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The integration of high activity, selectivity and stability in one electrocatalyst is highly desirable for
electrochemical CO, reduction (ECR), yet it is still a knotty issue. The unique electronic properties of
high-nuclear clusters may bring about extraordinary catalytic performance; however, construction of
a high-nuclear structure for ECR remains a challenging task. In this work, a family of calix[8]larene-
protected bismuth-oxo clusters (BiOCs), including Bis (BiIOC-1/2), BigAl (BiOC-3), Biyo (BIOC-4), Bixg
(BiOC-5) and BisoMo, (BiOC-6), were prepared and used as robust and efficient ECR catalysts. The
BiszoMo, cluster in BIOC-6 is the largest metal-oxo cluster encapsulated by calix[8larenes. As an
electrocatalyst, BIOC-5 exhibited outstanding electrochemical stability and 97% Faraday efficiency for
formate production at a low potential of —0.95 V vs. RHE, together with a high turnover frequency of up
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which promotes structural stability and effectively decreases the energy barrier of rate-determining
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Introduction

Electrochemical CO, reduction (ECR) has been considered as
a promising technology to achieve a carbon-neutral cycle."”> ECR
is characterized by multielectron and proton transfer’* via
multiple pathways, which leads to a variety of reduction prod-
ucts;” therefore, the activity, selectivity and stability of electro-
catalysts are crucial to the development of ECR. To
comprehensively optimize the catalytic reactivity and selectivity,
various strategies have been explored, such as heteroatom
doping,® alloy/dealloying,® oxidation state adjustment,'® and
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for efficient electrocatalytic CO, conversion.

organic moiety control,* with the prevailing model locally at
individual active sites.'** Recently, the effect of electron delo-
calization on electrocatalytic activity has attracted increasing
attention, by which the energetic barriers of key intermediates
could be modulated.**** Moreover, the additional charge (lost or
gained) could uniformly distribute over all atoms, and the
stability of catalysts during the electrochemical process may be
increased which will help to solve the intractable dynamic
reconstruction issue of electrocatalysts.'**® Clusters are atomic-
precision architectures located between atoms and nano-
materials.” The electronic properties of some clusters have
been exhibited to resemble those of atoms,**** and thus, large-
scale electron delocalization may appear in clusters,> yet,
related research on catalysis is in its infancy. High-nuclear
clusters are famous for their high surface-atom ratio, which
could supply abundant metal active species for electro-
catalysis.”>*® However, the construction of stable high-nuclear
clusters with ECR activity is still a huge challenge.?”**

Over the past decades, Bi-based materials have been exten-
sively investigated as electrocatalysts because of their activity
toward high-valued HCOOH production.”>** In this work, we
chose t-butylcalix[8]arene (TBC[8]) as a ligand to assemble with
Bi*", achieving unprecedented high-nuclear Bi-oxo clusters
(BiOCs).>**¢ Controlled hydrolysis of Bi*" ions to promote crys-
tallization is a basic prerequisite for obtaining high-nuclear
BiOCs.*”*® Chelating organoamine with weakly coordinated N-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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donors, such as ethylenediamine (en), can exert a slow release
effect on oxophilic Bi*" ions through coordination (ie.,
providing low concentrations of Bi** ions), thus avoiding rapid
precipitation.*»** Besides, the hydrolysis-limited ligands with
strong coordination ability can delay the hydrolysis of Bi**
ions.*>* In addition, the introduction of second metal ions into
BiOCs is another effective strategy to achieve a deep self-
assembly to form high-nuclear BiOCs.**** As a macrocyclic
octamer of phenols, TBC[8] can simultaneously grab more Bi**
ions through multiple pre-organized phenoxy (hydroxyl) sites
and delay the hydrolysis of Bi**. Meanwhile, the continuous
carbon backbone of TBC[8] can further provide an additional
stabilization effect for BiOCs.

