-4). Additionally, based on the unique mixed-valence copper structure distribution

characteristics and strong alkali stability, CuL-4 is applied as an electrocatalyst for CO2 electroreduction

(CO2RR), in which CO2 can be reduced to high-value hydrocarbons with a total faradaic efficiency of

85.02% (FECH4
¼ 67.76%, FEC2H4 ¼ 17.26%) at �1.0 V (j ¼ 477.42 mA cm�2). As far as we know, CuL-4 is

better than most crystalline CO2RR catalysts. Furthermore, the corresponding DFT calculation proves

that the independent Cu(I) sites are mainly responsible for CH4 generation, while the synergistic two

adjacent Cu(II) sites are inclined to produce C2H4. Significantly, crystalline CuL-4 can serve as a well-

defined model electrocatalyst to explore the role of evenly distributed mixed-valence copper active sites

in reducing CO2 to hydrocarbons.
Introduction

Coordination compounds are crystalline materials in which
metal ions/metal clusters and organic ligands are connected by
coordination bonds.1 Their well-dened and adjustable struc-
tures2–4 are conducive to the study of the specic physico-
chemical property and reaction mechanism at the atomic level.
Therefore, in recent years, coordination compounds have
shown great potential in many elds like catalysis,5–9

sensing,10,11 drug delivery,12,13 gas storage and separation,14,15

and so on. In addition, through a exible self-assembly process,
the same reaction components can be used to construct
isomeric coordination compounds (named supramolecular
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isomers)16,17 with different structural conformations. Although
there are usually only slight structural changes among different
variants of supramolecular isomerism, signicant differences
in physicochemical properties oen occur. Especially the
impact on their structural stability generally directly determines
their potential application. Signicantly, for the supramolecular
isomeric system, the huge challenge is the structure capture of
unstable variants, because the rotation or twisting of metal
ions/clusters,18–21 the exibility22,23 or chirality24,25 changes of
organic linkers, as well as the dislocation,26 packing,27 inter-
penetration28,29 of frameworks, oen greatly reduce their crys-
tallinity and structural stability.

Generally, it is very normal for isomeric coordination
compounds to produce different structural variants in the
thermodynamic or kinetic self-assembly process. Moreover,
these structural variants in many cases are very important to
understand the specic structure–property relationship and
reaction mechanism. But it is oen difficult to effectively
capture many of the regular structural variants, because the
effective crystallization of different structural variants by the
targeted regulation of the growth environment of the specic
compound still needs to consider a lot of main factors such as:
(i) the regularity of reaction conditions such as the inuence of
J. Mater. Chem. A, 2021, 9, 23477–23484 | 23477
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pH,30 the ratio of the metal salt to ligand, solvent20,31–33 and
temperature,27,34–36 (ii) modulators added to control the direc-
tional growth of the crystal,37–39 and (iii) the serendipity and
accidental errors in the process of solvothermal synthesis.
These considerations are extremely crucial for the discovery and
in-depth study of a supramolecular isomerism system.

In this work, we discover a thermodynamically induced
isomeric coordination compound system, in which four
different structural variants with mixed-valence copper ions,
molecular CuI3Cu

II
3(NO3)3L3 (CuL-1, H2L ¼ N,N0-(propane-1,3-

diyl)bis(1-(1H-imidazol-4-yl)methanimine)) and layered
CuICuII2L2 (CuL-2, CuL-3, and CuL-4), are successfully captured.
These four compounds are self-assembled with the same CuI-

CuIIL-metalloligand structural motif which represents a H2L
ligand connecting a couple of Cu(I) and Cu(II) ions (Fig. 1). But
the difference is that the dihedral angles of the two adjacent
CuICuIIL-metalloligands are gradually increasing (9�, 33�, 84�,
180�). CuL-1 (9�) is a zero-dimensional single molecule while
CuL-2 (33�), CuL-3 (84�), and CuL-4 (180�) are the two-
dimensional layered structures formed by different packing
patterns. Among them, CuL-2, CuL-3, and CuL-4 constitute
a supramolecular isomeric system. The calculation results prove
that as the dihedral angle increases, the energy decreases,
which means that the structural stability of the isomerized CuL-
2, CuL-3, and CuL-4 is higher and higher. Moreover, the
chemical stability results also show that the stability sequence
of these three compounds is: CuL-4 > CuL-3 > CuL-2. It is worth
noting that CuL-1, CuL-2, and CuL-3 can also be successfully
converted into the most stable variant (CuL-4) by single crystal-
to-single crystal (SCSC) transformation through regulating the
thermodynamic synthesis conditions.

