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Abstract: The transfer path of photogenerated charges greatly affects
the final photocatalytic performance, but this important fact has not
been clearly demonstrated experimentally. Here, we construct an
ultrastable crystalline catalytic system including three heterometal-
oxo clusters, BigM;-TBC4A (M = group IVB metal-Ti/Zr/Hf), which
include cubic metal-oxo cluster core with eight Bi atoms at the vertices,
one M atom at the body center, and six M atoms above the cubic face
centers. It is worth noted that the change of group IVB elements in
BigM;-TBC4A can specifically modulate the LUMO-HOMO orbitals to
distribute on different active metal atoms. This allows it to be an
excellent model system to verify the effect of the transport paths of
photogenerated charges on photoreactivity. In model reaction based
on CO, photoreduction, BigTi;-TBC4A  displays superior
photocatalytic CO,-to-HCOOH conversion rate of 3,580.02 ymol g™,
which is twice that of BisZr;-TBC4A and 4 times that of BisHf,-TBC4A.
In situ characterization accompanied by density functional theory
(DFT) indicate that the difference in orbital hybridization between Bi
and IVB group elements largely affects the orbital distribution of
frontier molecular orbital levels in BigM;-TBC4A, leading to the
transport of photogenerated charges to metal active sites with
different reactivities, and thus widely differing photocatalytic
performances. This is the first model catalyst system that explores the
effect of different photogenerated charge transport pathways on
photoreactivity.

Introduction

Solar-driven catalytic reactions, which often exhibit the
advantages of simplicity of operation and lower energy and cost,
have been widely explored in catalytic chemistry to synthesize
new compounds as well as to enable complex conversions.[ In
the reaction, the efficiency of photocatalysis mainly depends on
the catalyst and conversion of the adsorbed substrate by
efficiently utilizing the received photogenerated charge.?
Therefore, to improve the photocatalytic reaction activity, in
addition to effectively regulating the catalytic sites, ensuring that
the catalyst with excellent light absorption and excellent ability in
photogenerated charge separation and transport is often

prioritized.®! In this context, various strategies have been
developed in the past few decades to enhance the efficiency of
catalysts in utilizing sunlight.”!

It is well-known that the efficiency of solar light utilization of
catalysts depends on the processes of light absorption and
utilization of photogenerated charges in separation transport.s At
present, generous catalysts have been developed to optimize the
above processes for enhancing the final photocatalytic
performance.l®! However, one fact that has never received
attention in these studies is that the produced photogenerated
charges should be accurately transported to the most active
catalyst centers/sites, which is actually extremely critical for the
catalyst to effectively utilize sunlight. ["Especially for catalyst
containing different catalytic centers, if the photogenerated
charges are transported to non-ideal catalytic sites, it will result in
catalysts that ultimately do not achieve the desired high reactivity
and solar utilization.®'However, to date, there is still a lack of
development of a suitable modeling catalyst system to
demonstrate this fact.