Herein, a family of calix[8]arene-protected bismuth-oxo
clusters, including 4-nuclear Bi, (BiOC-1/2), 9-nuclear BigAl
(BiOC-3), 20-nuclear Bi,, (BiOC-4), 24-nuclear Bi,, (BiOC-5) and
42-nuclear BiyoMo, (BiOC-6), were successfully assembled from
TBC[8] and Bi** ions under solvothermal conditions. The
BisjoMo, in BiOC-6 is the largest calix[8]arene-based metal-oxo
cluster reported so far. The properties of the solvents had
a great influence on the assembly of these Bi-O clusters. The
pure methanol environment produced only small-sized Bi,
clusters. Meanwhile the introduction of DMF significantly
increased the nuclearity of BigAl and Bi,,. Increasing the ratio of
methanol in methanol/DMF ultimately gave rise to high-nuclear
Bi,, and the largest BiyoMo, As ECR catalysts, such BiOCs
exhibit high structural stability, outstanding turnover frequency
(TOF) and extraordinary Faraday efficiency (FE) towards
HCOOH generation over a wide potential range. It is noteworthy
that the FEgcoou of BIOC-5 reaches 97% at —0.95 V, which is
16% higher than that of BiOC-4. The analysis of the electron
gain and loss process by DFT calculations indicates that
a nuclear-related electron-delocalization effect is achieved in
these BiOCs. Catalytic mechanism studies verify that *OCHO is

BiOC-1 (Bi,)

(e)

BiOC-5 (Bi,,)
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a key intermediate for HCOOH formation and electron delo-
calization plays an essential role in lowering the free energy of
the *OCHO production step.

Results and discussion

A family of TBC[8]-protected bismuth-oxo clusters with different
nuclearities were constructed by varying the type of solvent or
introducing second metal ions using Bi(NO;); and TBC[8] with
the assistance of organic amines. When the solvent was CH;O0H,
only two 4-nuclear BiOC-1 (Bi,) and BiOC-2 (Bi,) were obtained.
Meanwhile BiOC-4 (Bi,,) and BiOC-5 (Bi,,) with higher nucle-
ation were formed after the introduction of DMF into the
reaction system, indicating that the solvent has an important
influence on the nucleation process of BiOCs. In addition, the
availability of the heterometallic clusters BiOC-3 (BigAl) and
BiOC-6 (BiyoMo,) indicates that BiOCs are quite compatible
with other metal ions and the introduction of heterometallic
clusters is beneficial for structural modulation (Fig. 1, S1 and
Table S1t). Meanwhile, the flexible coordination mode of the
TBC[8] ligand is another important factor for the structural
diversity of BiOCs. A total of 10 different coordination modes of
TBC[8]-Bi were found in the structures of BiOC-1 to 6 (Fig. S21t).
The eight phenolic hydroxyl groups of the TBC[8] ligands can
simultaneously coordinate with 4-8 Bi ions and exhibit flexible
and diverse coordination patterns. One of the most typical
patterns is TBC[8]-Bi, (Fig. S2bt), where the four central
phenolic hydroxyl groups are coordinated with two Bi ions via
the w,-n":n' form, while the other four marginal phenolic
hydroxyl groups are coordinated to one Bi ion with Bi-Bi
distances of approximately 3.67 A and 3.69 A. It is worth
mentioning that the coordination pattern of TBC[8]-Bis found
in BiOC-6 is very rare among TBC[8] complexes (Fig. S2j1) and
can be described as the four marginal phenolic hydroxyl groups

Fig.1 The crystal structures of BiOC-1 (a), BiOC-2 (b), BiOC-3 (c), BiOC-4 (d), BiOC-5 (e), and BiOC-6 (f). Atom color code: sky blue: Bi; red: O;

white: C; blue: N; light green: Mo; teal: Al

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in TBC[8]-Bi, also adopt the w,-n":n" form to coordinate with
other four Bi ions. These results indicate the promise of
enriching the structural diversity of BiOCs by modulating the
appropriate reaction conditions and the coordination pattern of
TBC[8] ligands.