Additionally, in view of the fact that stable Cu-based catalyst
materials have been widely proven to be effective for the CO2

electroreduction reaction (CO2RR),40–43 we speculate that CuL-4
with high chemical stability and uniformly distributed mixed-
valence Cu ions probably has the potential to be the catalyst
for this reaction. Interestingly, CuL-4 exhibits a high faradaic
efficiency of 85.02% for hydrocarbons (FECH4 ¼ 67.76%, FEC2H4

¼ 17.26%) with a current density of 477.42 mA cm�2 for the
CO2RR at �1.0 V vs. RHE, outperforming most crystalline
Fig. 1 The stable self-assembly process of CuL-n (n ¼ 1, 2, 3, 4)
consisting of the same CuICuIIL-metalloligand motifs.

23478 | J. Mater. Chem. A, 2021, 9, 23477–23484
CO2RR catalysts. Furthermore, density functional theory (DFT)
calculation results reveal that the isolated Cu(I) sites are the
primary catalytic sites for the overall CO2RR and tend to
produce CH4, while the two spatially closest Cu(II) sites can
synergistically induce the production of C2H4. This work
provides a well-dened structural model to study the function of
mixed-valence copper catalytic sites in the electroreduction of
CO2 to hydrocarbons.

Results and discussion
Structure and characterization

At rst, we synthesized and collected blue block-shaped crystals
(CuL-1) in the DMF/MeOH mixed solvent using a simple sol-
vothermal method. Single-crystal X-ray diffraction analysis
reveals that CuL-1 as a single molecule crystallizes in triclinic
space group P�1, and its asymmetric unit includes three CuII

ions, three CuI ions, three L2� ligands, and three NO3
� ions

(Fig. S2†). As shown in Fig. S4–S5†, CuL-1 contains two types of
copper ions in different valence states. The monovalent Cu ions
linearly coordinate two H2L ligands. The divalent Cu ions
exhibit the tetragonal pyramid coordination geometry, with
four imidazole N from the same H2L ligand coordinated on the
bottom and one NO3

� ion coordinated axially. And the dihedral
angle of two adjacent CuICuIIL-metalloligands (planes A and B)
connected to the CuI ion is 9� (Fig. 2a). Simply speaking, CuL-1
with a triangular molecular structure is connected head-to-tail
by three CuICuIIL-metalloligands (Fig. 2e). The three-
dimensional supramolecular compound is formed by packing
molecules probably due to the weak C–H/O interactions (H/O
bond distance of 2.478–2.912 Å, Fig. S6†). And each molecule
has six nearest neighbors (Fig. S7†).

In the process of exploring the reaction conditions, we ob-
tained three 2D layered structures (CuL-2, CuL-3 and CuL-4) by
replacing HNO3 with Et3N. We nd that the molar ratio of the
Fig. 2 (a–d) The dihedral angle of two adjacent CuICuIIL-metal-
loligands (planes A and B) in CuL-1 (a), CuL-2 (b), CuL-3 (c), and CuL-4
(d), (e) the single molecule structure of CuL-1, (f–h) the single layer
structure of CuL-2 (f), CuL-3 (g), and CuL-4 (h), and (i–l) the simplified
structural diagram of CuL-1 (i), CuL-2 (j), CuL-3 (k), and CuL-4 (l).

This journal is © The Royal Society of Chemistry 2021
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metal salt (CuCl2$2H2O) and the ligand (H2L) and the mixed
solvent are the two main inuencing factors. When the molar
ratio of CuCl2$2H2O and H2L is increased from 1.25 : 1 to 6 : 1,
the product changes from CuL-2 to CuL-3. And when the mixed
solvent of H2O/MeOH is used instead of DMF/MeOH, the
product changes from CuL-3 to CuL-4.

