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Using the structure-induced effect of KBH(mim); ligand, four 2-
dimensional (2D) boron imidazolate frameworks with identical body
framework and different dangling monocarboxylate ligands, have been
synthesized. Electrocatalytic results indicate that the surrounding
microenvironment regulation could effectively affect the activity and
selectivity towards C,H,. BIF-151 showed the highest electrocatalytic
performances with the Faraday efficiency (FE) of 25.94% for C,H, at
—1.4V vs. RHE.

With the rapid development of modern society and the extensive
consumption of non-renewable fossil fuels, significant amounts of
CO, gas are being emitted into the atmosphere, resulting in a
profound impact on Earth’s ecological environment."™ Electroche-
mical CO, reduction reaction (CO,RR) is a process that utilizes
electrical energy to expedite the conversion of CO, on electrode
surfaces into carbon products such as CO, CH,, etc. 512 This process
not only serves as an important approach to address energy issues
and achieve carbon-neutral recycling but also plays a crucial role in
laboratory investigations regarding CO, reduction.”*™® Through
relentless efforts by scientific researchers, the range of products
obtained from CO,RR has gradually expanded from single-carbon
compounds like CO and CH, to multi-carbon compounds including
ethylene (C,H,) and ethanol (C,HsOH)."”*° Among these various
carbon products, C,H, possesses high energy density and holds
immense economic significance.>' > However, due to the sluggish
kinetics associated with carbon-carbon (C-C) coupling reactions
during this process, achieving selective conversion of CO, into C,H,
remains a major challenge.** >’

Being used as electrocatalysts, crystalline boron imidazolate
frameworks (BIFs) have achieved excellent results in the study
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of electrocatalytic performance-structure relationship.?*3° At
present, the reported BIFs catalysts mainly focus on the design
of active metal sites (bimetal, monometallic sites) and tandem
catalysis by anchoring second active metal sites.>'* Except for
metal sites, the effects of surrounding ligand microenviron-
ment on electrocatalytic activity and selectivity have been
poorly studied.>*® During the process of CO,RR to C,H,,
C-C coupling is the indispensable step which require synergis-
tic effect of multiple sites, including metal sites and organinc
ligands.’”° In order to strictly compare the effects of the
ligand microenvironment on catalysis, the synthesized catalyst
should be constructed from different functional ligands while
contain the same metal species, identical metal coordination
environment, even exhibit similar topological structures. How-
ever, in the synthesis process of crystalline catalysts, small
changes in the synthesis conditions (temperature, solvent,
pH, etc.) and raw materials will significantly affect the struc-
tures of the resulting products. Therefore, to discern the con-
tributions of diverse surrounding ligand microenvironment, it
is necessary to construct a stable metal-organic skeleton plat-
form with the same topology, so as to fix the coordination
environment of host framework and change the functional
ligand systematically.

Herein, a series of isostructural 2D BIFs, Cu(u),[BH(mim);],(2-FC)
(BIF-151, mim = 2-methylimidazole, 2-FC = furan-2-carboxylate),
Cu(u),[BH(mim);],(3-FC) (BIF-152, 3-FC = furan-3-carboxylate),
Cu(u),[BH(mim);,(2-TpC) (BIF-153, 2-TpC = thiophene-2-car-
boxylate) and Cu(u),[BH(mim);},(3-TpC) (BIF-154, 3-TpC = thio-
phene-3-carboxylate) were successfully constructed under solvother-
mal condition (Scheme 1). Thanks to the structure-induced effect of
KBH(mim); ligand, these crystal structures exhibited identical body
framework and metal coordination environment. While, four types
of monocarboxylate ligands with different substituent elements and
substituent positions could be used as dangling ligands to modify
these layers. Electrocatalytic results indicate that all four materials
demonstrate catalytic activity towards CO,RR, especially with certain
selectivity towards C,H, products. However, the activity and selectiv-
ity towards C,H, were distinctly different. Among them, BIF-151
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BH(2-mim),

Scheme 1 Synthesis procedure and the layer structure diagram. The pink
sphere denotes the second ligand and the light green lamellar represents
CuBH(mim)s* layer.

showed the highest electrocatalytic performances with the FE of
25.94% for C,H, at —1.4 V vs. RHE, which is about 1.9, 1.7, and
2.8 times higher than that of BIF-152 (13.04%), BIF-153
(15.05%), and BIF-154 (9.26%), respectively.