To better understand the structures of this family of BiOCs,
we describe them in terms of different degrees of aggregation of
TBC[8]. BiOC-1 and BiOC-2 represent the two structurally
simplest TBC[8]-Bi, isomeric monomers, in which each Bi,
cluster is bridged to a TBC[8] ligand on one side, and the rest of
the coordination sites are occupied by ethylenediamine or
methanol (Fig. 1a, b, and S37). The different distortion angles of
TBC[8] lead to structural variations.*” Meanwhile, the structure
of BiOC-3 (BisAl) is a TBC[8]-Bi, dimer interconnected by the
central AI** ion in which two TBC[8] ligands are located on the
pole positions (Fig. 1c). If more TBC[8] ligands are introduced
on the BiOCs surface, larger metal-oxo clusters need to be
formed to reduce the steric hindrance between the organic
ligands. The structure of BiOC-4 (Bio) confirms that the
smallest cluster constructing the TBC[8] trimer is Bi,,, and
three TBC[8] ligands are uniformly distributed on the surface
(Fig. 1d). The tetramer BiOC-5 (Bi,,) is composed of four TBC
[8]-Bis subunits wrapped around the middle Bi, cluster with
a tetrahedral conformation (Fig. 1e). BiOC-6 (Biy,sMo0,) is the
largest metal-oxo cluster encapsulated by the TBC[8] ligand,
which is composed of two Bi,, clusters bridged by two {MoO,}
tetrahedra (Fig. 1f and S4f%). Structural analysis of BiOC-1-6
confirms that TBC[8] is a compatible macrocyclic ligand for
building high-nuclear metal-oxo clusters with strong metal ion
trapping ability and flexible coordination modes.

To explore the feasibility of high-nuclear BiOCs as CO,
reduction electrocatalysts, BiOC-4 and BiOC-5 were selected as
electrocatalysts due to their high yields. Chemical stability
studies show that both of them can retain their crystallinity
under ambient conditions and in aqueous solutions at pH =
0.3-14, as confirmed by PXRD patterns (Fig. S12-S157). The ECR
electrocatalytic activity and selectivity of BiOC-4 and BiOC-5 are
evaluated in a two-compartment gas-tight electrochemical H-
type cell. Their linear cyclic voltammetry (LSV) curves are
recorded under CO,-saturated (pH = 7.4) and N,-saturated (pH
= 8.7) 0.5 M KHCO; solutions (Fig. 2a) to preliminary charac-
terize their activity. Both of them demonstrate a higher current
density and more positive onset potential in the CO,-saturated
electrolyte compared with N,-saturated conditions, which
verifies that ECR is preferred to the competitive HER at the
cathode. The cathodic current density of BiOC-5 abruptly takes
off at ~—0.8 V and reaches a total current density of 28.1 mA
em™> at —1.1 V. Meanwhile, BiOC-5 demonstrates a larger
cathodic current density than BiOC-4 (16.3 mA cm ?), sug-
gesting that BiOC-5 has favorable activity for ECR.

The electrocatalytic ECR selectivity of BiOC-4 and BiOC-5 was
biased in the selected potential range (—0.8 to —1.1 V) (Fig. S16
and S1771). The gaseous and liquid products were quantitatively
analyzed by gas chromatography (GC) and ion chromatography
(IC) after one-hour electrolysis. Fig. 2b illustrates that HCOOH
is the major liquid product over the applied potential range
from —0.8 to —1.1 V, and CO and H, were minor gaseous