Single-crystal X-ray diffraction analysis reveals that CuL-2,
CuL-3, and CuL-4 crystallize in orthorhombic space group Pnma,
monoclinic space group C2/c, and monoclinic space group P21/c,
respectively. All of their asymmetric units contain a CuII ion,
a CuI ion, and an L2� ligand (Fig. S8†). In these three structures,
there are two different valence states of copper ions. The CuI ion
adopts a linear coordination geometry with two N atoms on the
imidazole from different ligands (Fig. S10†). The CuII ion with
quadrangular pyramid coordination geometry is coordinated
with four N atoms from the same H2L ligand and one N atom on
the imidazole from another H2L ligand (Fig. S11†). Furthermore,
they have similar basic units (CuICuIIL-metalloligand), the same
as CuL-1. Because of the rotatable character of the single bond,
the dihedral angles of planes A and B can be changed along with
the rotation of the CuI–N bond. Fig. 2b–d show that the dihedral
angles of planes A and B in CuL-2, CuL-3, and CuL-4 are 33�, 84�,
and 180�, respectively. The ligands and the metal ions are con-
nected to each other in the above manner to form further
different 2D layered structures, namely CuL-2, CuL-3, and CuL-4
(Fig. 2f–h). Besides, considering the CuICuIIL-metalloligands as
3-connected sites, the frameworks of these three isomeric coor-
dination polymers share the same Schläi symbol of 63 and
topological type named the hcb code (Fig. S12–S14†). So, omitting
counterions and solvent molecules, CuL-2, CuL-3, and CuL-4
share the same formula as a result that they are supramolecular
isomers. As seen in Fig. S15–S17,† it showed the layered packing
ofCuL-2, CuL-3, and CuL-4 and the layer spacing of these crystals
are 7.856 Å, 7.207 Å, and 8.685 Å, respectively.

The powder X-ray diffraction (PXRD) patterns of CuL-1, CuL-
2, CuL-3, and CuL-4 are well matched with their simulated
peaks, which prove that these compounds have high purity and
good crystallinity, as shown in Fig. S18–S21.† Thermogravi-
metric analysis (TGA, Fig. S23†) shows that CuL-1 is thermally
stable below 280 �C while the three supramolecular isomers
have higher thermal stability and are stable until 320 �C. Aer
that, we use X-ray photoelectron spectroscopy (XPS) to analyse
the elements contained in the material and the corresponding
valence states. The XPS survey patterns uncover the existence of
Cu, C, N, and O in CuL-1 and Cu, C, N, O, and Cl in the other
crystals (Fig. S24†). As shown in Fig. S25d† about CuL-4, the Cu
2p3/2 peak can be divided into two components. Binding ener-
gies at 934.09 eV and 932.01 eV belong to Cu(II) and Cu(I) ions.
And the deconvolution of the Cu 2p1/2 peak can be assigned to
the Cu(II) (953.94 eV) and Cu(I) (951.55 eV), respectively. The XPS
spectra of the other three compounds are similar to that of CuL-
4, which all prove their characters of the mixed-valence copper.
Chemical stability

PXRD characterization of four compounds aer immersing for
24 hours in H2O or KOH aqueous solution with different pH
This journal is © The Royal Society of Chemistry 2021
values reveals that CuL-2 is unstable in water while CuL-1 and
CuL-3 can remain stable at pH¼ 12 and pH¼ 10, respectively. It
is worth noting that the PXRD pattern of CuL-4 has not
undergone any obvious changes no matter it is soaked in 1 M
KOH, 5 M KOH, or even 10 M KOH for 24 hours, which fully
proves that CuL-4 has the highest alkali tolerance among these
four compounds. And the order of alkaline stability for supra-
molecular isomers is CuL-4 > CuL-3 > CuL-2. Moreover, we also
nd that by regulating specic reaction conditions, CuL-1, CuL-
2, and CuL-3 can be converted to CuL-4 by SCSC transformation.
When the three crystals (CuL-1, CuL-2, and CuL-3) are kept in
a mixed solvent of DMF and H2O at 120 �C for three days, we
successfully obtain green diamond shape crystals (CuL-4).
Therefore, we hold the opinion that stark differences in chem-
ical stability result from small geometric changes of structure.
Since the signicant difference in the structural composition of
isomeric CuL-2, CuL-3, and CuL-4 is that the dihedral angle of
planes A and B increases gradually, we guess that their struc-
tural isomerization may lead to their different stability.