Calixarene have the characteristics of multiple coordination
sites and multiple configurations. The terminal phenolic group can
bond to multiple metals, and the strong hydrophobicity of the tert-
butyl group at the other end helps to protect the central metal
oxygen cluster and enhance its stability.’”) Based on the above
considerations, we have meticulously designed and synthesized
a 4-tert-butylthiacalix[4]arene (H4TBC4A)-modified heterometal-
oxo cluster system, BisM7-TBC4A (M = Ti, Zr and Hf) including a
cubic metal-oxo cluster core, in which eight Bi atoms are located
at the vertices of the cube, while seven Ti/Zr/Hf atoms are located
above the body center and face center of the cube. Interestingly,
these isostructural heterometallic clusters have the ability to
regulate the direction of photogenerated charge transfer under
illumination by changing the type of IVB elements (Ti, Zr or Hf)
that are located above the face-center and in the body-center
positions. This characteristic makes BisM7-TBC4A a good model
catalyst system to explore the specific effect of photogenerated
charge transport direction on the performance of photocatalytic
reaction. Taking photocatalytic as the basic catalytic reaction,
these heterometallic clusters indeed exhibited significantly
different photocatalytic activity on CO,-to-HCOO™ conversion. A
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series of in situ characterizations combined with theoretical
calculation results clearly show that the difference of orbital
hybridization in BisM7-TBC4A greatly affects the energy level
distribution of the catalyst, resulting in the photogenerated
electrons being mainly transferred from the TBC4A ligand to the
highly active Ti(lV) site, while the photogenerated charges in
BisZr;-TBC4A and BisHf7-TBC4A are mainly migrated from the
TBC4A ligand to the metallic Bi site. Notably, the Bi(lll) centers in
BisM7-TBC4A are shown to be "electron traps" that can aggregate
multi-electrons easily to greatly promote the CO, photoreduction
activity of the catalytic active sites. These effects directly result
that BisTiz-TBC4A exhibits a photoreaction rate as high as
3,580.02 umol g~', which is 2 times and 4 times that of BisZrs
(1,662.03 umol g™") and BisHf7 (960.05 umol g™'), respectively.
This work provides a model catalyst system for the first time to
clearly verify the important influence of the direction of
photogenerated charge transport on the photocatalytic
performance.

Results and discussion

Synthesis and structure of BisM;-TBC4A. The crystal
structure of BisM7-TBC4A is isostructural with PbsTiz reported in
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previous work,['% which can be demonstrated by the matched
powder X-ray diffraction (PXRD) patterns(Figure S1). As same as
PbsTiz, single-crystal X-ray diffraction (SCXRD) analysis indicate
that BisM7-TBC4A crystallizes in tetragonal P4/nnc space groups.
The molecular structure of these clusters is composed of the inner
cubic-shaped heterometal-oxo cluster core BisM7 and six TBC4A
ligands at the periphery (Figure 1). In the cubic-shaped
heterometal-oxo clusters units BisMy, eight Bi atoms are located
at the vertices of the cube, while seven Ti/Zr/Hf atoms are located
at the body center and above the face center of the cube (Figure
1b). Each nine-coordinated Bi connects the S atoms of three
different TBC4A ligands and is interconnected with four M atoms
via several O atoms (one M at the body center and three M above
the face center) to form a cubic heterometal-oxo clusters core
{BisM7-Oxo}, which is further bonded to six peripheral TBC4A
ligands by six M atoms in the perpendicular face-center direction.
Each hexacoordinated M atom above the face center connects a
TBCA4A ligand with four phenolic O atoms in the equatorial plane
and one Pg-O and methanol molecule in the axial plane. In BisMz-
TBCA4A, the -OCH3; group located in the axial coordination site of
the M atom may be protonated and then deprotonated to expose
it as an active site (Figure S2). The crystals of these three
heterometal-oxo clusters appear in pale yellow under an optical
microscope (Figure S3).
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Figure 1. Crystal structure of BizMs-TBC4A (M = Ti, Zr and Hf; TBC4A = 4-tert-Butylthiacalix[4]arene). (a), Assembly of central metal skeleton structure of BisTiz-
TBCA4A. (b), Assembly of central metal-oxo skeleton of BisTiz-TBC4A. (c), Assembly of BizMs-TBC4A cluster (M = Ti, Zr or Hf). (Color codes: green Ti; light blue

Bi; red O; gray C; pink -OCHs. All H atoms have been omitted for clarity.)

The experimental powder X-ray diffraction (PXRD) patterns of
the synthesized BisM7-TBC4A (M = Ti, Zr and Hf) match well with
the simulated patterns of their single crystals, proving that all the
three compounds have excellent crystallinity and high purity
(Figure S1). The thermal stability of BisM7-TBC4A was confirmed
by infrared (IR) thermogravimetry analysis (TGA) (Figure S4 and
S5). In addition, BisM7 exhibits excellent durability in air, strong
acid/alkaline solutions (10 M HNO3; or 10M KOH), which may be
mainly attributed to the strong hydrophobicity of the tert-butyl
group of TBC4A.I""l From the elemental mapping image, it can be
seen that O, S, Bi and Ti/Zr/Hf elements are evenly distributed in
the three heterometal-oxo clusters (Figure S6-S8).

