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ABSTRACT: It is well-known that effective charge transfer within
the catalyst structure is critical to the improvement of the
performance of catalytic reaction. Herein, we reported three
functionalized polyoxo-titanium clusters (PTCs)-based photo-
catalysts applied for photocatalytic CO, reduction reaction
(CO,RR): Tis functionalized with phenylphosphonic acid
(PPOA), Tig—Fcdc and Tig—Fcdc functionalized with 1,1-
ferrocene dicarboxylic acid (Fedc). Notably, the light absorption
range of Tig—Fcdc and Tig—Fcdc can be significantly expanded to
the visible region, because the introduction of the Fcdc ligand with
the ability to quickly transfer electrons triggers the intense electron
transfer effect between Ti-oxo nucleus and Fcdc ligands. On this

Fcdc modification

foundation, these three PTCs are demonstrated to be molecular photocatalysts to conduct visible light-driven photocatalytic CO,RR
in water with triisopropanolamine (TIPA) as holes scavenger. In particular, both of the Fcdc-functionalized Tig—Fcdc and Tig—Fcdc
can accomplish the CO,-to-HCOO™ photoreduction in water with very high selectivity (96.2% and 97.5%, respectively) and activity
(170.30 and 350.00 pmol g~' h™!, respectively). Most importantly, the photosynthetic of CO,-to-HCOO™ activity for Tig—Fcdc is
the highest among the reported PTC photocatalytic for CO,RR. Our work proves that the introduction of Fc-derived ligands can
enhance the charge transfer efficiency of functionalized photocatalysts, thereby significantly affecting the photocatalytic performance

of CO,RR.

KEYWORDS: polyoxo-titanium clusters, 1,1-ferrocene dicarboxylic acid, effective charge transfer, photocatalytic CO, reduction,

high activity

B INTRODUCTION

In the past few decades, the continuous excessive emission of
greenhouse gases mainly composed of CO, has caused serious
environmental concerns, which need to be addressed.' ™ The
photocatalytic CO, reduction reaction (CO,RR) has devel-
oped into a valuable and sustainable CO, conversion pathway,
as it can use renewable solar energy to selectively reduce CO,
to carbon-based energy products and reuse them.””'°
However, given the chemical inertness and slow reaction
kinetics of CO, molecules, its conversion process is extremely
difficult.'”~*° Accordingly, the development of photocatalysts
with high efficiency, low cost, strong photosensitivity and low
toxicity (environmentally friendly) is of great significance for
photocatalytic CO,RR.*' >

It is well-known that TiO, as one of the most extensively
used photocatalytic materials that has been widely used in
many photocatalytic fields, such as degradation of photo-
catalytic dyes and pollutants, photocatalytic CO,RR, and
photocatalytic hydrogen production,”™>’ because of its
prominent features including high stability, simple composi-
tion, low cost, easy synthesis, and nontoxicity. In order to
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further exploit the photocatalytic advantages of Ti-based
materials, polyoxo-titanium clusters (PTCs) have a very similar
structural composition as TiO,, it has received extensive
attention and research in recent years.”*™>° PTCs not only
inherit the similar catalytic activity, low cost, and lower
pollution of TiO,, but also easily grow into a single crystal for
structure identification.”** Moreover, its clearly defined
structural information is essential to establish an efficient
structure—property relationship at the molecular level.*>**
Recently, many research groups have made important progress
in the synthesis and photocatalytic performance of PTCs. For
instance, photocatalysis of hydrogen production, dye degrada-
tion, and CO,RR.>>~** Whereas, the application of Ti-based
materials in photocatalytic CO,RR is still rare. Only a few Ti-
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Figure 1. (a) The morphology and color of Ti; insets are the Ti(¢3-O) unit of Tig. (b) The molecular structure view of Tig. (c) The morphology
and color of Tig—Fcdc; insets are the edge-sharing Ti;(¢3-O) unit of Tig—Fcdc. (d) The molecular structure view of Tig—Fcdc. (e) The
morphology and color of Tig—Fcdc; insets are the Tiy(y£5-O) unit of Tig—Fcdc, (f) The molecular structure view of Tig—Fcdc.

based MOFs and clusters (our previous works) have been
reported for photocatalytic CO,RR.*’ ™" Among them, our
group recently synthesized two PTCs PTi ¢ and PTi}, centered
on phosphate (PO,>”), which are both classical Ti"-based
heteroatom Keggin-type polyoxometalates and can act as high-
efficiency photocatalysts to convert CO,-to-HCOO™ with
highly selectivity under ultraviolet light.’® Therefore, more
attention should be paid to the synthesis of more novel PTCs
for photocatalytic CO,RR. Nevertheless, there are still many
challenges in the application of traditional PTCs in photo-
catalytic applications. The most important deficiency is that
their band gaps are usually wide (only ultraviolet light
response ), which makes the catalyst materials unable to utilize
longer wavelength sunlight spectra such as visible light and
near-infrared light. To effectively solve this problem, the band
gap of traditional PTCs is mainly regulated by ligand
modification to change their light absorption range, thereby
reducing the band gap.”’™* In addition, effectively regulating
the photogenerated electron-transfer rate within the crystalline
molecular photocatalyst should be crucial to improve the
catalytic performance, but there are still no reports in the field
of photocatalytic CO,RR. Consequently, it is necessary to
select appropriate functionalized organic ligands to construct
novel PTCs that have an expanded light absorption range and
excellent photogenerated charge migration rate to enhance the
performance of photocatalytic CO,RR.