For the purpose of proving this hypothesis, we carry out DFT
calculations through a well-dened crystal structure as the
model. We choose the xed CuICuIIL-metalloligand (plane A)
and change the adjacent CuICuIIL-metalloligand (plane B) by
rotating the CuI–N single bond to obtain the single-layer
structure of CuL-2 (planes A and B ¼ 33�), CuL-3 (planes A
and B ¼ 84�), and CuL-4 (planes A and B ¼ 180�). The calcula-
tion results (Fig. S26†) show that CuL-4 with a dihedral angle of
180� has the lowest energy and is dened as 0 eV. When the
dihedral angle decreases to 84�, the energy increases by 0.35 eV,
and when the dihedral angle continues to decrease to 33�, the
energy is increased to 1.51 eV. Based on the theory that the
relative energy is inversely proportional to thermodynamic
stability, we infer that the thermodynamic stability order of
these structures is CuL-4 > CuL-3 > CuL-2, which is consistent
with the experimental results. The possible reason for this
phenomenon is that as the dihedral angle of the planes A and B
increases, the distance between the adjacent CuICuIIL-
metalloligands directly connected to the Cu(II) atoms of the
metalloligands A and B becomes larger and larger, resulting in
a decrease in the steric hindrance between them, thereby
enhancing the stability of the structure.
Electrocatalytic performance

In view of the excellent chemical stability and the structural
character of the mixed-valence copper of CuL-4, the exploration
of its specic applications is also very important. As we all know,
copper-based electrocatalyst materials have been proven to
exhibit outstanding catalytic activity in the CO2RR.44–46 Espe-
cially for the production of high-value hydrocarbon reduced
products, they oen show high faradaic efficiency and current
density.47–50 The application of well-dened crystalline material
catalysts in the CO2RR can provide a lot of important and
intuitive evidence for the accurate identication of the real
catalytically active sites and the study of the reaction mecha-
nism. However, there are still very few reported cases of crys-
talline material electrocatalysts used in the CO2RR.51–53 In
J. Mater. Chem. A, 2021, 9, 23477–23484 | 23479
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addition, it is worth noting that mixed-valence copper can
regulate the products of the CO2RR and shows good perfor-
mances in the CO2RR,54–56 but there is still a lack of effective
structural model systems to study the relevant catalytic reaction
mechanism. Therefore, if CuL-4 with excellent structural
chemical stability and exposed mixed-valence copper sites can
be used as an electrocatalyst for the CO2RR, it may provide some
opportunities and insights for solving the above problems. The
electrocatalytic properties of CuL-4 toward the CO2RR are
evaluated using a ow cell in 1 M KOH electrolyte. The ow cell
can feed gaseous CO2 directly to the electrode–electrolyte
interface, thereby avoiding the limitation of CO2 transmission.
All potentials are referenced to a reversible hydrogen electrode
(RHE) and the current density is calculated based on the
geometric surface area of the electrode.

In order to test the reaction activity of CuL-4, linear sweep
voltammetry (LSV) is performed under CO2/Ar atmospheres at
a scan rate of 5 mV s�1 in 1 M KOH. As shown in Fig. 3a, LSV
curves show that CuL-4 under the CO2 atmosphere has a lower
onset potential and higher current density than that under Ar
ow, indicating that CuL-4 has stronger catalytic performance
for the CO2RR rather than the HER. To monitor CO2RR prod-
ucts of CuL-4, we perform chronoamperometric measurements
at different potentials. And the gaseous products are detected
using gas chromatography (GC) and the liquid products are
Fig. 3 (a) Linear sweep voltametric curves of CuL-4, (b) faradaic
efficiencies of CuL-4 for the HER, total CO2RR, and hydrocarbons, (c)
faradaic efficiencies of CuL-4 for H2, CO, CH4, and C2H4 at different
applied potentials, (d) the turnover frequency and partial current
density of CH4 at different applied potentials, (e) mass spectra
extracted from GC-MS analysis of the CH4 product from 13CO2

reduction, (f) mass spectra extracted from GC-MS analysis of the C2H4

product from 13CO2 reduction.