The solution stabilities of these three heterometal-oxo clusters
were  further  confirmed by  Matrix-Assisted Laser
Desorption/lonization Time of Flight Mass Spectrometry (MALDI-
TOF-MS) investigations. As shown in Figure S9a and Table S1,
the main signal centered at m/z 6678.441 in the spectrum of
BisTiz-TBC4A can be attributed to a single protonated species of
{BigTi7(O)12(TBC4A)s[N(CH3)2)ls[NH(CH3)2)l}* (simulated m/z as
6981.937). For BisZr;-TBC4A (Figure S9b), the main signal
centered at m/z 6678441 can be attributed to
{BisZr7(0)12(TBC4A)s[N(CH3)2)]s[NH(CH3)2)]}* (simulated m/z as
6981.612). Besides, two main signals at m/z 7592.746 and
7817.171 of BisHf;-TBC4A (Figure S9c) can be attributed to
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{BIst7(O)12(TBC4A)6[N(CH3)2)]3[NH(CH3)2)]}+ (simulated m/z as
7592.889) and {BigHf7(O)12(TBCAA)s[N(CHs)2)ls[NH(CHs))-1}
(H20)10* (simulated m/z as 7817.052), respectively. Meanwhile,
we tested the metal element contents in BisM7-TBC4A (M = Ti, Zr
and Hf) using inductively coupled plasma mass spectrometry
(ICP-MS). From Table S2, it can be seen that the ratio of Bi to the
corresponding Ti/Zr/Hf content in the three heterometal-oxo
clusters is close to 8: 7, which is consistent with the chemical
formula.

To identify the surface element composition and electronic
chemical states of BisM7-TBC4A, X-ray photoelectron (XPS) was
employed. As shown in Figure S10-S12, as for Bi of three
heterometal-oxo clusters, the peaks around at 164.0 and 158.7
eV can be attributed to the 415, and 4f7,,, respectively, indicating
that the oxidation state of Bi in the three heterometal-oxo clusters
is 3+. For Ti, the peaks located at 465.1 and 457.6 eV are
attributed to its 2py, and 2ps,, respectively, suggesting that its
valence state is +4. Corresponding, the Zr 3d-binding energies
(184.0 and 181.6 eV) and Hf 4f-binding energies (16.28 and18.00
eV) indicate that the two elements with the same +4 valence.

Characterizations of the optical properties of BisM7-TBC4A.
The light absorption ability of BisM7 crystals was investigated by
solid-state UV/visible absorption spectroscopy, from which three
heterometal-oxo clusters show obvious UV-Vis absorption bands
around 200-750 nm. (Figure 2a). The band gaps (Ey), were
calculated from Tauc plots to be 2.50 eV (BisTiz-TBC4A), 2.58 eV
(BisZr7-TBC4A) and 2.36 eV (BisHf,-TBC4A), respectively,
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indicating that all of these three clusters have semiconductor-like
behaviors (Figure 2b). The HOMO levels of BisTiz-TBC4A,
BisZr7-TBC4A and BisHf/-TBC4A were determined from the UPS
spectra to be 1.5, 1.59, and 1.93 V (vs. NHE), respectively, and
thus corresponding to LUMO levels of -1.0, -0.99, and -0.69 V (vs.
NHE), respectively (Figure 2c and Figure S13-S15).'4 The
HOMO-LUMO levels can be further confirmed by Mott Schottky
electrochemical measurements (Figure S16-S18). It is obvious
that these three heterometal-oxo clusters have high redox
potentials and potential metal activity centers, meaning that they
can be used as potential catalysts for many redox reactions. The
fluorescence was  characterized to demonstrate the
photogenerated charge transfer behavior of these heterometallic
clusters. As shown in Figure 2d, the photoluminescence intensity
of BisTiz-TBC4A is weaker than that of the other two heterometal-
oxo clusters, which means that BisTiz-TBC4A has the weakest
photogenerated carrier recombination ability and higher
separation efficiency in photocatalysis. To investigate the light
trapping behavior of the three heterometal-oxo clusters, transient
photocurrent responses were carried out, and the results show
that BisTiz-TBC4A exhibits a higher photocurrent response
compared to BisZr-TBC4A and BisHf;-TBC4A, which is
evidence that it possesses a more efficient photoelectron
conversion ability (Figure 2e). In addition, the electrochemical
impedance * spectroscopy (EIS) Nyquist plots of the three
heterobimetal-oxo clusters indicate that the interface charge
transfer process of BisTiz-TBC4A is the fastest (Figure 2f).
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Figure 2. The optical property of BizMs-TBC4A (M = Ti, Zr and Hf; TBC4A = 4-tert-Butylthiacalix[4]arene). (a), UV-Vis diffuse reflectance spectra for Bi7Ms-TBC4A.
(b), Tauc plots of BizMs-TBC4A. (c), Energy band gap diagrams of BizMs-TBC4A. (d), Photoluminescence spectra (PL). (e), Transient photocurrent response. (f),