Ferrocene (Fc)-modified complexes usually exhibit diverse
structure types, extended light absorption, and fast charge-
transfer rates, so they have been applied as efficient and stable
electron donors in many optoelectronic applications.*”**
However, to the best of our knowledge, only a few PTCs
with Fc-derived functional ligands have been reported to date,
and these PTCs also exhibit similar photocurrent responses
and significant band gap reduction.””~** On the basis of these
results, we hope to effectively regulate the structural
composition, light absorption, and charge transfer efficiency
of PTCs by introducing Fc-based organic ligands into
traditional PTCs, and then improve the corresponding
photocatalytic performance of CO,RR. Herein, [Tig(u;-
O)z(ﬂro)Z(PPO)z(02CCF3)2(#2'01PT)4(01P1')6:|
(CF;COOH = trifluoroacetic acid, HO'Pr = isopropanol, Tig)
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and Fcdc-functionalized [Tig(pus;-
0),(tea),((Fcdc),),(OPr) o] 2HOPr (teaH; = Triethanol-
amine, Tig—Fcdc) and [Tig(p3-O),(Fedc),(u,-SO4), (k-
O'Pr),(OPr),o]-2HOPr (Tig—Fcdc) are successfully synthe-
sized by solvent thermal methods. Among them, Tig has been
reported in previous work.”> The crystal structure, spectro-
scopic properties, and photoelectrochemical properties of these
three PTCs are studied, we found that the light absorption
range of Tig—Fcdc and Tis—Fcdc with Fcdc ligand
modification extends to the visible region, and the photo-
current response is correspondingly improved (effective
photogenerated charge transfer rate), compared with Tig, in
which Fedc ligand is not involved. Taking these advantages
into consideration, we further conducted research on the
photocatalytic CO,RR under visible light for the three PTCs,
respectively. Photocatalytic CO,RR results showed that three
PTCs can accomplish CO,-to-HCOO™ conversion with high
selectivity. Fcdc functionalized Tig—Fcdc and Tig—Fcdc
revealed higher photocatalytic activity and selectivity compared
with Tig. Our work represents an important case study for the
development of photosensitive and higher photogenerated
charge transfer efficiency PTCs for artificial photoreduction of
CO..

B EXPERIMENTAL SECTION

Syntheses of Tig. A mixture of PPOA (47.4 mg, 0.3 mmol)
and CF,COOH (0.03 mL, 0.55 mmol) was dispersed in
isopropanol (5 mL) with stirring for about 10 min. After
addition of Ti (O'Pr), (0.315 mL, 1 mmol), a clear colorless
solution was formed. The resultant mixture was heated at 100
°C for 3 days in a Teflon-lined autoclave. After being cooled to
room temperature, colorless cubic block crystals were obtained
by filtration and were fully washed several times with
isopropanol. Yield: ca. 70%.

Syntheses of Tig—Fcdc. A mixture of Fcde (27.4 mg, 0.1
mmol) and teaH; (0.3 mL, 2.26 mmol) dispersed in
isopropanol (1 mL) with stirring for about 10 min. After
addition of Ti(OPr), (0.945 mL, 3 mmol), a clear deep-red
solution was formed. The resultant mixture was heated at 80
°C for 3 days in a Teflon-lined autoclave. After being cooled to
room temperature, yellow rhombic block crystals were

https://doi.org/10.1021/acscatal.0c04495
ACS Catal. 2021, 11, 4510-4519


https://pubs.acs.org/doi/10.1021/acscatal.0c04495?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04495?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04495?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04495?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.0c04495?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

obtained by filtration and were fully washed several times with
isopropanol. Yield: ca. 80%.

Syntheses of Tig—Fcdc. A mixture of Fcde (27.4 mg, 0.1
mmol) and sulfuric acid (0.05 mL, 0.933 mmol) was dispersed
in isopropanol (S mL) with stirring for about 10 min. After
addition of Ti(O'Pr), (0.470 mL, 1.5 mmol), a clear deep-red
solution was formed. The resultant mixture was heated at 80
°C for 3 days in a Teflon-lined autoclave. After being cooled to
room temperature, red rhombic block crystals were obtained
by filtration and were fully washed several times with
isopropanol. Yield: ca. 72%.

B RESULTS AND DISCUSSION

Tis, Tig—Fcdc, and Tig—Fcdc are synthesized by in situ
solvent thermal synthesis (see the Experimental Section) with
relatively high yields. As shown in Figures 1 and S2 of the
Supporting Information (SI), Tis Tis—Fcdc, and Tig—Fcdc
appear as colorless cubic, yellow rhombic, and red rhombic
block crystals under the optical microscope, respectively.
These three different PTCs are constructed using oxygen
centered Ti;(4;-O) unit and different bridging ligands
(including CF;COOH, PPOA, teaH;, Fcdc, and H,SO,).
Among them, Tig mainly contains two planar triangle Ti;(3-
O) units connected by two u,-O, two PPOA, and two
CF;COOH (Figure S3). Tig—Fcdc is an octa-nuclear cluster
consists of two Ti, motifs (each Ti, motif involves two edge-
sharing Tiy(u#3-O) units) connected by two Fcdc ligands
(Figure S4). Tig—Fcdc is a hexa-nuclear PTC that constructed
from two Tiy(u3-O) units bridged by two Fedc and SO,*~
ligands (Figure SS).