23480 | J. Mater. Chem. A, 2021, 9, 23477–23484
analysed via proton nuclear magnetic resonance spectroscopy
(1H-NMR). The gas chromatograms (Fig. S27†) show the pres-
ence of CO, CH4, C2H4, and H2 in the product, while the spec-
trum of 1H-NMR (Fig. S28†) clearly proves that there are scarcely
any liquid products.

The faradaic efficiencies of HER, CO2RR and hydrocarbons
at different potentials are summarized in Fig. 3b. Obviously,
FECO2RR in a wide potential range from �0.6 to �1.1 V exceeds
70%, much higher than FEHER, which indicates that the HER as
a competitive reaction is inhibited with CuL-4 as the catalyst. At
the same time, hydrocarbons become the main product of the
CO2RR at the potentials of $�0.8 V. And the highest FE of
hydrocarbons is 85.02% at �1.0 V. In detail, Fig. 3c and Table
S10† show the FE of different CO2RR products. It is found that
the FE of H2 is as high as 75.37% at�0.5 V (j¼ 18.27 mA cm�2),
so H2 is the main product at low potential. At �0.6 V (j ¼ 47.59
mA cm�2), H2 production decreases, while CO production
increases and becomes the main product (FECO ¼ 57.46%). As
the potential continues to increase, the output of H2 and CO
gradually falls off, enhancing the production rates of CH4 and
C2H4. This trend indicates that under high overpotential, by
further converting the CO adsorbed on the catalyst surface, the
production of CH4 and C2H4 can be promoted. Therefore, C2H4

becomes the main product (FEC2H4
¼ 31.85%) at �0.7 V (j ¼

124.84 mA cm�2) and CH4 is the principal product at higher
potential (�0.8–�1.1 V). Specically, CuL-4 gives the highest
FECH4

value (67.76%) at �1.0 V with a high current density of
477.42 mA cm�2, accompanied by a small amount of co-
production of H2 (FE ¼ 7.75%), CO (FE ¼ 4.89%), and C2H4

(FE ¼ 17.26%). Moreover, the partial current density of CH4

(jCH4
) and turnover frequency of CH4 (TOFCH4

) increase stage by
stage with the potential continuously increasing (from�0.5 V to
�1.1 V). And at �1.0 V, jCH4

of CuL-4 is 312.77 mA cm�2 while
TOFCH4

of CuL-4 is 944.03 h�1 (Fig. 3d). So, for CuL-4, �1.0 V is
the best potential for applications, and the performance of CuL-
4 is better than most of the CO2RR crystalline electrocatalysts
(Table S11†).

In order to further prove the carbon source of the product, we
carry out an isotope calibration test under the 13CO2 atmo-
sphere, and the gas phase products are collected and detected
by GC-MS. Mass spectra (Fig. 3e–f and S30†) clearly show the
presence of 13CH4 (m/z ¼ 17), 13C2H4 (m/z ¼ 30), and 13CO (m/z
¼ 29), fully proving that the carbon in the CO2RR product comes
from CO2. And the measurement proves that bare carbon paper
cannot electrocatalyze CO2 reduction (Fig. S31†). For the
purpose of analysing the electrochemical stability of CuL-4,
a long-term durability test is conducted at �1.0 V by the chro-
noamperometry test. In this process, CuL-4 can keep a stable
current density and maintain values of FECH4

above 60% within
3600 s (Fig. S32†). The results show that CuL-4 can retain both
activity and selectivity during the CO2RR process. The PXRD
spectra (Fig. S33†) and Cu 2p XPS patterns (Fig. S34†) of CuL-4
aer catalysis are nearly the same as those before the test,
revealing that CuL-4 hardly changes during the catalytic reac-
tion. Besides, the ICP and ICP-MS analyses of solution aer
electroreduction (�1.0 V) of CO2 for CuL-4 further prove the
stability of the catalyst (Table S12†).
This journal is © The Royal Society of Chemistry 2021
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DFT calculations