Nyquist plots.

Photocatalytic CO2 reduction performance. In view of the
excellent light-absorbing ability and suitable energy band
structure of the three heterometal-oxo clusters, we investigated
the photocatalytic CO, reduction performance of BisTiz-TBC4A,
BisZr;-TBC4A and BisHf-TBC4A (catalyst mass of 5 mg),
respectively, under UV light using triisopropanolamine (TIPA) and

H,O as the electron sacrificial agent and reaction solution (H2O:
TIPA = 26: 4). The products were quantitatively analyzed with a
test interval of three hours, the liquid phase products were
quantified and characterized by ion chromatography (HPLC)
(Figure S19) and "*C NMR spectroscopy (Figure 3c and Figure
S20), and the gas phase products were detected and quantified
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by gas chromatography (GC). Under dark conditions, no product
was detected; after that, the reaction system was irradiated with
continuous UV light (200 - 400 nm) and HCOO~ was generated
immediately and increased with time, indicating that the process
is a light-driven (Figure 3a). After 9 hours, the HCOO™ yield of
BisTiz-TBC4A was as high as 17.90 + 0.97 umol (3,580.02 +
194.04 ymol g™"), which was 2 times and 4 times that of BisZr7-
TBC4A (8.31 + 0.93 umol, 1,662.03 + 186.03 umol g~') and
BigHf-TBC4A (4.80 + 0.84 pmol, 960.05 + 168.03 uymol g7'),
respectively. In this work, HCOO~ was the only photocatalytic
liquid-phase product detected by HPLC, whereas no other CO,
reductive products such as CO and CH3;OH that can be detected
in both liquid and gas phases during the CO2RR, indicating that
the selectivity for CO, reduction to HCOO~ of the three
photocatalysts was as high as 100%. In addition, we compared
the catalytic activities of BisM7-TBC4A, using the Turnover
Number (TON). The turnover values of BisTiz-TBC4A, BisZrz-
TBC4A and BigHf7-TBC4A for the 9 h reaction were 22.3, 10.87,
and 6.91, respectively, indicating that BisTiz-TBC4A had higher
catalytic activity than BisZr7-TBC4A and BisHf7-TBC4A under UV
light and possessed the higher overall TON. Considering the
differences in the photocatalytic CO, reduction performance of the
three heterometal-oxo clusters, we hypothesized from the
structure that the active site in BisTi7-TBC4A may be a Ti atom,
while the active site in BisZr;-TBC4A (or BisHf7-TBC4A) is a Bi
atom. Therefore, the catalytic activity of BisM7-TBC4A (M = Ti, Zr
and Hf) was compared by TONgciice site Of the active site. As shown
in Table S3, the catalytic activity of each potential Ti site in BisTiz-
TBCA4A is higher than that of the Bi site in BisZr;-TBC4A (or
BisHf;-TBC4A). Therefore, the high catalytic activity of BisTir-
TBC4A is mainly attributed to its potential high catalytic activity Ti
site.
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Figure 3. Photocatalytic CO2 reduction performance of BizMs-TBC4A (M = Ti,
Zr and Hf; TBC4A = 4-tert-Butylthiacalix[4]arene). (a), The yield of HCOO™ at
different time. (b), Liquid phase productions for 9 h. (c), '*C NMR of possible
liquid products of BigTiz-TBC4A in photocatalytic '*CO. reduction. (d),
Comparison of HCOO~ produced by BisTiz-TBC4A in different CO:2
concentration atmospheres.