X-ray single crystal diffraction analysis demonstrates that the
space group of the Tig4 cluster is P2,/n, and its asymmetric unit
involves three Ti atoms (Til, Ti2, Ti3), two y;-O atoms, one
CF;COOH, one PPOA, and five -O'Pr groups (Figure S6a).
The hexa-nuclear molecular structure of Tig is built by two
triangle-shaped Ti;(3-O) units connected with two couples of
#-O and PPOA ligand (Figure S6b). It is worth noting that
the six-coordinated Til and Ti2 atoms exhibit slightly distorted
octahedral geometry, while the five-coordinated Ti3 atom
shows distorted tetragonal pyramid geometry (Figure S6c).
The Til and Ti2 atoms in the Ti;(;-O) unit are coordinated
with a CF;COOH (Figure S9a). The three O atoms of PPOA
are respectively connected with Til and Ti3 atoms in Ti;(ys-
O) unit and Ti2 atom in another Ti;(y3-O) unit (Figure S9b).
The outer coordination space of Tig is surrounded by 10
isopropyl groups, in which four isopropyl groups are used to
bridge two neighboring Ti atoms and the others are all
terminal ligands.

To change the light absorption range of PTC and enhance
the electron transfer efficiency between the ligand and the
titanjum oxide core, we have replaced the PPOA and
CF;COOH ligands with Fcdc ligands, and obtained two
PTCs Tig—Fcdc and Tig—Fcdc with Fede functionalized. Tig—
Fcdc has the identical space group as Tig (Table Sla). As
illustrated in Figure S7a, the asymmetric unit of Tig—Fcdc
contains four Ti atoms, two p;-O atoms, one teaH;, two Fcdc
ligands, five -O'Pr groups, and a free HO'Pr molecule. Similar
to Tig, the structure of Tig—Fcdc also includes two kinds of
planar triangle Ti;(p3-O) unit with y3-O atom connected with
Til, Ti2, and Ti3 atoms or Til, Ti3, and Ti4 atoms. Moreover,
these two Ti;(p3-O) units further form an edge-sharing Ti (-
0), unit, and the Ti,(p;-O), unit is coordinated with a teaH,
and a Fcdc ligand, at the same time, it is further bridged by two
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Fcde to form an octa-nuclear cluster (Figure S7b). Six-
coordinated Til, Ti2, and Ti4 atoms in Tig—Fcdc possess the
slightly distorted octahedral geometry configuration, while the
seven-coordinated Ti3 atom shows a pentagonal bipyramid
coordination environment (Figure S7c). Importantly, the Fedc
ligand can serve as a potential electron transport channel,
which can effectively increase the charge transfer between two
Ti,(45-0), units in Tig—Fcdc. Furthermore, three O atoms
and one N atom of teaH; are coordinated with Ti2, Ti3, and
Ti4 atoms (Figure S9c). The four O atoms of Fedc ligand
(Fel) respectively connected with Til, Ti2 atoms in Ti,(us-
O), unit, and Til and Ti3 atoms in another Ti,(y;-O), unit
(Figure S9d), while the four O atoms of another Fcdc ligand
(Fe2) coordinate with Til, Ti2, Ti3, and Ti4 atoms in a
Tiy(p5-O), unit, respectively (Figure S9¢). Til, Ti2, and Ti4
atoms of Tig—Fcdc are coordinated with easily detachable
-O'Pr groups in the axial position.

In contrast to Tig and Tig—Fcdc, the space group of the
Tig—Fecdc crystal is C2/c with relatively high symmetry (Table
Sla). As illustrated in Figure S8a, the asymmetric unit of the
Tic—Fcdc contains three independent Ti atoms, one p;-O
atom, one Fcdc, one sulfate radical, and six -O'Pr groups is
composed of a free HO'Pr molecule. In the structure of Tig—
Fcdc, Til, Ti2, and Ti3 atoms are also linked with a y5-O atom
to construct a planar triangle Tiy(y5-O) unit, two Ti;(u3-O)
units are bridged via two Fcdc and two sulfate anions to form a
hexa-nuclear cluster (Figure S8b). Notably, the six Ti atoms
within the Tig—Fcdc structure are six-coordinated, and all of
them adopt distorted octahedral geometry (Figure S8c). Same
as that in Tig—Fcdc, the linkage mode of Fcdc ligands in Tig—
Fcdc also involves Til, Ti2 atoms in one planar triangle
Tiy(45-O) unit and Til, Ti3 atoms in another Ti;(y;-O) unit
(Figure S9f). The Fedc ligand in Tig—Fcdc can improve the
charge transfer between the two Tis(p3-O) units, which is
more effective than Tig—Fcdc because of the shorter
transmission distance. Additionally, there are also two SO,*~
bridges that use its three O atoms to link with Til, Ti2, and
Ti3 atoms in one Ti;(#3-O) unit and Til atom in another
Tiy(p5-O) unit, so that two couples of Til atom and p,-SO,
form a parallelogram plane (Figure S9g). More importantly,
this parallelogram plane further shortens the distance between
the two Tiy(#3-O) units, forming two additional potential
channels for electron transfer, thus achieving faster and more
efficient electron transport. The outer surface of Tig—Fcdc is
coordinated by 12 isopropyl molecules and two sulfate radicals.
Two isopropyl groups are used as bridging ligands to link Ti2
and Ti3 atoms, and the others act as terminal ligands.
Analogously, -O'Pr groups coordinated to Til, Ti2, and Ti3
atoms in Tig—Fcdc easily leave to build open active metal sites.