Based on the well-dened crystalline structure model (CuL-4),
DFT calculation is carried out to identify the role of mixed-
valence copper catalytic sites during the process of CO2 elec-
troreduction to hydrocarbons. Previous studies demonstrate
that *CO serves as a key intermediate for further reduction
products of CH4 and C2H4.57,58 From Fig. 3c, it can be noticed
that the concentration of CO decreases with the increase of CH4

production, conrming that the *CO production plays a key role
in the further reduction processes. Based on the free energy
diagram in Fig. 4a, the rate-determining steps (RDS) of CO
production on Cu(I) and Cu(II) sites are different from each
other. The Cu(I) sites can activate CO2 effectively with
a decreased free energy change of *COOH and the breakage of
the C–O bond for H2O production requires an energy barrier of
0.36 eV. For Cu(II) sites, the rst hydrogenation process needs
an energy barrier of 0.88 eV and the second hydrogenation step
follows with decreased free energy change. The large energy
barrier required on Cu(II) sites indicates that the reaction rate is
much slower than that on Cu(I) sites, and thus Cu(I) sites are
considered as the primary reaction sites for the overall CO2RR.
In the following, the CH4 production on both Cu(I) and Cu(II)
sites proceeds with multiple proton coupled electron transfer
processes, *CO–*CHO–*CHOH–*CH2OH–*CH2–*CH3–*CH4

(Fig. 4a and Table S13†). In particular, the RDS for CH4 aer
*CO is the *CH2 formation with the second C–O bond breakage
and the release of a second H2O molecule. Again, the Cu(I) sites
present higher reaction activity for CH4 production with a free
Fig. 4 (a) Calculated free energy diagram and the corresponding
intermediates for CO2 electrocatalytic reduction to CH4 on the Cu(I)
sites and Cu(II) sites of the CuL-4 model catalyst, (b) calculated free
energy diagram and the corresponding intermediates for CO2 elec-
trocatalytic reduction to C2H4 on the Cu(II) sites of the CuL-4 model
catalyst.

This journal is © The Royal Society of Chemistry 2021
energy barrier of 0.86 eV compared with Cu(II) sites of 1.34 eV.
However, the production of C2H4 on Cu(I) sites is unlikely due to
the long distance between adjacent Cu(I)–Cu(I) sites (8.685 Å) as
shown in Fig. S37.† In contrast, the adjacent Cu(II) sites with
a synergetic effect can promote the C–C coupling ground on the
Cu(II)–Cu(II) distance of 4.447 Å. As shown in Fig. 4b, the energy
barrier of C–C coupling is 0.95 eV, which is considered as the
potential determining step. The *COCO intermediate is then
further stepwise reduced to *COCHO, *COCH2O, *COHCH2O,
*CHOHCH2O, and *CHCH2O. *CHCH2O causes the nal H+/e�

hydrogenation and further desorbs to form *O and C2H4.
Therefore, the Cu(I) sites play an essential role in the overall
CO2RR and the reduction products are dominated by CH4 with
the suitable potential applied, while synergetic two adjacent
Cu(II) sites contribute to the C2H4 production and the reaction
rate is slow due to that the large energy barrier is required.
Conclusions

In summary, we design and synthesize four mixed-valence
copper compounds (CuL-1, CuL-2, CuL-3, and CuL-4) with the
CuICuIIL-metalloligand as the structural motif. Among them,
the alkaline stability of the supramolecular isomers (CuL-2,
CuL-3, and CuL-4) enhances with the increase of the dihedral
angle of two adjacent CuICuIIL-metalloligands, which has been
proved by the relevant experimental and calculation results. In
addition, the metastable CuL-1, CuL-2, and CuL-3 can be con-
verted to stable CuL-4 through SCSC transformation by regu-
lating thermodynamic synthesis conditions. Based on the
strong alkali tolerance and the structural character of mixed-
valence copper, CuL-4 is further applied in the CO2RR, and it
can reduce CO2 to hydrocarbons with a high FE of 85.02%
(FECH4

¼ 67.76%, FEC2H4
¼ 17.26%) at �1.0 V vs. RHE, and the

current density is as high as 477.42 mA cm�2. The DFT calcu-
lations reveal that the independent Cu(I) sites tend to catalyze
the production of CH4, and two adjacent Cu(II) sites with
a closer distance have a synergistic effect for C–C coupling to
obtain C2H4. This work represents a model system to prove the
stable self-assembly process of isomeric compounds by regu-
lating the dihedral angle of the structural component. Also,
CuL-4, as the stable crystalline electrocatalyst, provides an
important case study to survey the inuence of the catalytically
activemixed-valence copper sites on the electroreduction of CO2

to hydrocarbons.
Experimental section
Synthesis of N,N0-(propane-1,3-diyl)bis(1-(1H-imidazol-4-yl))
methanimine (H2L)