The cyclic performance of the catalysts was then evaluated. In
the cyclic test, the tested catalysts were reintroduced into a new
reaction solution by centrifugation and washing in dispersion.
BisM7-TBC4A retained more than 95% of their catalytic activity
after five cycles, and the loss of catalytic activity may be due to
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the incomplete transfer of the catalysts during the recycling
process (Figure 3b). To further demonstrate that HCOO™ is
obtained by conversion of CO,, isotopic tracer experiments were
performed using '*CO, and the origin of C in HCOO~ was
determined by '*C NMR (Figure 3c). HCOO~, CO3?~ and HCOj3~
can be clearly seen from the '*C NMR spectra, which is consistent
with other previous work. In addition, when photocatalytic tests
were performed using 2CO,, the peaks disappeared at other
positions except for the characteristic peaks of DMSO and TIPA
(Figure S20). This experimental result suggests that all the
HCOO™ produced is obtained by the reductive conversion of CO..
Therefore BisTiz-TBC4A is able to reduce CO, to HCOO™ under
UV light. In addition, photocatalytic CO, reduction experiments
were carried out on BisTiz-TBC4A under low concentration COy,
which is of practical significance compared with the photocatalytic
reduction under pure CO, atmosphere. As can be seen from the
Figure 3d, the reduction rate of CO, by BisTiz-TBC4A can still
reach 58.44 pmol pmol g™ h™' at 10% CO; content (CO,: Ar = 1:
9). These three heterometal-oxo clusters catalysts did not
dissolve and_exhibited good crystallinity after photocatalytic
CO2RR, thus proving the nature of their heterogeneous catalysts.
To further demonstrate stability, the solid catalysts were isolated
after the photocatalytic CO2RR reaction and tested by solid-state
infrared (FTIR) (Figure S21-S23) and PXRD (Figure S24). The
results showed that the PXRD patterns and FTIR patterns of
these three heterometal-oxo clusters catalysts before and after
the photocatalytic CO,RR were almost unchanged, proving their
high crystallinity and stability. The XPS of samples before and
after the reaction were also used to demonstrate the stability of
BisM7-TBC4A. As show in Figure S25-R27, the XPS spectra of
the samples before and after the test are basically consistent,
proving that the performance of the three heterometal-oxo cluster
photocatalysts is stable during the photocatalytic test.

Studies on the Photocatalytic Reaction Mechanism. In-situ
XPS measurements were used to confirm the electron transfer
process in the photocatalytic reaction through the change in the
binding energy of the elements. As shown in the Figure 4a and
4b, when BigTiz-TBC4A was illuminated under Ar dark conditions,
the Ti 2p binding energy decreases from 464.73 and 457.60 eV
to 464.12 and 457.34 eV, respectively, and the Bi 4f binding
energy decreases from 164.00 and 158.71 eV to 163.68 and
158.49 eV, respectively. This suggests that under illumination, the
photogenerated electrons of BisTiz-TBC4A can be transferred to
the metal-oxo cluster center. After introducing CO, into the
system, the binding energy of Bi 4f increased and returned to the
ground state, while the binding energy of Ti 2p increased by 0.21
eV. Combined with the structural analysis of BisTiz-TBC4A, it can
be seen that the direction of the transfer of photogenerated
electrons during the photocatalytic process is transferred from Bi
atoms to Ti atoms and finally to CO,, and this result suggests that
the center of the cubic bismuth-oxo clusters can act as an
“electron trap” for accommodating photogenerated charges
(Figure 4d and 4e) and quickly transferred to the catalytically
active center during the photocatalytic process to promote the
rapid reduction of CO,.[% 31 Based on the above results, the
photocatalytic CO.RR of BisTi7-TBC4A can be reasonably
explained as follows: under light, the calixarene generate
photogenerated charges and then transfer them to the central
metal-oxo cluster centers, which act as electron traps capable of
accommodating the photogenerated charges and the reduction of
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Ti** to Ti* species, while TIPA acts as a hole (h*) scavenger.
Photogenerated electrons are then transferred from the central
bismuth-oxo cluster electron trap to the catalytic center Ti atoms
via the oxygen bridge between Bi-Ti and ultimately to CO,
adsorbed on the active metal Ti sites. When the fourth subgroup
metals are Zr and Hf, the photogenerated charge is then
transferred from the calixarene to the bismuth-oxo cluster centers
during photoexcitation and from the bismuth-oxo cluster centers
back to the CO, reduction centers during CO- reduction (Figure
4d).To investigate the photogenerated electron transfer pathway
of BisTi7-TBC4A in photocatalytic CO, reduction, the
photocatalytic CO,RR mechanism was investigated using in situ
electron paramagnetic resonance (EPR) spectroscopy (Figure
4c). The results showed that in the reaction system containing