The experimental powder X-ray diffraction (PXRD) patterns
of Tig, Tig—Fcdc, and Tig—Fecdc are identical to the simulation
results of crystallographic data, which indicates that they have
high purity (Figures S10—S12). The thermogravimetric
analysis (TGA) curves of Tig, Tig—Fcdc, and Tig—Fcdc
show that their structures can be maintained up to about 230
°C, 200 °C, and 330 °C, respectively (Figure S13). The
Infrared (IR) spectra of Tis Tig—Fcdc, and Tig—Fcdc as
displayed in Figure S14. The vibrations of Ti—O—C (between
1000 and 1003 cm™') as well as C—H (between 2990 and
2855 cm™') represent -O'Pr groups. The frequency band 609
cm™ belongs to the Ti—O vibration. The bands of ~1480
ecm™ in Tig—Fcdc and Tig—Fcdc are designated as the
characteristic bands of the Fc moiety.”” The X-ray photo-
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Figure 2. (a) Solid-state UV—vis absorption spectrum of Tig, Tig—Fcdc, and Tig—Fcdc. (b) (hwf)*vs hv curve of Tig, Tig—Fcdc and Tig—Fcdc. (c)

UPS spectra of Tig—Fcdc. (d) UPS spectra of Tig—Fcdc.

electron spectroscopy (XPS) is characterized to identify the
valence states of Ti and Fe atoms in Tig—Fcdc and Tig—Fecdc
(Figures S15—S17). The Ti 2p spectrum of Tig—Fcdc exhibits
that the peak at 458.8 eV is the state of Ti 2p, 3, while the peak
at 464.6 eV refers to the state of Ti 2p,,, indicating that only
Ti*" exists in Tig—Fcdc (Figure S15e). The high-resolution Fe
2p spectra of Tig—Fcdc clearly displays two peaks of 708.1 eV
(Fe 2p,/3) and 720.8 eV (Fe 2p,,,) (Figure S15f), which
indicates the unique existence of Fe" in Tig—Fcdc."*’

It is well-known that the reported PTCs, as well as Ti-based
MOFs or Ti-based nanomaterials have shown inherent
photoactivity for widespread photocatalytic applications, in
which light absorption capacity is an essential factor in
deciding their photocatalytic performance.’ Therefore, the
solid-state UV—visible (UV—vis) absorption spectrum is used
to evaluate the light absorption capacity of these PTCs and
Fcdc ligand (Figure S18). As shown in Figure 2a, it is obvious
that the UV—vis spectra of Ti4 exhibits a significant absorption
around 330 nm, and there is a weak absorption (low
absorbance) in the visible region (450 nm) (Figure S19). In
contrast, the Fcdc-functionalized Tig—Fcdc and Tig—Fcdc
exhibit strong absorption and wide absorption bands, with a
maximum absorption of about 500 nm extending to about 600
nm. The excellent UV—visible absorption bands of Tig—Fcdc
and Tig—Fcdc are mainly attributed to the high valence state of
Ti*" ions and the good electron donating ability of Fc groups,
which obviously makes the charge transfer from Fcdc ligand to
Ti** ion.”" The optical band gap (E,) of Tig Tig—Fcdc, and
Tig—Fcdc are further calculated using the Kubelka—Munk
function, and are estimated to be 3.14 (Tig), 1.86 (Tig—Fcdc),
and 1.83 eV (Tig—Fcdc) (Figure 2b).°” Since the =«
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conjugation is between the cyclopentadiene ring and the
carboxylic acid bond in Fcdc ligands, the charge of Fc group is
delocalized to the core of Ti-oxo cluster, which stabilizes the
excited state, reduces the transition energy, enhances the
charge transfer characteristics, greatly improves the absorption
intensity, broadens the visible absorption band, and reduces
the band gap significantly.”® However, in the titanium-oxo core
of Tig the charge transition of O — Ti can only induce its
ultraviolet absorption. In order to determine the HOMO
position of these three PTCs, ultraviolet photoelectron
spectroscopy (UPS) is performed (Figures 2c,d and S20).
The final HOMO positions of Tis Tig—Fcdc and Tig—Fcdc
are calculated as 7.08 (2.23 V vs NHE), 5.41 (0.56 V vs NHE),
and 5.88 eV (1.03 V vs NHE), respectively. The corresponding
LUMO positions are calculated by E, — E, to be 4.06 (Ti),
3.55 (Tig—Fcdc), and 4.06 eV (Tig—Fcdc), respectively.
Subsequently, Mott—Schottky electrochemical measurements
are performed to confirm the accuracy of the corresponding
LUMO and HOMO energy levels of the prepared Tig, Tig—
Fcdc, and Tig—Fcdc. The LUMO positions of these three
PTCs are determined to be —0.90 (Tigz), —1.30 (Tig—Fcdc),
and —0.77 V (Tig—Fcdc) (vs NHE, pH = 7), respectively
(Figures S21—S23). Therefore, the HOMO positions of the
three PTCs are determined to be 2.24 (Tig), 0.56 (Tig—Fcdc),
and 1.06 V (Tig—Fcdc) (vs NHE, pH = 7) respectively
associated with solid-state UV—visible absorption spectrum.
These results are consistent with UPS. Obviously, the LUMO
energy levels of these three PTCs are very negative, therefore,
they may become crystalline molecular photocatalysts for
CO,RR theoretically.