8964 | Chem. Sci, 2023, 14, 8962-8969
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products. To illuminate the origination of the product, control
experiments under N,-saturated conditions were performed. No
carbon-reduction product (CO and HCOOH) is found by GC and
IC, verifying that the carbon-reduction products result from CO,
reduction. To be more credible, the 'H NMR spectrum was
employed to check the liquid product and the results are
consistent with that of IC analysis (Fig. S18t1). Under CO,-
saturated conditions, BiOC-5 maintains a high FE of over 92%
in a large potential window between —0.9 and —1.1 V and rea-
ches a maximum of 97% at —0.95 V. In contrast, the maximum
FEncoon over BiOC-4 is less than 82%. The FEycoon of BiOC-5
is not only superior to that of BiOC-4 but also ranks among the
best activity values of Bi-based ECR catalysts (Fig. 2e and Table
S21). The corresponding FEy, and FEco are depicted in Fig. S19
and S20.1 Then, the partial current density of formate (fucoon)
for both BiOC-4 and BiOC-5 was calculated. BiOC-5 presents
a larger jycoon of 22.6 mA cm ™2, almost twice that of BiOC-4
(11.7 mA cm™?).

To estimate the electrocatalytic reactivity of BiOC-4 and
BiOC-5, the electrochemically active surface area (ECSA) is
analyzed, firstly. From the values of electrochemical double-
layer capacitance (Cyq;) based on cyclic voltammetry (CV) curves,
we can find that BiOC-5 has a larger Cq4, than BiOC-4, suggesting
that BiOC-5 can provide more available active sites for contact
with the ECR electrolyte (Fig. S217). This provides a prerequisite
for the high catalytic activity of BiOC-5. Next, the turn-around
frequency (TOF) was calculated (for calculation details, please
see the ESIT). BiOC-4 presents a TOF of 276.59 h™! for HCOOH
formation at —1.1 V, while BiOC-5 shows an impressive reaction
rate with a TOF of 405.7 h™" at —1.1 V, which outperforms the
performance of crystalline Bi-based electrocatalysts.***” Cata-
Iytic durability is one of the crucial parameters for evaluating
the application potential of electrocatalysts. Therefore, a long-
time electrolysis experiment was performed at a potential of
—0.95 V. The current curve illustrates that BiOC-5 can keep the
current density roughly unchanged in a 24 h reaction (Fig. 2d).
It worth noting that the FEgcoon of BiOC-5 still remains at
higher than 95% over this reaction period. These results
unambiguously demonstrate that BiOC-5 is a robust electro-
catalyst for ECR.

The reaction kinetics for HCOOH production are studied.
BiOC-5 exhibits a relatively lower Tafel slope of 220 mV dec™"
compared to BiOC-4 (260 mV dec %), evidencing the favorable
kinetics of BiOC-5 for ECR (Fig. 2¢). Again, this means that the
initial electron transfer for the formation of the *OCHO inter-
mediate on the catalyst surface is the rate-determining step.
Furthermore, electrochemical impedance (EIS) was performed
for both catalysts at —0.95 V (Fig. S227). According to the results
of the Nyquist plots, BiOC-5 possesses a much smaller semi-
circle diameter, reflecting faster electron transfer efficiency.

Since Bi-based materials often undergo dynamic recon-
struction during ECR, to determine whether the structure of
BiOCs is maintained, X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
spectroscopy were performed, taking BiOC-5 as an example.

Both the absorption edge and white line peak of the XANES
spectrum for BiOC-5 nearly overlap with that of the Bi,O;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Polarization curves of BIOC-4 and BiOC-5 in N, or CO, saturated 0.5 M KHCOs. (b) Faradaic efficiencies of production and the current

densities of formate at different working potentials in a CO,-saturated 0.5 M KHCOs3 electrolyte for BiOC-4 and BiOC-5. (c) Nyquist plots for
BiOC-4 and BiOC-5. (d) Stability test of BIOC-5 at —0.95 V vs. RHE for 24 h. (e) Comparison of FEcoon With previously documented reports.

reference, suggesting that Bi atoms in BiOC-5 are Bi*" species
(Fig. 3a). After ECR, the absorption edge of BiOC-5 only slightly
shifts toward lower energy, indicating that the oxidation state of
Bi is mainly retained. By fitting the recorded spectrum with the
window from 1 to 6 A, we obtained the bond lengths of Bi foil,
Bi,03, BiOC-5 before and BiOC-5 after catalysis (Fig. 3b).*® The
EXAFS curves of the Bi L3-edge reveal the main peak at 1.6 A,
corresponding to the scattering path of the Bi-O bond. The Bi-
Bi oscillation of metallic-Bi at 3.3 A was not observed during the
long-term electrochemical process, which illuminates the
robust chemical stability of BiOC-5 during ECR."