H2L was synthesized based on the literature method.59 A
methanol solution (40 mL) of 1,3-diaminopropane (2.964 g, 40
mmol) was added to a methanol solution (100 mL) of 1H-
imidazole-4-carbaldehyde (7.688 g, 80 mmol). The mixture was
stirred 12 h at 50 �C. A product of light-yellow powder (H2L) was
obtained by rotary evaporation (1.624 g, yield 70.61%).
J. Mater. Chem. A, 2021, 9, 23477–23484 | 23481
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Synthesis of CuL-1

H2L (0.0092 g, 0.04 mmol) and CuCl2$2H2O (0.041 g, 0.24 mmol)
were dissolved in a mixture solution of DMF (2 mL) and MeOH (2
mL) by ultrasonication, followed by mixing with HNO3 (90 mL).
Subsequently, the mixture solution was transferred into a 10 mL
glass vial for 72 h at 100 �C under autogenous pressure. Aer
cooling down to room temperature, the blue block-shaped crystals
were collected by ltration and washed with DMF and MeOH.

Synthesis of CuL-2

H2L (0.0092 g, 0.04 mmol) and CuCl2$2H2O (0.0085 g, 0.05
mmol) were dissolved in a mixture solution of DMF (2.5 mL) and
MeOH (3.5 mL) by ultrasonication, followed by mixing with Et3N
(45 mL). Subsequently, the mixture solution was transferred into
a 10 mL glass vial for 72 h at 100 �C under autogenous pressure.
Aer cooling down to room temperature, the green sheet crystals
were collected by ltration and washed with DMF and MeOH.

Synthesis of CuL-3

H2L (0.0092 g, 0.04mmol) and CuCl2$2H2O (0.041 g, 0.24mmol)
were dissolved in a mixture solution of DMF (3 mL) and MeOH
(1 mL) by ultrasonication, followed by mixing with Et3N (60 mL).
Subsequently, the mixture solution was transferred into a 10mL
glass vial for 72 h at 100 �C under autogenous pressure. Aer
cooling down to room temperature, the green sheet crystals
were collected by ltration and washed with DMF and MeOH.

Synthesis of CuL-4

H2L (0.0092 g, 0.04mmol) and CuCl2$2H2O (0.041 g, 0.24mmol)
were dissolved in amixture solution of H2O (3mL) andMeOH (1
mL) by ultrasonication, followed by mixing with Et3N (80 mL).
Subsequently, the mixture solution was transferred into a 10mL
glass vial for 72 h at 100 �C under autogenous pressure. Aer
cooling down to room temperature, the green sheet crystals
were collected by ltration and washed with H2O and MeOH.

Thermodynamic conversion of CuL-1 to CuL-4

5.0 mg of CuL-1 crystals was added into a mixture solution of
DMF (5 mL) and H2O (1 mL) and then transferred into a 10 mL
glass vial for 72 h at 120 �C under autogenous pressure. Aer
cooling down to room temperature, green diamond shape
crystals of CuL-4 were obtained and collected by ltration.

Thermodynamic conversion of CuL-2 or CuL-3 to CuL-4

5.0 mg of CuL-2 or CuL-3 crystals was added into a mixture
solution of DMF (3 mL) and H2O (1 mL) and then transferred
into a 10 mL glass vial for 72 h at 120 �C under autogenous
pressure. Aer cooling down to room temperature, green dia-
mond shape crystals of CuL-4 were obtained and collected by
ltration.