https://doi.org/10.1021/acscatal.0c04495
ACS Catal. 2021, 11, 4510-4519


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04495/suppl_file/cs0c04495_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04495/suppl_file/cs0c04495_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04495/suppl_file/cs0c04495_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04495/suppl_file/cs0c04495_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04495/suppl_file/cs0c04495_si_001.cif
https://pubs.acs.org/doi/10.1021/acscatal.0c04495?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04495?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04495?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04495?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.0c04495?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(a) 40

(b) 40

400

——Tig I cH, =
- I co = c
° 30 —e— Tig-Fcde I HCOOH -
. ) 304 L300 ™
g —e=—Tig-Fcdc = HCOOH Selectivity: — el
5 _ g Tig: 86.3% £
;__, 20+ light =2 204 Tig-Fede: 96.2% 200 3
—i-
f o Tig-Fede: 97.5% i)
dark ° 6 ©
8 10{=— > -
3 104 r100 O
g (@]
0 O
i . . . . . oLoss 0.49 0.15 0.53 0.27 0.62 T
2 0 2 4 6 8 10 Tig Tig-Fcdc Tig-Fedc
Time (h)
(C)O'6 Light Tig-Fcdc (d) 3
& o059 ON —— Tig-Fedc - »
= l T Tig = - v <
— 044
ot ° CO,/HCOOH <
c ~ O
S 0.34 > 54 £
= L . Z
§ 0.2 ¢ 1 >‘,,
= w -6 rt s
62_ 0.1 >
0.0 ! 74 2
OFF T
300 400 500 600 700 800 Tig Tig-Fede Tig-Fcdc
Time (sec)
(& ——
CO, — lg-Fede 12¢o, TIPA
[olo Xy
TIPA
TIPA
TIPA
HCO,”
HCOO"~
\ / “COZ DMSO DMSO

200 180 160 140 120 100 80 60 40 20 O
1 (ppm)

200 180 160 140 120 100 80 60 40 20 0

1 (ppm)

Figure 3. (a) The relationship between the yield of HCOO™ and the irradiation time (visible light) on Tig, Tis—Fcdc, and Tig—Fcdc. (b) The
selectivity of HCOO™ and the yield distribution of different photoreduction products. (c) Transient photocurrent responses of Tig, Tig—Fcdc, and
Tig—Fcdc under visible light irradiation. (d) The energy band structure diagram for Tig, Tis—Fcdc, and Tig—Fcdc. (e) The *C NMR spectrum of
the product obtained by adding '*CO, into the reaction of Tig—Fcdc. (f) The '*C NMR spectrum for the product obtained by adding '*CO, into

the reaction of Tig—Fcdc.

On the basis of the above advantages, the photocatalytic
CO,RR over Tig, Tig—Fcdc, and Tig—Fcdc is performed under
visible light, with H,O and TIPA as the reaction solvent and
electron donor, respectively, and without any photosensitizers
and noble metal promoters. By testing the HCOO™ yields at 2,
4, 6, 8, and 10 h, respectively, we obtained the function
between HCOO™ yield and the irradiation time. As shown in
Figure 3a, HCOO™ production of these three PTCs increased
continuously with the increase of irradiation time within 10 h.
What’s more, the yields of CO,-to-HCOO™ reduced by Ti,
Tig—Fcdc, and Tig—Fcdc grew to 4.03, 17.03, and 35.00 gmol
in 10 h. From a structural point of view, we assumed that there
are six Ti atoms as potential active centers in Tig, Tig—Fcdc
and Tig—Fcdc. Therefore, the catalytic performances of the
active centers in Tig Tig—Fcdc, and Tig—Fcdc are calculated
and compared according to the parameters including turnover
number (TON) and turnover frequency (TOF).>® As
indicated in Table S2, the TONy; of Ti* catalytic sites in
Tig—Fcdc and Tig—Fcdc are 27.12 and 39.60, respectively,
which are more active than Tig. Thus, the higher photocatalytic
performance of Tig—Fcdc and Tig—Fcdc compared with that
of Tig is mainly due to their modification with Fcdc ligands