Firstly, tripodal boron imidazolate ligands (KBH(mim)s)
were synthesized prior to the solvothermal reaction. The tripo-
dal KBH(mim); ligands can induce 3-connected copper sites
during the self-assembly process. By adopting a variety of
dangling monocarboxylate ligands, four 3-connected layer
structures have been obtained (BIF-151 to BIF-154). X-ray
single-crystal structure tests revealed that the four structures
have almost identical framework, which all crystallized in the
monoclinic space group Ia. Since they are isomorphic, BIF-151
is selected to describe their structures. The asymmetric unit of
BIF-151 includes one crystallographically independent Cu(u)
ion, one BH(mim);~ ligand and one furan-2-carboxylate ligand.
As shown in Fig. 1a, each Cu(u) ion adopted a pentadentate
triangular dipyramidal coordination pattern, wherein three N
atoms originate from three BH(mim);~ ligands and two O
atoms derive from carboxyl group of furan-2-carboxylate. Each
BH(mim);~ ligand adopted the ps-bridged mode linking three
copper ions. Thus, Cu(u) ions and B atoms are alternately
linked via mim ligands to generate a 2D honeycomb layer
(Fig. 1b). These 2D layers stack along the c-axis direction
through van der Waals interactions (Fig. 1c and e), while
maintaining a certain distance between them due to the
presence of dangling monocarboxylate ligands on one side of
each layer.

The 3-connected layer structures can be constructed precisely due
to the structural induction of the tripodal BH(mim);  ligands.
Therefore, we can fix the coordination environment of copper ions
and micro-regulate the surrounding environment by changing the
dangling monocarboxylate ligands. The position of oxygen on furan
can be changed. BIF-152 (CuBH(mim);(3-FC)) was syntheisized when
furan-3-carboxylate ligand is used instead of furan-2-carboxy-
late ligand (Fig. S1, ESIt). Furtherly, thiophene-2-carboxylate and
thiophene-3-carboxylate ligands can be applied in the similar
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Fig. 1 (a) Coordination environment of BIF-151; (b) the 2D layer structure
of BIF-151; the Cu---Cu distance between adjacent lawyer of (c) BIF-151
and (d) BIF-154; the 3D stacking model of (e) BIF-151 and (f) BIF-154.

synthetic reaction and two new crystals BIF-153 (CuBH(mim)s
(2-TpC)) (Fig. S1, ESIT) and BIF-154 (CuBH(mim);(3-TpC)) (Fig. 1d
and f) were constructed. Specifically, when thiophene carboxylate
ligand serves as the second ligand, the spacing between layers was
measured at 6.7 A; whereas when furan carboxylate ligand acts as the
second ligand, this spacing reduced to 6.4 A. The presence of
interspaces reduces the weak interactions between layers and may
contribute to the intercalation of small molecules.

The powder X-ray diffraction (PXRD) patterns were per-
formed to investigate the stability and crystal purity of these
crystals. As shown in Fig. 2 and Fig. S2 (ESIY), the synthesized
crystal samples have high purity, and the positions of the
diffraction peaks of the crystals are basically consistent with
the simulated characteristic peaks. By immersing the crystal
samples in aqueous solutions with different pH values (using
dilute nitric acid or sodium hydroxide to adjust the pH) for
3 days, the diffraction peaks were maintained, demonstrating the
chemical stability of these crystals (Fig. S3, ESIT). In addition,
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Fig. 2 The powder XRD patterns of BIF-151:
(b) chemical stability.

(a) solvent stability and
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the crystal samples were stable and insoluble in common
solvents, such as water, dichloromethane, tetrahydrofuran,
methanol, ethanol, trichloromethane and acetone (Fig. S4,
ESIt). The chemical composition and valence state were stu-
died by X-ray photoelectron spectroscopy (Fig. S6, ESIt). The
XPS survey scans displayed the presence of carbon, nitrogen,
oxygen, copper and boron in these materials. High-resolution
spectra of the Cu 2p region of BIF-151 showed that there are
only bivalent copper ions in these crystal structures, and the
fitting peaks at 954.2 eV and 934.2 eV correspond to the
binding energies of the Cu 2p 1/2 and Cu 2p 3/2 orbitals,
respectively. The XPS spectra of crystals BIF-152, BIF-153, and
BIF-154 were similar to the above (Fig. S6, ESIt), demonstrating
that the peripheral groups have little effect on the valence state
of copper.