(a) (b)
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BisTiz-TBC4A and TIPA as well as CO, atmosphere, no ESR
signal appeared under dark conditions. When the reaction system
was irradiated with UV light for 30 min, a significant signal change
could be observed in the ESR spectra. The signal at g = 1.944
could be attributed to the characteristic signal of Ti%* ions, which
implies that Ti** at the center of the metal-oxo clusters in BisTiz-
TBC4A accepts photogenerated electrons produced by
calixarene via ligand-to-metal charge transfer (LMCT) upon
photoexcitation.['¥ The strong signal at g = 2.002, on the other
hand, was attributed to the oxygen vacancies formed by the
unsaturated coordination metal atoms in the heterometal-oxo
clusters, which implies that BisTiz-TBC4A has active sites that
can adsorb and reduce CO,.["%
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Figure 4. High-resolution X-ray photoelectron spectroscopy (XPS) of (a) Bi 4f and (b) Ti 2p. (c) ESR spectra of BisTiz-TBC4A clusters before and after light
irradiation. (d) Schematic cross-section of the electron transfer pathway of BisM7-TBC4A. (e) Schematic diagram of the cross section of the “electron trap” formed
by the central metal-oxo cluster. (f) In situ FTIR spectra on BisTiz-TBC4A under UV light irradiation and a CO2 atmosphere.

To demonstrate the CO,-to-HCOOH conversion process of
BisM7;-TBC4A, in situ diffuse reflectance infrared fourier-
transform spectroscopy (DRIFTS) was used to detect CO;
radicals and intermediates in the photocatalytic CO,RR process
using BisTi7-TBC4A as a representative catalyst. As shown in the
Figure 4f, no significant change in the vibrational peak were
detected under dark conditions. As the illumination time increases
from 0 to 90 mins, the formation of new vibrational peaks could
be clearly detected with a gradual increase in intensity. The
absorption peaks at 1316, 1339, 1470, 1516, and 1540 cm™" could
be attributed to the monodentate carbonate (m-CO32"), while the
absorption peaks at absorption peaks at 1264 and 1556 cm™
could be attributed to bidentate carbonates (b-CO327).I'8! In
addition, the absorption peaks at 1372, 1397, and 1455 cm™ can
be attributed to polydentate carbonate (p-CO3%7), and the peaks
at 1418 and 1574 cm™" were attributed to bicarbonate (HCO3).l"4l
The significant increase in the intensity of these carbonate peaks
indicates that BisTi7-TBC4A can adsorb CO; and form