4514

that have the ability to quickly transfer charges. Until now, only
two cases of PTCs (our previous work) have been reported for
photocatalytic CO,RR.””** Moreover, they mainly reduce
CO,-to-HCOO™ with high activity under ultraviolet irradiation
and exhibit relatively low photocatalytic performance under
visible light. Fedc functionalized Tig—Fcdc and Tig—Fcdc in
this work show higher photocatalytic CO,-to-HCOO™ activity
compared with the PTCs reported. In this work, HCOO™ is
the only photocatalytic liquid product detected by ion
chromatography (IC; Figure S24), whereas traces of gaseous
CO and CH, byproducts are tested by gas chromatography
(GC) during the photoreaction process (Figures S25a, S26a,
and S27a), what’s more, there is no subsidiary H, produced
during the entire reaction (Figures S25b, S26b, and S27b). It is
noteworthy that the yields of CO,-to-HCOO™ reduced by
Tig—Fcdc and Tig—Fcdc under visible light are 17.03 pmol
(170.30 ymol g~' h™") and 35.00 mol (350.00 ymol g~' h™?),
which are significantly superior to the HCOO™ production of
Tig (4.03 pmol; corresponding to 40.30 ymol g~ h™") (Figure
3b). According to the distribution of reduction products, it is
obvious that these PTCs show higher photocatalytic selectivity
for CO,RR. The selectivity of Tis Tig—Fcdc and Tig—Fcdc is
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86.3%, 96.2%, and 97.5%, respectively. Compared with Tig,
Fcde-functionalized Tig—Fcdc and Tig—Fcdc show higher
photocatalytic activity and selectivity for photocatalytic
CO,RR, it is ascribed to the quick transfer of photogenerated
charges by the Fcdc ligand. As the bridged sulfate radical may
provide additional electron transport channels along with
increasing the effective charge transfer, the photocatalytic
CO,RR performance of Tig—Fcdc is significantly higher than
that of Tig—Fcdc. The photoactivity difference (charge
separation efficiency) of these PTC-based photocatalysts is
demonstrated by many measurement techniques. The transient
short-circuit photocurrent response test is carried out to
explore the efliciency of photoinduced electron transfer. The
anode photocurrent responses of Tis, Tig—Fcdc, and Tig—
Fcdc indicated that these PTCs behave as n-type semi-
conductors (Figure 3c). The photocurrent is generated quickly
when the visible light is turned on, and then remains stable
with no significant intensity reduction. While the visible light is
turned off, the photocurrent decays rapidly, which reveals that
the three PTCs all have a good photocurrent response.
Notably, the Fcdc functionalized Tig—Fcdc and Tig—Fcdc
photoelectrodes showed significantly enhanced photocurrent
response by comparing it with Tig, indicating that the excited
state of the Fcdc ligand is more effective in injecting electrons,
resulting in better electron-coupling between the Fcdc ligand
and PTCs core.*** It is noteworthy that the Tig—Fcdc
exhibits a relatively higher photocurrent response than Tig—
Fcdc, which is attributed to sulfate radical as a bridging ligand
to provide additional electronic transmission channels. The
good separation of photoinduced electrons and holes in the
Fcde functionalized Tig—Fcdc can increase the surface
photoinduced electron density of the photocatalyst, thus the
rate of multielectron reduction reaction is accelerated
dynamicallzf’ to making the reduction products display higher
selectivity.” Electrochemical impedance spectroscopy (EIS)
test is performed to verify the charge separation efficiency
(Figure S29). It can be seen from the Nernst spectra of these
three PTCs that the impedance of Tis—Fcdc is significantly
less than that of Tig and Tig—Fcdc, which indicates that the
rate of surface charge transport of PTCs is Tig—Fcdc > Tig—
Fcdc > Ti4. Therefore, the charge separation efficiency of Tig—
Fcdc is indeed the highest, which is also in agreement with the
transient short-circuit photocurrent response. In addition,
Photoluminescence (PL) (Figures S$30—S32) and time-
resolved fluorescence decay techniques (Figures S$33—S35)
are performed to further investigate the intramolecular charge
transfer behavior of Tis, Tig—Fcdc, and Tig—Fcdc. The
corresponding results are consistent with the transient short-
circuit photocurrent response and EIS test data. Besides,
different monochromatic lights (420/450/500 nm) are used to
measure the apparent quantum efficiency (AQE) of HCOO~
evolution (Table S4), and the results showed that Tig—Fcdc
and Tig—Fcdc have higher AQE than Tig (Table SS). It is
noteworthy that the Fcdc functionalized PTCs exhibit better
photoreduction performance of CO, under visible light. What
is demonstrated in Figure 3d is the band alignment results of
the three PTCs. Obviously, the LUMO energy levels of Tig,
Tig—Fcdc, and Tig—Fcdc is very negative, compared with
oxidation—reduction potential of many photoreduction prod-
ucts such as HCOO™ (—0.58 V vs NHE, pH 7), CO (—0.51 V
vs NHE, pH 7), and CH, (—0.24 V vs NHE, pH 7), which
further demonstrates that all three PTCs can reduce CO, to
HCOO™.
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In addition, to confirm the photocatalytic activity of these
PTCs, the carbon source of HCOO™ is determined by isotope
BCO, experiments on Fcdc-functionalized Tig—Fcdc and
Tig—Fcdc with the same photocatalytic reaction conditions. As
illustrated in Figures 3e and S36, the 13C NMR spectrum gives
a clear signal at 164.5 ppm, which corresponds to HCOO™.
These signals are consistent with other important works of our
group.”””**>* When '?CO, is introduced into the same
reaction system, no additional signals are detected in the '*C
NMR except for the peaks of TIPA and deuterated DMSO
(Figure 3f). Besides, the photocatalytic lifetime of the three
PTC based photocatalysts was performed (Figure S37). To
determine the photocatalytic activity of Tis Tig—Fcdc, and
Tig—Fcdc, a series of selective control experiments are carried
out under no light irradiation, no catalyst, and in an Ar
atmosphere. The results show that IC and GC did not detect
the product (Table S6a—c), which indicates that all the above
conditions are indispensable for the photocatalytic CO,RR.
Considering that Tig—Fcdc exhibits better photocatalytic
performance than Ti¢ and Tig—Fcdc, a series of control
experiments with different solvent composition and a sacrificial
electron donor have been carried out using Tig—Fcdc as an
example. By these control experiments, we can systematically
survey the significant influences of the above-mentioned
conditions on photocatalytic CO,RR and to determine the
optimal conditions for photocatalytic CO,RR (Table S7).
Considering the energy band characteristics of Tig—Fcdc, we
tried to perform photocatalytic CO,RR in pure H,O (without
TIPA) (entry 2), and only trace amounts of HCOO™ and CO
are detected. Adjusting the ratio of the solvent, a small amount
of HCOO™ and trace amounts of CO are detected under the
conditions of H,O/TIPA= 14/1 (entry 3). While TIPA is
replaced with another sacrificial agent TEOA (entry 4), only
trace amounts of HCOO™ are detected. Using acetonitrile as
the solvent for photocatalytic CO,RR (entry S), a small
amount of HCOO™ is detected. Trace amounts of HCOO™
and CO are detected in the mixed solvent of H,O and
acetonitrile (entry 6). It can be confirmed that these three
PTCs can photoreduce CO, to HCOO™ under visible light,
and Fcdc-functionalized Tig—Fcdc and Tig—Fcdc have higher
photocatalytic performance. This further indicates that the
successful introduction of Fcdc ligand has improved the
photoreduction activity of PTCs. For comparison, we list the
photocatalytic properties of a range of reported crystalline
materials for visible light-irradiated reducing CO, to HCOO™
(Table S8).