To study the effect of different organic modifications on
catalytic activity, the four BIFs were used as catalysts for electro-
chemical CO, reduction reaction. The electrocatalytic activity was
measured in 0.05 M CsCO; and 0.1 M KCl (v:v = 1:1) solution
saturated with CO, from 0 to —1.6 V vs. reversible hydrogen
electrode (RHE). On the base of linear sweep voltammetry (LSV),
BIF-151 displayed the most positive onset potential of —0.37 V vs.
RHE and the highest total current density at potential from —0.6 V
to —1.6 Vvs. RHE when comparing with other crystals (Fig. 3a). The
potential gradient and the FE of each product were measured at
constant potential. The gas phase products and liquid phase
products were detected by gas chromatography (GC) and ion
chromatography (IC), respectively. The main gas products included
CO, CH, and C,H,, and the liquid product was HCOOH. As shown
in Fig. 3b and Fig. S8 (ESIt), the FEs of each product strictly
depended on the working potential. For BIF-151 (Fig. 3b), the
highest FE (32.53%) for HCOOH was detected at the lowest
potential. With the negative shifting of potential, FEycoon

a)o b ——CH, —O—CO
( )—z ( ) 30 N —A—C,H, ——HCOOH
25 —
- 20 />< N ~

7 —

-8 CO,5mVis 10 —

BIF-151 / \

-10 ——BIF-152 54 & _—
——BIF-153

-12 —— BIF-154 04 00—

-1.6 -1.2 . —0.8 —0.4 0.0 -1.0 -1.1 -1.2 -1.3 -14 -1.5 -1.6
(c) Potential (V vs RHE) | 004s Potential (V vs RHE)
30 —+— BIF-151 —— BIF-152 (d) : O BIF-151 BIF-152
—O— BIF-153 —— BIF-154 0.0040 A BIF-153 BIF-154
25 T 0.0035
. // \ _
20

< 0.0030

=
z ]
g A S
g 15 / < ~ 2 0.0025
= 10 T T | S oo
’ 0.0015
0.0010

04 o¥—0

0.0005
-1.0 -1.1 -1.2 -1.3 -1.4 -1.5 -1.6 2 4 6 8 10

Potential (V vs RHE) scan rate (mV/s)
Fig. 3 (a) LSV curves of BIF-151, BIF-152, BIF-153 and BIF-154 electro-
catalysts in CO, saturated 0.5 M KHCOs electrolyte, respectively; (b) the FE
of gas products and liquid products of BIF-151 electrocatalyst at different
applied potentials in CO, saturated electrolyte; (c) the FEc,, of BIF-151,
BIF-152, BIF-153, and BIF-154 electrocatalyst; (d) the Cg of BIF-151,
BIF-152, BIF-153, and BIF-154 electrocatalyst.
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decreased gradually while C,H, became the dominant product
of CO, reduction. The FEs for C,H, increased with the potential
shifted from —1.2 V to —1.4 V and reached the maximum value
of 25.94% at —1.4 V, which is much higher than that of CO,
CH,. Meanwhile, the high FE¢ y, (about 20%) of BIF-151 can be
maintained in a potential range of —1.2 V to —1.6 V, indicating
the good selectivity of BIF-151 for C, products. The other three
catalysts (BIF-152, 153 and 154) showed the similar product
distributions as BIF-151, but were much less active for C,H,
(Fig. 3c). With the same substituted position (2-substituted) as
that of BIF-151, BIF-153 was the second active catalyst with a
highest FEc y, of 16.67%. In comparison, the 3-substituted two
catalysts, BIF-152 and 154 exhibited much lower selectivity for
C,H,, with the highest FEs¢ y, of 13.04% and 9.99%, respec-
tively. Correspondingly, electrochemical double-layer capaci-
tances (Cqy) are calculated from cyclic voltammetry (CV)
curves to estimate the electrochemical active surface area
(Fig. 3d and Fig. S9, ESIf). BIF-151 exhibited the largest Cq
value (3.80 mF cm ?) than those of BIF-152 (3.50 mF cm ™ ?),
BIF-153 (3.48 mF cm ™ %) and BIF-154 (2.90 mF cm™2), basically
consistent with the results of electrochemical tests. Given the
identical metal coordination environment of the four catalysts,
the distinctly different performance between them revealed
that the catalytic activity and selectivity are not only strongly
dependent on active metal sites, but also influenced by sur-
rounding ligand environment, such as the composition and
position of the substituent elements, etc.

In this work, we successfully constructed a stable metal
boron imidazolate skeleton platform with the 2D topology by
the structure-induced effect of KBH(mim); ligand. Moreover,
the surrounding microenvironments of these 2D layers can be
adjusted by a series of dangling monocarboxylate ligands with
different substituent elements and substituent positions. Elec-
trocatalytic performance results indicate that all these materi-
als demonstrate catalytic activity towards CO,RR, especially
with certain selectivity towards C,H, products. However, the
activity and selectivity towards C,H, were distinctly different.
Among them, BIF-151 showed the highest electrocatalytic per-
formances with the FE of 25.94% for C,H, at —1.4 V vs. RHE,
which is about 1.9, 1.7, and 2.8 times higher than that of
BIF-152 (13.04%), BIF-153 (15.05%), and BIF-154 (9.26%),
respectively.
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