interactions with it. The appearance of peaks at 1649, 1744, 1759,
and 1771 cm™" may be a result of formate, while the peak at 1620
is most likely attributed to carboxylate.' A significant
enhancement of the absorption peak can be observed at 1698
cm™, which is attributed to CO,"" radical, which is an important
single-electron reduction intermediate in the photocatalytic
reduction to HCOO™.I'"8ITo deeply investigate the catalytic
differences among the three heterometal-oxo clusters, DFT
calculations related to CO, adsorption and activation were carried
out for the three heterometal-oxo clusters to confirm the active
sites. The calculated frontier molecular orbital distributions show
that the highest occupied molecular orbital (HOMO) of the three
heterometal-oxo clusters are mainly concentrated on the
calixarene ligands (Figure 5a). Diversely, the distribution of the
lowest unoccupied molecular orbital (LUMO) orbitals of the BisTiz-
TBCA4A structure is mainly concentrated on the Ti atoms, while
the LUMO orbitals of the BisZr-TBC4A and BisHf7-TBC4A
structures have a similar distribution and are distributed only on
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Bi. This indicates that the excited hole positions are almost
located in TBC4A parts, while excited electron positions of the
three clusters are different. Specifically, after excitation, the
electrons of the BisTiz-TBC4A are transferred to the Ti atoms, so
the site of the reduction reaction is also more likely located on Ti
atoms. For BisZr-TBC4A and BisHf;-TBC4A, the reduction
catalytic site is located in Bi atoms, which is why the catalytic
performance is significantly different. The spin density distribution
calculation also verifies that the electrons of reduced BisTir-
TBC4A are distributed on Ti atoms, and BisZr-TBC4A and
BisHf;-TBC4A are distributed on Bi atoms (Figure S28).

Furthermore, the total density of states (TDOS) and partial density
of states (PDOS) of the three systems BisM7;-TBC4A were also
calculated and plotted by dividing the three systems into four
moieties, namely, Bi atoms, Ti (Zr/Hf) atoms, O atoms, and
TBCA4A parts, respectively (Figure 5b-5d). Through the PDOS
diagram, it can be analyzed that the density of occupied states
near the Fermi level of the three systems is mainly contributed by
TBCA4A ligands, and the corresponding unoccupied states are co-
contributed by Ti (Zr or Hf), Bi atoms and TBC4A. It is noteworthy
that in the unoccupied state parts, the Ti metal atoms of BisTiz-
TBCA4A are distributed in the lower energy level, and a special
and isolated unoccupied state appears near the Fermi level. That
makes the energy gap of BisTiz-TBC4A reduced significantly and
the LMCT transition easier to be realized. In contrast, the energy
gap of BisZr7-TBC4A and BisHf7-TBC4A is higher, and the orbital
overlap occurs in unoccupied state of Bi moieties and TBC4A.
Therefore, after excitation, electrons are more easily transferred
between the Bi moieties and TBC4A. This result is consistent with
the orbital energy level diagram we obtained above, and also
reflects that in the catalytic process, the catalytic site of BisTiz-
TBC4A mainly provides by Ti sites.
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Figure 5. (a), LOMO and HOMO orbital distribution diagram of BizMs-TBC4A.
(b-d), Total and projected DOS of BizMs-TBC4A. (e), Hybrid orbital distribution
diagram of Bi-O, BiTi-O and BiZr-O (or BiHf-O).
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As illustrated in Figure 5e, the differences in the LUMO and
HOMO distributions of the three heterometal-oxo clusters can be
understood better. In the absence of Ti/Zr/Hf metal doping, the 4p
atomic orbital of Bi are linearly combined with the 2p atomic orbital
of O to form a pair of bonding-antibonding orbitals. When Ti metal
atoms are doped, the 3d orbital level of titanium is similar to and
slightly lower than the 4p orbital level of bismuth. Therefore, the
bonding and antibonding orbitals of Ti-O are arranged in a
position similar to the orbital energy levels of the Bi-O bond. In
addition, the lower 3d empty orbitals of titanium are converted into
the LUMO of BisTiz-TBC4A clusters, which regulates the
distribution of frontier molecular orbitals of clusters to affect the
catalytic sites and reactivity. However, for the BisZr7-TBC4A and
BigHf;-TBC4A cases, the corresponding atomic orbitals of
zirconium and hafnium are much higher than the atomic orbitals
of Bi, so the resulting bonding and antibonding pairs cannot be
distributed in the frontier orbital positions of the molecule.
Therefore, the unoccupied orbitals are more distributed on Bi and
TBCA4A sites.