The liquid phase UV—vis absorption test of the solutions
after the photocatalytic reaction of Tig Tig—Fcdc, and Tig—
Fcdc is further performed. The results reveal that the liquid
phase UV—vis absorption spectrum of Tig Tig—Fcdc, and
Tig—Fcdc are basically the same as those before the reaction
(Figures S38—540). To verify the stability of these PTCs, the
solutions of photocatalytic reaction have been detected by the
Raman spectroscopy (Figures $41—S43). The results showed
that the liquid phase Raman spectra of Tis Tig—Fcdc, and
Tig—Fcdc are basically the same as those before the reaction,
which eliminates the effect of the active components
decomposed break away from the photocatalyst on the
photocatalytic activity. At the same time, the solution stability
behavior of the representative Tig—Fcdc cluster for photo-
catalytic reaction is examined by high-resolution mass
spectroscopy (HR—MS) (Figures S44 and S45). The analytical
results displayed that the fragment peaks of the catalyst
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Figure 4. (a) In situ FTIR spectra on Tig—Fcdc. (b) The LUMO and HOMO orbitals calculated for Tig—Fcdc. (c) DOS plots of Tig—Fcdc. E;

refers to “Fermi level” that is the center between HOMO and LUMO.

molecule structure before and after the reaction are consistent.
In short, these results demonstrated that Fcdc-functionalized
Tig—Fcdc and Tig—Fcdc can actually serve as stable and
efficient photocatalyst in CO,RR.

Furthermore, we verified the photocatalytic CO,RR
mechanism of these PTCs through electron paramagnetic
spin resonance spectroscopy (ESR) measurements (Figure S46
and S47). The results exhibited that the reaction system
including the sample and the sacrificial agent did not show any
ESR signal in N, atmosphere without light irradiation. The
obvious signal of Ti** ions in Tig—Fcdc and Tig—Fcdc could
be noticed from the ESR spectrum under visible light
irradiation, corresponding to g = 1.945 and g = 1.947,
respectively.”’ This implies that the Fcdc ligand within the
Tig—Fcdc and Tig—Fcdc transfers photoexcited electrons to
the Ti*" ions, and then Ti*" ions are reduced to Ti’* ions.
Meanwhile, TIPA is used to be sacrificial agents to offset the
photogenerated holes. Besides, the signal of the Ti*" ions
gradually become prominent as the irradiation time prolonged.
While the reaction system is in contact with the CO,
atmosphere, the ESR signal of Ti** ions gradually disappears,
which indicated that the photogenerated Ti*" ions are involved
in the CO,RR. ESR results show that the Ti** ions within the
Fcdc functionalized Tig—Fcdc and Tig—Fcdc act as the active
centers for photocatalytic CO,RR.

To probe the CO, radical and other reaction intermediates
in the photocatalytic reaction, the Fedc functionalized Tig—
Fcdc is investigated by in situ Fourier transform infrared
(FTIR) spectroscopy. In the in situ FTIR spectra of Ti;—Fcdc,
under dark conditions in N, or CO, atmosphere and under
irradiation for 10 min in N, atmosphere, no significant changes
in vibrational peaks are observed (Figure 4a). In contrast, the
peaks at 1240, 1407, 1434, 1607, 1646, and 1717 cm™!
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obviously appear after exposure to CO, atmosphere for S
min. As we have noticed in Figure 4a, the signal appeared at
1717 cm™, and it gradually strengthened with the increase of
the irradiation time. This can be ascribed to the CO, radical,
which is one of the essential intermediates for photoreduction
of CO,-to-HCOO™.*° Meanwhile, the peaks appearing at 1240
and 1607 cm™' mean the formation of carboxylate (CO,°"),””
the features at 1407 and 1646 cm™' are attributed to the
formation of bicarbonates,”**® and the spectral band at 1343
cm™ is carbonates.’” When the irradiation time rose to 20
min, the peaks at 1240 and 1607 cm™' enhanced with
increasing time, while the peaks of bicarbonate at 1407 and
1646 cm™' are essentially unchanged with increasing time,
which may be attributed to the fact that carbonate can be
present in large amounts in alkaline environments, which is
consistent with the results of *C NMR.