Besides, a series of spectral analyses were performed to
further reveal the structural stability during ECR. The PXRD
pattern and FT-IR spectrum of the electrocatalysts after stability
testing were almost identical to before catalysis, indicating that
BiOC-4 and BiOC-5 can maintain their structural integrity
during ECR (Fig. S23-S261). XPS spectral analysis did not detect
Bi® before and after the ECR experiment, and the oxidized state
of Bi was well preserved (Fig. S271). The in situ Raman spectrum

© 2023 The Author(s). Published by the Royal Society of Chemistry

provides persuasive evidence that the structure of BiOCs can be
preserved as expected (Fig. 3¢). Furthermore, the morphology of
the BiOC catalyst is largely preserved as shown by SEM images
(Fig. S2871). In a word, all the above results demonstrated that
BiOCs possess extraordinary stability toward ECR.

In situ FTIR measurements were conducted to identify the
intermediates during the ECR process. As illustrated in Fig. 3d,
the peaks appear at 1326, 1438, 1479 and 1531 cm™ " attributed
to the stretching vibration of m-CO;*>”, and at 1278 and
1552 cm~ " belonging to the stretching vibration of b-CO5>~.*
The bands at 1409 and 1662 cm ™ * in the spectra are attributed
to HCO; ™ .* Most importantly, the *OCHO intermediate signals
detected at 1380 and 1591 cm ™' are generally regarded as key
intermediates in the electrochemical CO, — HCOOH conver-
sion and increase gradually with the applied potentials varying
between —0.7 and —1.5 V.*° Besides, the characteristic peaks of
HCOO™ (1629, 1689, 1727, 1760, and 1785 cm’l) start to appear
with increasing voltage.**

Chem. Sci., 2023, 14, 8962-8969 | 8965
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(a) Bi L3-edge XANES spectra of Bi foil, Bi,O3, BiOC-5 before and BiOC-5 after. (b) EXAFS in R-space for Bi foil, Bi,O3, BiOC-5 before and

BiOC-5 after. (c). In situ Raman spectra of CO, reduction on BiOC-5. (d) In situ ATR-FTIR spectra of BiOC-5 during the ECR.

To gain a deep understanding of the high stability and the
outstanding catalytic activity and selectivity of BiOC catalysts,
theoretical calculations were performed. The charge distribution
on the LUMO orbital and the localized orbital locator (LOL) maps
suggest that significant electron delocalization occurs throughout
the BiOC clusters (Fig. S29 and S307). The orbital delocalization
index (ODI) of LUMO orbitals is a significant factor to evaluate the
extent of spatial delocalization. The small ODI value of BiOC-5 in
contrast to BiOC-4 (1.56 vs. 5.58) indicates that BiOC-5 possesses
a much wider range of electron delocalization. These results are
further corroborated by the projected density of states (PDOS) of
all Bi atoms in BiOC-4 and BiOC-5 (Fig. 4a and b). The roughly
equivalent contributions of each Bi atom on the non-occupied
orbitals demonstrate that each Bi atom could accept additional
electrons. Compared to BiOC-4, the PDOS of BiOC-5 is closer to
the Fermi energy level, which indicates a stronger electron-
donating capability for BiOC-5, while the narrower band gap
provides a better electron transport capability. Furthermore, the
vertical ionization energy was calculated for BiOC-4 and BiOC-5,
the charge of which is neutralized by protons (Table S31).>* The
results present that BiOC-4 needs 156.112 kcal mol * to ionize the
first electron, which is larger than 79.759 kcal mol " required by
BiOC-5. Therefore, we speculate that electron delocalization is
achieved in such metal-oxo clusters, which enables the entire
cluster to act as an active catalytic site and may facilitate the