Combined with in situ XPS results, for BisTiz-TBC4A, it can be
seen that the empty orbitals distributed in bismuth and titanium
have accepted electrons through LMCT process after light
excitation. When CO;, is introduced into the system, the exposed
Ti sites will firstly transfer electrons to CO, as reduction sites. Due
to the orbital overlap effect of bismuth and titanium, the electrons
located in bismuth are transferred to the 3d orbital of titanium
attributed to LUMO through the BI-O-Ti path, thus completing the
subsequent CO, reduction process. For BisZr;-TBC4A and
BisHf7-TBC4A, the photogenerated electrons are directly
transferred to bismuth-oxo clusters via by calixarene. These
reasons led to the much larger photocatalytic CO; reduction
activity of BisTiz-TBC4A than that of BisZr-TBC4A and BisHf7-
TBC4A. To verify this hypothesis, we specifically studied the
adsorption energy of CO, at different sites on BisM7-TBC4A.
Figure S29-31 shows the optimized model for the adsorption of
CO; on the surface of different sites. The adsorption energies of
CO; at the Ti, S and Bi sites of BisTi-TBC4A are -16.59, -6.94
and -7.35 kcal mol™, respectively. Obviously, the Ti site shows
lower adsorption energy than S and Bi, indicating that the Ti site
can effectively enhance the adsorption of CO,. However, for
BisZr7-TBC4A and BisHf;-TBC4A, the adsorption energy of the
Bi site is the lowest, which is -7.90 and -7.11 kcal mol™,
respectively, which means that when the IVB group atoms are Zr
and Hf, CO; is more easily adsorbed on the Bi site. The energy
changes of BisgTiz-TBC4A, BisZf;-TBC4A, and BisHf-TBC4A for
reduction of CO, to HCOOH also show that lower barrier has been
required with BisTiz-TBC4A as a catalyst, further proving the
higher catalytic performance of BisTiz-TBC4A (Figrue S32 and
S33).

Conclusion

In conclusion, we have elaborately constructed a series of
isostructural crystalline model catalysts, consisting of a cubic
metal-oxygen cluster center and six M atoms coordinated by
calixarene located above the face center of the cube, whose
frontier molecular orbital distributions can be effectively tuned by
changing the IVB group metal elements above the face centers of

This article is protected by copyright. All rights reserved.

85UBD1 SUOWILLIOD 8A1R.1D 3ot |dde aup Aq peusenoB ae ssjoie YO ‘asn Jo S9N o} Areiqi] auLjuQ A1\ Lo (SUORIPUOI-PUR-SWRHI0I AS | 1M Ale.g 1 Ul [UO//SANy) SO IPUOD Pue Sl | 3L} 885 *[5202/€0/82] Lo ArigiTauliuo AsjiM ‘AseAun noyzie T Ag £59205202 21Ue/200T OT/I0p/L0d A8 1M Arelq i putjuo//sdny woy papeojumoq ‘el ‘€./ET2ST



Angewandte Chemie International Edition

the cubes. This causes the photogenerated charges to transfer
along the Ti-O-Bi-O-Ti-CO, and Zr/Hf-O-Bi-O-Bi-CO, directions
on BisTiz-TBC4A and BisZr/Hf-TBC4A, respectively, and reach
metal active sites with different reactivity (Ti and Bi), ultimately
showing large differences in CO, photoreduction reactivity. This
is the first time to clearly demonstrate the important effect of
different photogenerated charge transport paths on the
photoreactivity by using crystalline model catalysts.
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BisM-TBC4A (M = Ti, Zr and Hf)

The difference in orbital hybridization between heterometallic elements in heterometal-oxo clusters BisM7-TBC4A (M = Ti, Zr and Hf)
has a significant effect on the distribution of frontier molecular orbital energy levels, resulting in the transmission of photogenerated
electrons to different active sites, thus leading to different catalytic activities.
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