In order to further understand the charge transfer properties
of these functionalized polyoxo-titanium clusters, density
functional theory (DFT) calculations are conducted for Tig—
Fcdc and Tig, respectively. As shown in Figure 4b, for the Fedc
functionalized Tig—Fcdc, the electron density of HOMO
orbitals is mostly concentrated on the Fe 3d orbital of the Fedc
ligand, along with some contribution from the 7 orbitals on the
Fc rings, as observed for the {Ti,} cluster and {Tis} cluster
modified by ferrocene carboxylic acid.**"** The LUMO
orbitals of Tigc—Fcdc primarily lie on the Ti 3d orbital of the
Ti-oxo nucleus. DFT calculation results indicate that the
electron leap of the Fcdc functionalized polyoxo-titanium
cluster is mainly the transition from the Fe 3d orbital in the
Fcdc ligand to the Ti 3d orbital of the titanium-oxo nucleus.
On the contrary, the electron density of the HOMO orbital of
Ti¢ is located at the O 2p orbital of the isopropanol
molecule,”* and its LUMO orbital is largely occupied by the
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Ti 3d orbital of the Ti-oxo nucleus (Figure $48). This result
indicates that the electron transition of Ti4 is mainly from the
charge transfer of O 2p — Ti 3d. Furthermore, via the
electronic structure analysis, it is found that Ti atoms
contributed most of the total density of state (DOS) at the
bottom of the “LUMO” (from E; to E¢ + 2.5 eV), for both Tig—
Fcdc and Tig (Figures 4c and $49). Whereas, the proportion of
Ti atom in total DOS is much smaller in Tigz—Fcdc, as shown
in Figure 4c. This suggested that the LUMO orbitals of Tig—
Fcdc is more delocalized. Considering photocatalytic CO,RR
only takes place at the positions where excited electron can
possibly occur, such delocalized LUMO abandons the active
sites, thus enhancing the activity of CO, photoreduction. This
further indicates that the introduction of the Fedc ligand
enhances the charge transfer efficiency within the molecules of
Tig—Fcdc and Tig—Fecdc.

On the basis of the above data analysis, a reasonable
mechanism can be suggested to explain the photocatalytic
CO,RR on these PTCs (Figure S). First, many electron—hole

HCOoO™

P ——

Figure 5. Plausible mechanism for photocatalytic CO,RR over Tis—
Fcdc under visible-light irradiation.

pairs are generated in PTCs driven by visible light, and the Ti*"
ions in PTC obtain the photoexcited electrons migrated from
the Fcdc ligands to become Ti*" ions. At the same time, the
TIPA molecules behave as sacrificial agents to quench the left
photogenerated holes. At last, the accepted photoexcited
electrons in Ti*" ions further move to the absorbed CO,
molecules for CO, reduction reaction, while Ti** ions are
oxidized to the original Ti* ions. On this foundation, under
the conditions of H,O and TIPA (electron and proton donor),
Tig, Tig—Fcdc, and Tig—Fcdc can achieve a complete CO,-to-
HCOO™ photosynthetic cycle. The above experimental results
are consistent with our previously reported mechanism of
PTC-based photocatalyst for CO,RR.**** Notably, the
introduction of Fcdc ligand into Tig—Fcdc and Tig—Fcdc
greatly expands the light absorption region, and accelerates the
effective electron transfer rate, thereby raising the photo-
catalytic performance of PTCs.

B CONCLUSIONS

In summary, we have successfully constructed three different
PTC-based photocatalysts for the photocatalytic CO,RR,
which are Tig and the Fcdc functionalized Tig—Fcdc and
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Tig—Fcdc. Owing to the introduction of Fcdc ligands, the light
absorption range of Fcdc functionalized Tig—Fcdc and Tig—
Fcdc extends to the visible light region. Compared with Tig
without Fcdc ligand coordination, the successful introduction
of Fedc ligand effectively enhanced the charge transfer within
the Tig—Fcdc and Tig—Fcdc structure. On the basis of these
advantages, Tis, Tig—Fcdc, and Tig—Fcdc acted as photo-
catalysts to conduct photocatalytic CO,RR in water containing
TIPA under visible light. The Fcdc functionalized Tig—Fcdc
and Tig—Fcdc have superior catalytic performance for CO,-to-
HCOO™ photosynthesis. Most importantly, the visible light-
triggered catalytic performance of Tig—Fcdc is the highest
among the reported PTC catalyst systems for CO,RR
photoconversion in water. Our work represents an important
case study for reasonably designing more specifically function-
alized PTC-based photocatalysts to accomplish eflicient
CO,RR.
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