8966 | Chem. Sci, 2023, 14, 8962-8969

catalytic process. The electron delocalization on the metal-oxo
cluster also contributes to the structural stability in the electro-
catalytic CO,RR process.*>>

The reaction energy pathways for CO, reduction to HCOOH
and the competing hydrogen evolution reaction were explored by
density functional theory (DFT) calculations. Both BiOC-4 and
BiOC-5 have lower energy barriers for *OCHO formation than for
H* formation (Fig. S317). Therefore, HCOOH production is pref-
erential on BiOC-4 and BiOC-5. Moreover, the hydrophobic skel-
eton of BiOC-4 and BiOC-5 (contact angle in Fig. S32+) also helps
to suppress hydrogen production. Fig. 4c illustrates the optimized
structures and energies of the CO,RR pathway involved in each
dominant intermediate. For BiOC-5, the Gibbs free energy change
(AG) of *OCHO formation is calculated to be +0.54 eV, whereas the
AG for BiOC-4 is +0.62 eV. It implies that this step is thermody-
namically more favorable on BiOC-5. Subsequently, these inter-
mediates accept electrons and protons to form adsorbed HCOOH
and desorb from the catalyst surface. Furthermore, the maximum
energy barriers of BiOC-5 are observed for *OCHO formation,
indicating that the first electron/proton transfer was the chemical
rate-determining step. Moreover, BiOC-5 shows a great AG for *H
formation, which could inhibit the generation of H, compared
with BiOC-4. It's conjectured that the electron delocalization effect
possibly has an essential contribution in lowering the energy
barrier to the formation of *OCHO intermediates in the CO,RR.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a and b) PDOS of all Bi atoms for BiOC-4 and BiOC-5. (c) Free-energy diagrams for HCOOH on BiOC-4 and BiOC-5.

Besides, 4-core BiOC-1 was further selected to be analyzed and
evaluated for ECR to confirm the results and conclusions
(Fig. S331). The results are as predicted where less core-numbered
BiOC-1 exhibits the smallest FEycoon Of 75% and jucoor of —9.63
mA cm > compared to BiOC-4 and BiCO-5, implying the ratio-
nality of the conclusions.

Conclusions

In summary, a family of calix[8]arene-protected bismuth-oxo
clusters with robust stability were synthesized and explored as
catalysts for the electrochemical reduction of CO, to HCOOH.
Calix[8]arene is proved to be an excellent macrocyclic ligand for
the construction of high-nuclear metal-oxo clusters with its
strong ion-trapping ability and flexible coordination modes.
The BiyoMo, cluster in BiOC-6 is the first metal-oxo cluster with
more than 40 metal centers constructed from calix[8]arenes,
illuminating significant progress in the synthesis of calix[8]
arene-based high-nuclear clusters. Notably, BiOCs present
excellent stability during an electrocatalytic process, and BiOC-5
achieves high selectivity for formate production over a wide
potential range with an outstanding maximum Faraday effi-
ciency of 97% at —0.95 V vs. RHE. Besides, BiOC-5 achieves an

© 2023 The Author(s). Published by the Royal Society of Chemistry

impressive TOF of 405.7 h™*, ranking among the highest values
of crystalline Bi-based materials. Overall, BiOC-5 exhibits high
catalytic selectivity and activity, while maintaining high struc-
tural stability for ECR. DFT calculations suggest that electron
delocalization occurs in BiOC-5, resulting in the uniform
distribution of additional charge on all Bi atoms and low energy
for electron departure. This not only guarantees structural
stability, but also reliably improves the conversion efficiency of
CO, to HCOOH by decreasing the AG of decisive *OCHO
formation. This study not only paves the way for the construc-
tion of high-nuclear metal-oxo clusters but also illustrates the
superiority of clusters as catalysts for CO, electroreduction.
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