Characterization and instruments

Powder X-ray diffraction (PXRD) spectra were recorded on
a Rigaku D/Max 2500/PC diffractometer equipped with graphite
23482 | J. Mater. Chem. A, 2021, 9, 23477–23484
monochromatized Cu Ka radiation (l ¼ 1.54060 Å) at 40 kV and
100 mA. Fourier transform infrared spectroscopy (FT-IR) was
performed on a NEXUS670 using the KBr pellet in the range of
4000–400 cm�1. Thermogravimetric analyses (TGA) were carried
out on a PerkinElmer Diamond DSC Pyris analyser under
oxygen with a heating rate of 10 �C min�1 from room temper-
ature to 800 �C. X-ray photoelectron spectra (XPS) were recorded
using an Escalab 250Xi instrument from Thermo Scientic
equipped with an Al Kamicrofocused X-ray source and the C 1s
peak at 284.6 eV as the internal standard. 1H-NMR was carried
out on an AVANCE III 400M spectrometer (Bruker). Single-
crystal XRD data of crystals were measured on a Bruker APEX
II CCD diffractometer with graphite-monochromated Mo Ka
radiation (l¼ 0.71073 Å) at 296 K. All the structures were solved
by the direct method using the SHELX-2014 program and
rened on Olex-2 soware. The detailed crystallographic infor-
mation of these crystals is listed in Table S1.† The CCDC
numbers of CuL-1, CuL-2, CuL-3, and CuL-4 are 2079542,
2079541, 2079540, and 2079543.
Electrochemical measurements

Preparation of the working electrode. 10 mg catalyst was
ground to powder and then dispersed in 1 mL mixed solvent
(500 mL EtOH, 400 mL H2O and 100 mL Naon) by ultra-
sonication to form a homogeneous ink. Subsequently, 50 mL of
the ink was covered onto the front side of carbon cloth (2 cm �
1 cm) and bake-dried under infrared light for measurements. In
addition, the area of the coating catalyst was controlled to 0.5 cm
� 1 cm. In all measurements, the loading mass of the catalyst
on the carbon cloth was 1 mg cm�2.

Electrolysis and analysis of the CO2 reduction product. The
electrocatalytic CO2 reduction test is carried out in a typical
three-electrode system using a ow cell under normal temper-
ature and pressure. The anion exchange membrane is used as
the separator, the catalyst-loaded carbon paper (CP, the actual
test area is 0.25 cm2) is used as the working electrode, the Pt
sheet is used as the counter electrode, the Ag/AgCl (KCl satu-
rated) electrode is used as the reference electrode, and the 1 M
KOH aqueous solution is used as the electrolyte. Before the
measurement, the pure CO2 gas stream was passed through the
entire device for at least 30 minutes to remove the impurity gas
in the device. The device was tested under the condition of
continuous CO2. The measured potential was converted relative
to the reversible hydrogen electrode (RHE) according to the
equation: E (V vs. RHE)¼ E (V vs. Ag/AgCl) + 0.197 + 0.059� pH.

The gaseous reduction products (e.g., CO, CH4, C2H4, H2)
were monitored with a gas chromatograph (GC, Agilent 7820A)
equipped with a ame ionization detector (FID) and a thermal
conductivity detector (TCD). The formula for calculating the
Faraday efficiency (FE) of the CO2RR is as follows:

ji ¼ xi � v � (niFP0/RT)

FE ¼ (ji/jtotal) � 100%
This journal is © The Royal Society of Chemistry 2021
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Among them, xi is the volume fraction obtained from the
chromatographic standard curve; v is the gas ow rate in the
ow cell, in L s�1; ni is the number of transferred electrons of
the reduction product; F is the Faraday constant, which is
96 485 C mol�1; P0 is a standard atmospheric pressure, which is
101.3 kPa; R is the molar gas constant, which is 8.314 Pa mol�1

K�1; T is the temperature of the test system; ji is the partial
current density of the reduction product; jtotal is the total
current density.

Liquid products (such as formate) are quantied by 1H-NMR.
In a typical analysis, the mixture solution of 400 mL of the
electrolyte and 100 mL of D2O was used as the measured sample.

Other electrochemical measurements. Linear sweep vol-
tammetry (LSV) was performed at a sweep rate of 5 mV s�1. In
order to estimate the electrochemically active surface area
(ECSA) of the catalyst, the double-layer capacitance (Cdl) was
calculated by testing the CV at various scan rates of 20–200 mV
s�1 in the potential range of 1.05–1.15 V vs. RHE. The electro-
chemical impedance spectroscopy (EIS) measurement was
carried out at�1.0 V vs. RHE over a frequency range from 0.1 Hz
to 1000 kHz, and a 20 mV amplitude of sinusoidal potential
perturbation was employed in the measurements. The chro-
noamperometry was measured at the current density corre-
sponding to a potential of �1.0 V vs. RHE. All electrochemical
measurements are made with 85% iR correction.
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